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ABSTRACT
REGULATION OF GASTRULATION MOVEMENTS BY PLANAR CELL POLARITY
GENES IN ZEBRAHSH
During vertebrate gastrulation, mesodermal and ectodermal cells undergo convergent
extension (CE), a process characterised by cellular rearrangements in which polarised cells
intercalate along the medio-lateral axis leading to elongation of the antero-posterior axis.
This thesis aims to prove that genes which have been implicated in the establishment of
planar cell polarity (PCP) in Drosophila are conserved in the non-canonical Wnt pathway
that regulates CE in zebraflsh during gastrulation. Firstly, I analyzed functions of Wnt5 and
Wnt 11 ligands and of Fz2 and Fz7 receptors in regulating CE movements. Here, I will
show that pipetail (ppt/wnt5) mutant is required for regulating CE movements in posterior
mesendoderm and ectoderm while its function in the anterior mesendoderm is redundant to
siberblick (slb/wntl 1). Based on gene expression analyses, loss of function and gain of
function analyzes, the interaction between these Wnt ligands and Fz receptors is dependent
on time, concentration and position o f expression during gastrulation. Secondly, I will
describe the isolation and functional characterisation o f the zebraflsh homologue of
Drosophila prickle (p kl) during gastrulation. Zebraflsh p k l functions together with
Slb/Wntl 1 and Ppt/Wnt5 to regulate CE movements due to abrogation of Pkl function by
morpholino that leads to defective CE movements, enhances the slb/wntl 1 and ppt/wnt5
phenotypes and suppresses the ability of wnt 11 to rescue the sib phenotype. Gain-offunction of Pkl also inhibits CE movements. Additionally, I found that Pkl could
destabilise Dsh and thereby block the ability of Fz to target Dsh to the cell membrane by
down-regulating levels of Dsh protein. These results suggest that Pkl acts in the noncanonical Wnt pathway to regulate CE, but it is unlikely to be a simply linear component of
this pathway. I will describe the isolation of zebraflsh flamingo (fmi) genes and characterise
the expression pattern during gastrulation. I also describe functional characterisation of
those genes during gastrulation. Initially, abrogation of Fmi function by morpholino leads
to weakly defective CE movements enhances the slb/w ntl 1 phenotype and defective
epiboly phenotypes of the offroad (ord)/fmi2 mutants. In contrast, a dominant negative
approach with a mutant form of Fmi, led me to conclude that Fmi is involved in the
regulation of CE movements. Together with analyses of Fmi protein, I will discuss how
Fmi regulates different gastrulation movements, such as convergent extension and epiboly.
4
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CHAPTER 1

G EN ER A L INTRODUCTION
The work described in this thesis aspires to understand the roles of core planar cell polarity
genes like flamingo and prickle, during gastrulation in zebraflsh embryo. Throughout I aim
to explain how planar cell polarity genes function in vivo, as well as to increase our
knowledge o f their involvement in morphogenetic movements during gastrulation .

After a short introduction on the use of the zebraflsh embryos as a model system in the
study of early vertebrate development, this introduction will be divided in two parts. The
first will describe gastrulation, and the second introduces possible molecular pathways that
control the gastrulation movements. At the end of the chapter, I will introduce the
experimental aims o f my project.

1.1 .THE ZEBRAFISH (Danio rerio) AS A MODEL ORGANISM TO STUDY
EARLY DEVELOPMENT
Predominantly, the experiments in this thesis use zebraflsh as a model for vertebrate
development. The zebraflsh {Danio rerio) has become increasingly popular as a model
organism to study the cellular and molecular mechanisms that underlie vertebrate
gastrulation movements.

Zebraflsh are small and simple to keep in the laboratory. They achieve sexual maturity in
three months and a female can lay over a hundred eggs at one time. Moreover, zebraflsh
embryos are fertilized ex utero, are transparent and undergo rapid embryonic development,
making it easy to observe different structures in the embryo or even single cells, while
manipulation is relatively straightforward. The different stages of development are well
characterized and classified by Westerfield (Figure 1.1.) (Westerfield 1993) All these
reasons make them ideally suited for an in vivo analysis of morphogenetic processes during
early development.
12
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Figure 1.1. Stages of zebraflsh development. Adapted from Wester
field, 1993 “the zebraflsh Book’ university of Oregon press
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Several genetic approaches can be carried out in zebraflsh, such as large scale mutagenesis
screens, which are very similar to the ones carried out in a number of invertebrate and plant
model organisms such as Drosophila melanogaster (Nusslein-Volhard 1980) and
Caenornabditis elegans (Brenner 1974). Their short generation time, high number of
offspring, and ease o f handling have enabled several large scale forward genetic screens to
uncover a large number of genes involved in various developmental processes (Driever,
Solnica-Krezel et al. 1996; Haffter and Nusslein-Volhard 1996; Amsterdam, Burgess et al.
1999; Farber, Pack et al. 2001; Patton and Zon 2001).

Two large-scale mutagenesis screens resulted in the isolation o f 1500 mutants,
corresponding to nearly to 600 genes (Driever, Solnica-Krezel et al. 1996; Haffter and
Nusslein-Volhard 1996). Additionally, there are now genetic linkage maps of the zebraflsh
genome and it is possible to map mutants and genes, making it feasible to positionally
clone many mutants (Postlethwait and Talbot 1997; Knapik, Goodman et al. 1998). The
zebraflsh genome is being sequenced by the Sanger Centre, which may also help identify
new genes in the future. All these factors allow an easy characterization of developmental
mutants and have led to the identification of many signalling pathways essential for
vertebrate embryonic development.

The zebraflsh model system is suitable for the study of cell behaviours during gastrulation
because several homozygous/heterozygous mutants with gastrulation defects have been
identified form the large scale screen. As well, it is possible to do different manipulations
of the embryos, such as mRNA injections and cell transplantion assays. Lastly, their size
and transparency makes possible the visualization of the embryo and its cells at high and
low-resolution through the use of powerful microscopes, allowing for their study in vivo.

14

PARTI
GASTRULATION MOVEMENTS

I.l.G astrulation movem ents in the Animal Kingdom
One of the most puzzling questions in developmental biology is how a single layer of cells
can give rise to a complex three-dimensional structure like the embryonic body. This is
actually created by the action o f gastrulation movements in the earliest stages of
development. During this dynamic stage, the body plan o f all of vertebrate embryos is
established by a series o f co-ordinated cell movements that transform an unstructured
blastula into a three-layered gastrula. This highly-organized gastrula usually has the three
germ layers - ectoderm, mesoderm and endoderm - that are created during gastrulation
movements. The germ layers in the gastrula will be rearranged along both dorso-ventral
axis and an anterior-posterior axis by the end of gastrulation. The process of gastrulation is
conserved between vertebrates despite vast differences in morphology and most of our
understanding comes from study o f Xenopus and zebraflsh (Keller, Davidson et al. 2000;
Keller 2002).

Gastrulation movements employ different strategies at different periods and even between
different species to generate the basic body axes. For instance, embryos use restricted cell
behaviours, in different combinations, in distinct mechanical contexts and with different
timings. As a result, diverse reproductive strategies such as different egg sizes, amount and
proportions of yolk in the animal kingdom gave rise to a great diversity between species.

During gastrulation in Chordates, one particular structure, “the organizer structure” exists
in the early embryo and serves as an embryonic centre where the some of the gastrulation
cell movements occur to give shape to the embryo and enables cells to become induced in a
certain fate, meaning that they will receive the correct signals at the right time. This
structure has different names according the species like Spemann’s organizer (.Xenopus),
the shield (Teleosts), Hensen’s node (chick) or the node (mouse).
15

Some of the processes underlying gastrulation are also conserved in invertebrates, as in
Drosophila melanogaster. In the fly, major features of gastrulation include invagination
and the spreading o f the ventral mesoderm. Also, nematode gastrulation offers an
informative overview of gastrulation due to single cell ingression (Nance J 2002), but here
this is driven by apical constriction of the kind that promotes migration of epithelial cell
sheets (Lee and Goldstein 2003).

By comparing the gastrulation movements between avian, amphibian and teleosts, it can be
said that frogs and fish gastrulation is a mass migration where tissues moves in a co
ordinated manner (Keller, Davidson et al. 2000). On the contrary, in chick the cell
movements require the loss of cell-cell contacts as it involves the migration of single or
small groups of cells through the extra-cellular matrix. Chick cells undergo a process of
epithelial-mesenchymal transition (EMT) where they delaminate from the ectodermal layer
and acquire migratory properties (Hay 1995). Also, in this situation, cells are under the
influence of the node-inducing centre (Joubin and Stem 1999). The ingression movements
and the fact that only a subset of cells become the definitive embryo are common features
o f gastrulation between chick and mouse (Sausedo and Schoenwolf 1994; Smith,
Schoenwolf et al. 1994), accompanied by a high rate of proliferation and cell migration in a
structure called the primitive streak that is derived from the node (Lawson, Meneses et al.
1991; Psychoyos and Stem 1996). Furthermore, processes of gastrulation in the Sea Urchin
are also a useful parallel in the study the gastrulation movements. This model system
reveals a mechanism of invagination of a monolayered ephithelium in a two-step way
(primary and secondary invagination) to give rise to a three dimensional embryo with the
three germ layers. There is no “organizer44 structure; in this case the specification of
blastodermal cells precedes the movements of gastrulation (reviewed in Kominami and
Takata, 2004).

In summary, fundamental movements during gastrulation are conserved in many species
across the animal kingdom. Variation exists in the combination of cell behaviors, the
geometry, the timing and way the cell behaviors are orchestrated. However, current
research seems to evaluate gastrulation in terms of genetic specific functions or molecular
mechanisms involved.
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1.1.2.Gastrillation movements in Zebrafish
Firstly, I will concentrate on the current status of knowledge about the cellular mechanisms
that drive gastrulation movements in zebrafish embryos. Some comparisons with Xenopus
gastrulation movements will be made.

In zebraflsh there are three major kinds of gastrulation movements: epiboly, involution (or
internalization), convergence and extension. I will explain the first two briefly and then I
will concentrate on convergent and extension movements, which are the main focus of my
Ph.D. (Figure 1.2.).
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Figure 1.2. Lateral view of a zebrafish embryo at 6 hours post fertilization
showing the three kinds of gastrulation movements. Epiboly movements
are shown by the red arrows that spreads the the blatoderm until it covers
all the yolk cell. Involution movements are shown by the the green arrows.
Convergent movements are shown in blue arrows and extesion movementas are shown in yellow arrows. AP, animal pole; D, dorsal; VG, vegetal
pole; V, ventral. Adapted from Myers et al (2002)
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1.1.2.1. Epiboly:
In zebrafish, after fertilization of the oocyte, cytoplasm separates from the yolk giving rise
to the first blastodermal cell. This step is followed by a series of rapid and highly
synchronous cell divisions, leading to a multicellular blastoderm cap on top of a large yolk
cell (Kimmel, Ballard et al. 1995). At this point, the embryo can be subdivided into three
distinct areas. One area is the yolk syncytial layer (YSL). A syncytium of multiple nuclei
localized at the interface between yolk sac and blastoderm. The nuclei of the YSL appear
during early cleavage stages by the fusion of marginal blastomeres with the underlying yolk
cell, and divide rapidly subsequently. The second area consists of the rounded and loosely
associated deep layer blastomeres (DEL), which eventually will form the proper embiyo.
The third area is a thin layer of extra-embryonic cells, the enveloping layer (EVL), which
covers the DEL.

The real epibolic process is when the blastoderm tissue flattens medially and spreads out in
all lateral directions (Figure 1.3. A, D). Initially, a thinning of the blastoderm happens and
there is an overall movement of the EVL, the DEL blastomeres and the nuclei of the YSL
from animal or equatorial regions towards the vegetal pole. By the end of gastrulation (bud
stage), the yolk cell is entirely covered by the blastoderm layer and EVL (Figure 1.3. A-C;
(Warga and Kimmel 1990).
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Figure 1.3. Cell rearrangements during zebrafish gastrulation. (A - C) DIC images of
wildtype embryos at 30% epiboly (A), 60% epiboly or shield stage (B) and bud stage
(C). Lateral views with animal to the top and dorsal (B,C) to the right. Scale bar = 250
pm. (D - F) Drawings illustrating the principles of the tissue rearrangements at the
stages depicted in (A - C). The orientations in (A - C) and (D - F) are the same. (D)
Epiboly. The tissue flattens and spreads outwards, away from the center. (E) Mesendodermal progenitor cell internalization. The tissue leaves its original plane and folds into
a direction perpendicular to the original plane. (F) Convergent extension. The tissue
narrows medio-laterally (convergence) and lengthens into the perpendicular direction
(extension). (G - I) Schematic views of the main cellular rearrangements at the stages
depicted in (A - C). (G) Radial intercalations flatten the blastodermal cells flatten the
tissue during epiboly and push cells towards the side. (H) Internalization. Hypoblast
cells move towards the animal pole in a direction opposite to that of the overlying
epiblast, EVL and forerunner cells. (I) Convergent extension. Mediolateral intercalations
of cells lead to the extension of the tissue in anterior-posterior direction. The orientations
in (A - B) and (G - H) are the same; (I) shows a dorsal view on the cells instead of a
lateral view in (C). In (G - I), black dots indicate the cell nuclei. YSL = yolk syncytial
layer. Adapted from Montero and Heisenberg (2004); Kimmel et al. (1995) and Keller
etal. (2000)
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The main force for epiboly movements is radial cell intercalation, which occurs when DEL
cells become more loosely associated with each other and round up. The cells deep in the
blastoderm intercalate radially into more superficial layers, a process that pushes epiblast
cells towards the vegetal pole (Figure 1.3. D, G). Radial intercalations are most obvious at
the beginning of gastrulation when the blastoderm cap thins out and attains a cup-shaped
appearance. The thinning o f the blastoderm continues uniformly during early epiboly until
it reaches a thickness of approximately two to three cells.

Labelling of single blastomeres with vital dyes revealed extensive cell intercalations within
the DEL. These cells never mix with cells of the EVL and vice versa, revealing that radial
intercalation movements are restricted to the cells within one tissue (Warga and Kimmel
1990). In Xenopus, epiboly is also known to occur by radial cell intercalation, in which
cells at different depths in the blastoderm intercalate, creating the thinning process (Keller
1980).

In Xenopus, epiboly involves spreading and division o f superficial cells and radial
intercalation of several layers o f deep cells to produce less layers of larger area (Keller
1980). In the 1980, Keller proposed that an active push of several layers of deep cells
between one another during radial intercalation drives epiboly while the overlying
epithelial cells are just stretched by the spreading deep region. Amplified affinity or
adhesion between the undersides of the epithelial cells and the juxtaposed surfaces of the
intercalating deep cells would operate as a “ boundary capture” mechanism, making sure
that any deep cell that intercalated between others and made contact with this favorable
adhesion site would probably stay there (Keller, Danilchik et al. 1985).

Additionally, in Xenopus compared to zebrafish, there are two types of radial intercalation.
The first happens early during epiboly, and is independent of cell-fibronectin interactions.
The second occurs later and results in extension, and is dependent on cell-matrix
interactions. The second process is an active, force producing process (Keller and Danilchik
1988) but it is not known if of the same kind of the early epibolic process.
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In fish, the yolk cell also plays a crucial role in directing epiboly movements. Specifically,
the nuclei of the YSL have epibolic movements similar to the movements of overlying
blastodermal cells, meaning that the movements of these two domains are regulated in a
similar way (D'Amico and Cooper 2001). A tight co-ordination of the movements between
the blastodermal cells and the YSL nuclei appears to be important, especially as YSL
serves as an source for mesoderm inducing signals (Chen and Kimelman 2000; Kimelman
and Griffin 2000; Schier 2001). In addition, it has been suggested that the YSL nuclei are
pulled over the yolk cell towards the vegetal pole by a microtubule-dependent mechanism .
Furthermore, the movements o f the YSL could reflect the mitotic movements of the YSL
nuclei, which divide many times during the course of gastrulation (Kane and Adams 2002).

There is also a possible contractile force responsible for epiboly. This could be either
mediated by an actin-rich cytoskeletal network formed around a subset of YSL nuclei at the
blastoderm margin or, alternatively, by EVL cells close to the blastoderm margin that form
an actin-rich ‘purse string’ at their vegetally oriented sides around the circumference of the
germ ring (D'Amico and Cooper 2001; Kane and Adams 2002; Cheng, Miller et al. 2004).

EVL cells may also contribute to epibolic movements as they are passively pulled over the
embryo by their interaction with the YSL nuclei (Kimmel, Ballard et al. 1995; Kane and
Adams 2002). But the movement of EVL cells towards the vegetal pole could also be
driven by active migration (Zalik, Lewandowski et al. 1999). These cells also exhibit cell
intercalations contributing to the epibolic movements of the EVL (Keller and Trinkaus
1987; Fink and Cooper 1996).

In zebrafish mutants exhibiting defective epiboly movements and in embryos in which the
microtubule cytoskeleton is disrupted, the epibolic movements of the DEL, YSL and EVL
cells can be uncoupled from one another (Kane, Hammerschmidt et al. 1996; SolnicaKrezel, Stemple et al. 1996). The vegetal expansion of the EVL and YSL takes place, but
the epiboly of the DEL cells is arrested, indicating that the movement of those cells is
specifically affected. Among these mutants, half-baked (hab), avalanche (ava), lawine
(law), and weg are mapped to a single locus, and they are considered alleles (Kane and
Adams 2002). As a result, these movements appear to be autonomously regulated. In spite
of this, these movements might still be highly synchronized with each other. Actually, DEL
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cells extend protrusions both along the YSL surface and towards the EVL layer (Kane,
Hammerschmidt et al. 1996; Kane and Adams 2002; Ulrich, Concha et al. 2003), indicating
that there is an extensive intercellular communication between these cell layers during
epiboly.

For these reasons, the molecular mechanism of epiboly is not completely understood. As
already mentioned, two microtubule arrays have been detected in the zebrafish embryo
during epiboly: one intercrossing the YSL and the other extending along the animal-vegetal
axis in the yolk cell (Solnica-Krezel and Driever 1994). Impairment of the microtubule
arrays by ultraviolet irradiation or treatment with a microtubule-destabilizing agent,
nocodazole, disrupts epiboly (Solnica-Krezel and Driever 1994). Additionally, ring-like Factin-based structures observed in the edges of the EVL and DEL cells, support a role for
microfilaments in the epiboly of the EVL, DEL cells, and YSL (Cheng, Miller et al. 2004).
Furthermore, epiboly is thought to disturb convergence and extension (Solnica-Krezel and
Cooper 2002). Most recently, the hab locus has been positional cloned to encode Ecadherin and which is required for normal radial intercalation during epiboly (Kane,
McFarland et al. 2005; Montero, Carvalho et al. 2005).

1.1.2.2. Internalization or involution:
Involution consists of the rolling of tissue over an inflection point, or around a lip or even
back on itself. The internalization of mesendodermal cells is a key point in gastrulation.
During this process, cells separate from ectodermal precursors, giving rise to the
establishment of the three germ layers: ectoderm, mesoderm and endoderm. Precursor cells
are also brought into their crucial positions from where they can develop into more specific
tissues (Warga and Kimmel 1990; Kimmel, Ballard et al. 1995; Kane and Adams 2002).

In zebrafish, internalization of mesendodermal progenitors is observed at 50% epiboly,
when the blastoderm has covered half of the yolk sac. It becomes obvious by a local
thickening at the blastoderm margin, which from thereafter is called as the ‘germ ring’
(Figure 1.3. B). During formation of the germ ring, epibolic movements slow down but
continue towards the vegetal pole after the first mesendodermal progenitors have
internalized (Kimmel, Ballard et al. 1995; Kane and Adams 2002). At the beginning of
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internalization, DEL blastomeres within the germ ring start moving towards the yolk and,
after reaching the yolk cell surface, turn around and move towards the animal pole in a
direction opposite to their overlying (not internalized) cells. Prospective mesendodermal
cells that internalize later do not turn towards the animal pole but instead move towards the
vegetal pole (Warga and Kimmel 1990). The internalization of mesendodermal progenitors
forms an internal cell layer, the hypoblast, which is located beneath an outer layer of non
internalized cells, the epiblast. The epiblast gives rise to ectodermal tissues, but early
internalizing hypoblast cells will form endodermal and mesodermal tissues, while later
internalized cells become mesodermal tissues (Figure 1.3. E, H.). In contrast, EVL cells are
never internalized (Warga and Kimmel 1990).

While cells can internalize at the entire margin of the blastoderm, only the two most
marginal rows of cells seem to directly take part in this process (Warga and Kimmel 1990;
Kane and Adams 2002). Two main types of cellular movements have been proposed to
drive mesendodermal cell internalization: involution of a sheet of blastoderm cells
immediately at the margin o f the germ ring and ingression of single blastodermal cells close
to the germ ring margin. Recent reports suggest that in zebrafish, blastodermal cells at the
margin of the germ ring primarily involute synchronously as a uniform sheet of cells and
then, once they have reached the yolk cell surface, undergo an epithelial to mesenchymal
transition (EMT) and start to move as individuals, reminiscent of single cell ingression
(D'Amico and Cooper 1997; Kane and Adams 2002). However, there is evidence that wild
type single cells can internalise in the MZOne-eye pinhead mutant embryos that lack
internalisation process (Carmany-Rampey and Schier 2001).

The next crucial step of gastrulation happens around 50%-55% of epiboly where there is
the formation of the embryonic organizer or the so-called shield, a dorsal thickening of the
germ ring, in this region the internalized cells that reach the yolk cell surface turn around
and migrate towards the animal pole (Figure 1.3. B). The embryonic shield is the equivalent
of the dorsal blastopore lip of the amphibian. Cells from the lateral regions of the germ ring
margin migrate as loosely associated mesenchymal cells, while cells ingressing in the
region of the shield are tightly clustered together and move as an epithelial-like sheet of
cells, that will give rise to the prechordal plate. It is possible that the movement of early
internalized mesendodermal cells towards the animal pole drags adhering cells in more
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superficial blastodermal layers passively towards the yolk cell surface, leading to the
internalization of those cells. Additionally, YSL nuclei that move simultaneously with the
first internalizing cells towards the animal pole might dynamically modify the plasma
membrane of the yolk cell. This would generate a force which is capable to pull more
superficially located mesendodermal progenitors that adhere to the plasma membrane of the
yolk cell towards the yolk cell surface (Kane and Adams 2002).

To finalize in Xenopus both the epithelial cell sheet and the deep mesenchymal cell layers
involute together. The epithelial layer maintains its consistency, but details of cell
movements in the deep region are unknown. In fish, a single layer of cells, the epiblast
cells, that it is not a tight-junctioned sheet of cells, undergo involution-like movements that
exhibit an ingression behaviour (Shih and Fraser 1995; Trinkaus 1996; Glickman, Kimmel
et al. 2003). One of the major differences in zebrafish and Xenopus is that in Xenopus the
different rates o f extension that exist in the several layers of cells could also drive
involution. On the other hand, in fish the passage of cells over the lip shows ingression
behaviour because the cells do not leave the epiblast in a sequential fashion.

1.1.2.3. Convergence and extension:
Convergent extension movements, along with epiboly and the continuous internalization of
mesendodermal precursor cells, lead to the formation of an embryonic body axis with
distinct anterior-posterior and dorsal-ventral polarity from the initially spherical gastrula.
Tissue explants experiments in Xenopus provided a lot of our knowledge about convergent
extension (Keller, Davidson et al. 2000).

First of all, a point that needs to be clarified is the definition of concepts. When I talk about
convergence and extension (C&E) this is the overall process of medio-lateral narrowing
and antero-posterior elongation of the embryonic body. When I use the term convergent
extension (CE), it means the process of medio-lateral narrowing and antero-posterior
elongation o f embryonic tissues, which may or may not be simultaneous and
interdependent. The most studied example has been the mediolaterally or dorsally-oriented
cell intercalation in Xenopus gastrulae (Keller, Shih et al. 1992). In another words, I define
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convergent extension as the synchronized narrowing and lengthening of a tissue, no matter
what the primary cellular mechanism is. Indeed, convergent extension (CE) is
accomplished by different cellular mechanisms in different animals and in different tissues.

There are both similarities and differences between convergence and extension in fish and
frog, both at level of cellular mechanisms and tissue organization. Both frogs and fish
engage in CE, in frog embryos only cell rearrangement (where cells move relatively to each
other) where implicated in CE, while both models use cell rearrangement and directed
migration. This could explain why some gastrulation movements occur independently of
one another in fish gastrulae. In contrast to frog, even strong obliteration of CE does not
interfere with mesendoderm internalization and epiboly (Solnica-Krezel, Stemple et al.
1996). Studies in Fundulus heteroclitus (killifish) suggest that the dorsal migration of
lateral mesoderm cells give rises to mediolateral narrowing and dorsal accumulation of
tissue without associated extension (Trinkaus, Trinkaus et al. 1992). Furthermore, studies
of zebrafish no-tail and somitabun mutants, in which convergence defects occur, although
extension continues relatively normally. These observations indicate that extension in the
fish gastrula does not depend only on convergence (Myers, Sepich et al. 2002; Glickman,
Kimmel et al. 2003). These suggest that a consequence of the separation of CE movements
in fish embryos is that the cellular mechanisms underlying these processes are likely to
differ from those employed in Xenopus gastrulae.

As a result, in zebrafish, we can separate the convergence that narrows the embryo
mediolaterally, from extension that lengthens the tissue into the anterior-posterior direction
(Figure 1.3. C, F, I). Although it appears the mechanisms may differ, the process of C&E
movements is an essential and conserved principle in many species (Sausedo and
Schoenwolf 1993; Sausedo and Schoenwolf 1994; Keller, Davidson et al. 2000; Munro and
Odell 2002; Myers, Sepich et al. 2002; Glickman, Kimmel et al. 2003). The extent to which
convergence and extension movements are coordinated with each other varies between
different species and in specific domains within the gastrula (Keller, Davidson et al. 2000).
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I.1.2.3.1.Celular mechanisms underlying convergent extension in Xenopus
The cellular mechanisms underlying CE have been intensively studied in Xenopus, mainly
in the posterior mesoderm (notochord and somites), and neuroectoderm (spinal cord and
hindbrain) (Keller, Davidson et al. 2000). A large proportion of the CE studies have taken
advantage of autonomous movements of explanted Xenopus tissue (reviewed in (Keller,
Shih et al. 1992; Keller, Davidson et al. 2000). From these experiments and time lapse
experiments in the mesoderm it is possible to conclude that there is tissue-autonomous
activity that leads cells to become highly aligned along the major embryonic axes.
Additionally, it is also possible to conclude that the mesoderm cells intercalate between one
another along the mediolateral axis to provide the elongation of a tissue also along the
anterior posterior axis (Shih and Keller 1992). Studies of intact embryos confirmed the
mediolateral arrangement and intercalation of these cells, therefore supporting the explant
experiments (Keller, Cooper et al. 1989; Keller and Tibbetts 1989).

Cell tracing and time-lapse data of cells with epi-illumination (Keller, Danilchik et al.
1985; Keller, Cooper et al. 1989; Wilson, Oster et al. 1989; Wilson and Keller 1991), or
fluorescently-labeled cells (Keller, Cooper et al. 1989; Shih and Keller 1992; Shih and
Keller 1992) showed that CE involves two types of cell intercalation. To begin with, deep
cells intercalate along the radius of the embryo, radial intercalation, to create fewer layers,
thinning, of greater length, extension, and then these same cells intercalate mediolaterally,
mediolateral intercalation, to produce a narrower and longer array, convergent extension.
Radial intercalation prevails in the first half of gastrulation and mediolateral intercalation
predominates in the second half of gastrulation and then throughout neurulation in both the
dorsal mesodermal tissue and in the prospective posterior neural tissue (spinal cord and
hindbrain) (reviewed in (Keller, Davidson et al. 2003).

Within the mesoderm at the beginning of gastrulation, all cells display random protrusive
activity that develops predominantly into a bipolar, medio-laterally oriented protrusive
activity, resulting in medio-lateral cell intercalation (Shih and Keller 1992; Shih and Keller
1992)(Figure 1.4A). These stable protrusions could generate the traction force required for
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the mediolateral intercalation (Keller, Davidson et al. 2000). If these protrusions are
somehow disturbed, CE movements are affected (Wallingford, Rowning et al. 2000).
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Figure 1.4. Model for convergent extension in Xenopus (A) compared with the Model
for convergent extension in Teleosts (B). A- Arrows show the direction of movement
of each cell; arrowheads show the medially directed traction of boundary captured
cells. The direction of movement of the cells is biased mediolaterally. The blue cells
move medially at first, then pass each other and diverge laterally until they reach a
boundary. The brown and orange cells diverge laterally from the outset, yet are then
brought closer as the boundaries converge. B - Arrows show the direction of cell
movement. Lateral cells migrate dorsally and are not firmly packed and do not rear
range. Upon arrival to the midline cells insert into the notochord and make contact
with other cells. Intercalation origins a repacking (e.g., when the blue and orange cells
reach the midline, they become separated by other cells). In fish axis elongation
demands intercalation at the midline and dorsal directed migration of lateral cells.
Adapted from Wallingford et a l (2002)
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Multiple contact points that are rapidly made and broken between cells give transient
opening spaces for the cells to intercalate but the global result is resistance and stiffness
(Keller, Davidson et al. 2000).

The cell protrusions on both medial and lateral sides of intercalating cells are coherent with
the overall movement o f cells in both medial and lateral directions. This polarized
movement results in convergence of mesodermal cells to the midline because there is
“boundary capture” between the notochord and somites. In more detail, when notochord
cells arrive at somite/notochord interface, they become attached there because the
protrusive activity disappears on the cell face contacting the boundary (Shih and Keller
1992; Shih and Keller 1992). Nevertheless, captured cells continue to put out protrusions,
on the other side facing away from the boundary and still generate traction on neighboring
cells, pulling these neighbours toward the boundary (Figures 1.4. A and B). These
continued processes of repacking in the notochord and narrowing of the tissue toward the
dorsal midline makes the tissue to converge and extend ((Keller, Shih et al. 1992; Keller,
Davidson et al. 2000).

Within the neural plate there are also convergent extension movements, confirmed by
explant experiments (Keller and Danilchik 1988). This neural convergent extension is
driven by cell intercalation (Keller, Shih et al. 1992), but in this case, time-lapse analysis
reveals that it involves a monopolar lateral-to-medially directed protrusive activity that
depends on signalling from the underlying mesoderm, and which results in medio-lateral
cell intercalation and elongation o f the neural plate along the anterior-posterior axis
(Keller, Shih et al. 1992; Elul, Koehl et al. 1997; Elul and Keller 2000). It also implicates
the boundary capture at the border between the neural plate and notoplate (Elul, Koehl et al.
1997; Elul and Keller 2000). Deep neural explants at late gastrula deprived of further
contact with underlying notochord and midline tissues (notoplate/floorplate) do not
develop. In their absence the deep neural cells have a bipolar protrusive activity.
Nevertheless, when explanted with underlying mesoderm they acquire monopolar
protrusive activity. It is still an open question, why the ectoderm and mesoderm can choose
between monopolar and bipolar cellular organization, and these issues have yet to be
resolved.
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I.1.2.3.2.CelIular mechanisms underlying convergent extension in zebrafish
In zebrafish, both layers, epiblast and hypoblast, converge towards the dorsal side, where
there is an accumulation of blastodermal cells, that leads to the formation of the embryonic
organizer called the shield (Figure 1.2;(Kimmel, Ballard et al. 1995). At later stages, this
results in an almost complete compaction of all embryonic cells on the dorsal side, where
the axis forms, and an associated depletion of cells on the ventral side of the embryo
(Figure 1.2). Hypoblast (future mesendodermal) cells that exhibit CE movements migrate
as loosely-associated mesenchymal cells on the yolk cell surface, while epiblast (future
ectodermal) cells move like a sheet of epithelial cells towards the dorsal side (Kimmel,
Ballard et al. 1995; Concha and Adams 1998).

Cell tracing experiments in zebrafish demonstrated that as mesodermal and ectodermal
clones reach the dorsal midline, they form antero-posteriorly elongated strings of labeled
and unlabeled cells (Warga and Kimmel 1990; Kimmel, Warga et al. 1994). Based on these
observations, a model for teleost gastrulation was proposed whereby the most first
converge dorsally by directed migration, and then intercalate to extend the axis (Figure
1.4.B).

Tracking dorsal translocation (convergence) or anteroposterior elongation (extension) of
cell groups labeled with either lipophilic or photoactivated dyes reveal the presence of three
C&E movement domains in the gastrula (Figure 1.5.). Dependent on their position within
the embryo during gastrulation, cells seem to have three different levels of CE movements.
(Kimmel, Warga et al. 1990; Kimmel, Ballard et al. 1995; Myers, Sepich et al. 2002)
(Figure 1.5.). First, cells on the prospective ventral side of the embryo do not contribute to
convergence or extension of the body axis. Alternatively, they migrate over the vegetal half
of the yolk towards the vegetal pole, where they later become part of the tail. Such cell
behavior occurs in the “no convergence, no extension zone” (NCEZ).(Sepich, Myers et al.
2000; Myers, Sepich et al. 2002).
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Figure 1.5 Cell trajectories in the ventral, lateral and dorsal C&E domains. Time-lapse
analyses at late gastrula stages was used to calculated the trajectories movement.(a) Cells
in the no convergence no extension zone (NCEZ, red) travel in zig-zag path, (b) Lateral
cells undergoing slow C&E still have a zig-zag pattern but not so severe (c) Lateral cells
udergoing fast C&E move in straight trajectories, (d) The paths of dorsal cells are
oriented dorsally and biased towards anterior or posterior.
Abbreviations: D, dorsal; V, ventral.
Adapted from Myers et al. (2002)
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Second, cells located laterally within the embryo at around 50% o f epiboly, show
increasing convergence and extension movements the closer they are to the dorsal side.
Meanwhile, cells located near to the dorsal side show little convergence and high extension
movements. These converging lateral cell populations undergo progressively faster
extension. Finally, in the dorsal domain, labeled cell populations have strong extension
with little convergence. These results support a model, in which in the ventral region C&E
is absent; laterally, CE occurs at increasing rates and dorsally, strong extension movements
are accompanied by limited convergence.

Consistent with reports of cell population movements, time-lapse analyses showed that at
mid-gastrulation, individual ventral (NCEZ) mesodermal cells migrate along trajectories
directed vegetally. Moreover, ventral cells are less mediolaterally elongated than their
dorsal counterparts that are undergoing C&E. Therefore, these ventral cells undergo
epibolic but not C&E movements. The lateral mesodermal cell populations converge and
extend with growing speed as they move dorsally. Initially these cells show amoeboid
morphology and take dorsally oriented zig-zagging paths, getting a slow net dorsal speed
(the sum of the velocity and persistence of the movements of cells). As these cells move
dorsally, their trajectories become more directed and, as a result, net dorsal speed increases
(Myers, Sepich et al. 2002).

At the cellular level, the stability and persistence of the trajectories of these movements
corresponds to which cells undergo CE movements. These cells will elongate along their
medio-lateral axes, and this elongation appears to be required for the velocity and
persistence of CE movements (Topczewski, Sepich et al. 2001; Marlow, Topczewski et al.
2002). These cells also create pseudopodial and filopodial protrusions, projecting towards
the yolk and on to neighbouring cells. Whether this protrusive activity is necessary to
stabilize cell movements or to directly mediate them is not yet known (Kilian, Mansukoski
et al. 2003; Ulrich, Concha et al. 2003).

In addition, the cell behaviors observed in the posterior mesoderm and neuroectoderm of
zebrafish suggest that medio-lateral cell intercalation contributes greatly to convergent
extension movements. Epiblast cells elongate along the medio-lateral axis while showing
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autonomous protrusive activities (Concha and Adams 1998). This behaviour occurs
simultaneously with medio-lateral cell intercalation and anterior-posterior extension of the
neural plate (Warga and Kimmel 1990; Kimmel, Warga et al. 1994; Concha and Adams
1998).

To sum up, neurectodermal cells display CE movements using mediolateral intercalations.
The entire process starts at shield stage, when non-internalizing epiblast cells in the
blastoderm margin, in addition to their vegetally directed epibolic movements, converge to
the dorsal midline in a persistent fashion. During gastrulation, cells that are more animally
situated relative to the blastoderm margin also start to converge on the way to the dorsal
midline. At the same time, epiblast cells are more compact, so that by mid-gastrulation the
whole epiblast moves as a sheet of cells. Cells that become elongated and extend
projections in a medio-lateral direction, may facilitate medio-lateral intercalation at the
dorsal midline. Though, it is not yet completely clear to what extent convergence and
extension movements in the epiblast are connected by mediolateral intercalation (Concha
and Adams 1998).

In the mesoderm, cells also become elongated along the medio-lateral axis (Topczewski,
Sepich et al. 2001) while undergoing medio-lateral cell intercalation (Warga and Kimmel
1990). These data suggest that there are similarities in cell behavior between zebrafish and
Xenopus. Therefore, during late gastrula or early segmentation stages, a large fraction of
ectodermal and mesodermal cells in this region are mediolaterally elongated (Concha and
Adams 1998; Topczewski, Sepich et al. 2001; Myers, Sepich et al. 2002). Furthermore,
confocal time-lapse analyses of dorsal (notochord and paraxial somitic) mesoderm have
shown that cell exchanges are extremely oriented. In detail, cell “gains” occurs mainly in
the mediolateral axis, while losses are antero-posteriorly biased, as expected from
mediolateral intercalation behaviour (Glickman and Yelon 2002). These results imply that
in the dorsal region of the zebrafish, as in the frog gastrula, mediolateral intercalation of
mesodermal cells results in simultaneous C&E. On the other hand, as extension in dorsal
mesoderm does not depend only on convergence (Glickman and Yelon 2002), suggesting
that mediolateral intercalation cannot be the only cell behavior involved. Although
mediolateral intercalation can be observed in both of these tissues (notochord and paraxial
somatic), the rate o f convergence is not always linked to the rate o f extension (as it would
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be the case in Xenopus), indicating that there are other mechanisms driving CE movements.
This is evident in no tail (ntl) mutants, where the embryonic axis can still extend even in
the near-complete absence of convergence movements within the paraxial mesendoderm
(Glickman, Kimmel et al. 2003).

Radial intercalations of mesendodermal cells might also contribute to the anterior-posterior
extension of the new embryonic axis. This idea is substantiated by the analysis of the
volcano mutant, which shows that defects in epibolic cell movements at the beginning of
gastrulation are followed by reduced CE movements. This suggests that these different
movements might be regulated by a common cellular mechanism (Solnica-Krezel, Stemple
et al. 1996).

In more anterior regions of the embryo, extension of axial mesendodermal tissues, like the
prechordal plate is mediated mostly by the directed migration of single cells or groups of
cells in the direction of the animal pole, while mediolateral cell intercalation looks to be
limited to paraxial mesendodermal tissues (Miguel Concha, Masa Tada, Carl -Philipp
Heisenberg, Steve Wilson, Richard Adams, unpublished observations). Also, the analysis
that different signalling molecules are necessary to lead CE movements in anterior and
posterior regions of the embryo supports the idea that several cellular mechanisms might
function to control gastrulation movements along the anterior-posterior axis of the embryo
(Kilian, Mansukoski et al. 2003).

A recent study by D ’Amico and Cooper demonstrated that the nuclei of the YSL undergo
movements associated with CE (D’Amico and Cooper 2001). It starts at shield stage, when
a small portion o f the nuclei converges towards the dorsal side. When internalization
begins, the YSL nuclei move with the firstly internalized mesendodermal cells to the
animal pole. CE movements of the nuclei in paraxial regions of the embryo couples this
movement o f internalization. These nuclei show increasingly faster CE movements the
closer they are to the dorsal side, while the nuclei in axial regions move anteriorly towards
the animal pole. Analogous to the situation in mesendodermal and neurectodermal germ
layers, CE movements of the YSL nuclei seem to be mediated by mediolateral cell
intercalation, signifying that the movements of the YSL nuclei and of cells in the overlying
hypoblast and epiblast layers are synchronized (D’Amico and Cooper 2001).
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It is still unknown which cells in the EVL exhibit CE movements during gastrulation.
Theoretically, cells o f the EVL can extend cellular protrusions and are motile within the
level surface of the EVL, but whether they actively converge and extend has not yet been
experimentally proved (Keller and Trinkaus 1987; Fink and Cooper 1996; Zalik,
Lewandowski et al. 1999). In view of the fact that the EVL wraps the blastoderm to an
equal proportion along its dorso-ventral axis throughout gastrulation, convergent
movements of cells within the EVL might be of less importance (Kimmel, Ballard et al.
1995).

A great number of the studies analyzing the cellular mechanisms involved in gastrulation
movements have focused on the cellular rearrangements within specific germ layers and
tissues. Despite significant recent progress in understanding gastrulation movements in
fish, there are major questions of the biomechanics of zebrafish convergence and extension
are: what is the role o f internally and externally generated forces? What are the external
machines? Possible candidates are the extraembryonic epibolic machine and the
autonomous extension of the underlying YSL (D'Amico and Cooper 2001). Finally, are the
forces in zebrafish generated by mediolaterally polarized protrusive activity and mutual cell
traction, similar to what is thought to occur in the Xenopus ?
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PA R T II

Molecular Mechanisms
In this section I will introduce the possible molecular pathways that control the gastrulation
movements, especially convergent and extension movements in zebrafish and emphasising
the importance of to the non-canonical Wnt pathway.

II. 1.1. Wnt pathway
The Wnt family o f proteins is very diverse and it is implicated in many developmental
processes during embryogenesis and is also involved in adult tissue homeostasis. Wnt
family members have manifold effects including mitogenic stimulation, cell fate
specification and differentiation (Logan and Nusse 2004). The Wnt family comprises a
group of secreted glycoproteins existing in species throughout the animal kingdom, ranging
from Hydra to humans. They are implicated in phenomena like axis formation and
patterning, tissue and organ morphogenesis, asymmetric cell division and, as more recent
studies confirm, also in axon guidance (Wodarz and Nusse 1998; Yoshikawa, McKinnon et
al. 2003; Inoue, Oz et al. 2004).

One of the main functional differences among Wnt proteins is that different Wnts cause
distinct phenotypes, dividing the superfamily in two classes. Accordingly some results from
ectopic expression of Wnts in mammary epithelial cells and in Xenopus embryos there is a
class of Wnt transforming, axis -inducing factors the so called “Wnt-1 class”, which
includes W ntl, Wnt3A, Wnt7A, Wnt8 and Wnt8b and then there is the non-transforming
“Wnt5a class” which includes Wnt4, Wnt 5A and Wntl 1 (Wong, Gavin et al. 1994; Torres,
Yang-Snyder et al. 1996); Du et al., 1995). Consequently, it is possible to classify the Wnts
in to “canonical” Wnts, which have transforming activity and usually lead to the
stabilization of P-Catenin (described in more detail below) and is almost absolutely
conserved through evolution. The other “non-canonical” Wnts do not have transforming
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activity and have different functions, for example being involved in gastrulation
movements and tissue separation.

The Wnt canonical pathway was found to specify segment polarity in Drosophila and
mediate axis formation in Xenopus. The canonical pathway transduces the Wnt signal via
attachment to its transmembrane receptor Frizzled (Fz). Sequentially there is activation of
the cytoplasmic protein Dishevelled (Dsh). This leads to blocking of the breakdown of the
complex containing APC, Axin and GSK-3, which in turn permit the stabilization of |3Catenin and its consequent translocation to the nucleus. Once stabilized, p-catenin binds
proteins of the lymphoid enhancer factor/ T-cell factor family (LEF/TCF) family and is
implicated in the transcriptional regulation of target genes (Cadigan and Nusse 1997;
Huelsken and Birchmeier 2001).

II. 1.2. Non-canonical W nt Pathway
In this thesis I will focus on the non-canonical/Wnt pathway which has been shown to be
mainly involved in cell movements, cell morphology and tissue separation, and in general
morphogenetic movements.

II. 1.2.1. Planar Cell Polarity in Drosophila
The planar cell polarity pathway (PCP) in Drosophila generates polarity signals that
orientate cells in a given plane. The PCP signalling pathway bears considerable similarity
to Wnt signalling in vertebrates: downstream of Wnt the serpentine receptor, frizzled {fz) is
involved in the correct orientation of eye ommatidia, the polarized growth o f sensory
bristles in the thorax, and also in wing hair polarity in wing epithelium (Vinson, Conover et
al. 1989; Adler and Lee 2001; Adler 2002). In the wing, hairs polarise in the proximo-distal
axis of the wing epithelium. In the eye, ommatidial polarity is coordinated relative to the
dorso-ventral and antero-posterior axes of the eye epithelium. In the eye, a single
ommatidium bears 20 cells: these include eight photoreceptor cells, pigment cells, corneal
cells, and bristles. The eight-photoreceptor cells (R1-R8) are arranged in a trapezoidal
manner (Figure 1.6.A and B). Ommatidia on the dorsal and ventral sides of the eye have
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mirror image symmetry. The imaginary line that separates dorsal from ventral is called the
equator. The f z pathway controls ommatidial polarity by regulating the R3/R4 cell fate,
which indicates both ommatidia chirality and the following rotation of the ommatidia as a
unit (Zheng, Zhang et al. 1995; Strutt and Strutt 1999).

The key regulators o f the PCP pathway are encoded by the dishevelled (dsh), prickle (pk),
Van Gogh/strabismus ( Vang/stbm), flamingo/starry night (fmi/stan) and diego (dgo) genes.
They are frequently termed core components of the PCP pathway, but they most likely act
as a multiprotein complex. A mutation in any of these genes gives rise to autonomous
polarity defects in the wing and eye, and often in other tissues (Gubb and Garcia-Bellido
1982; Vinson and Adler 1987; Theisen, Purcell et al. 1994; Zheng, Zhang et al. 1995;
Taylor, Abramova et al. 1998; Wolff and Rubin 1998; Chae, Kim et al. 1999; Gubb, Green
et al. 1999; Usui, Shima et al. 1999; Feiguin, Hannus et al. 2001). Importantly, their protein
products are asymmetrically localised in polarised cells of the wing and eye (Usui, Shima et
al. 1999; Axelrod 2001; Feiguin, Hannus et al. 2001; Shimada, Usui et al. 2001; Strutt
2001; Strutt, Johnson et al. 2002; Tree DR 2002; Bastock, Strutt et al. 2003; Rawls and
Wolff 2003).

In the wing epithelium, PCP is obvious by the outgrowth of a single actin- and tubulinfilled, distally pointing hair at the distal vertex of a wing cell (Adler 2002). Studying the
phenotype of PCP gene mutants, it can be demonstrated that they subdivide into two main
classes. Upstream members of the pathway, like fz , dsh,pk,fmi and stbm, lead to wing hairs
pointing in a stereotypical incorrectly orientated pattern, signifying that they are necessary
for the polarization of wing cells. On the contrary, abolishing or increasing the function of
genes, which are more downstream in the pathway, like rhoA and the Drosophila rhoassociated kinase (Drok), interferes with the number but not the polarity of the hairs,
revealing that they are needed for the formation but not for polarization of wing hairs
(Winter, Wang et al. 2001; Adler 2002).
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Figure 1. 6 . Drosophila wing and eye(A) Drosophila wing. External appearance of a
wing: proximal to the left and distal to the right. Enlargement of wing surface covered
with hairs. All wing hairs are pointing towards the distal end . Further enlargement:
octagons represent each cell. Hairs distally located. Mutations of PCP genes cause
disorder of wing hairs.PCP coordinates the organization of wing hairs. Loss of PCP
genes in the wing can cause misorientation of hairs, or multiple hairs to form in a single
cell.(B)Model for genaration of polarity generation in eye development. Initially
ommatidial preclusters are organized in the anterior-posterior axis and are symmetrical.
Next they rotate 90° towards the equator (the D-V midline), and at the end chirality is
created by the positions of the R3 and R4 cells. In the upper right side, representation
of chiral arragement of the respective ommatidia . Additionally, to the two chiral forms,
symmetrical clusters with R3/R3 or R4/R4 cell pairs can be found in PCP mutants. R3
cells are highlighted in green and R4 cells in blue. In the down rigth side comer another
representation of the eye, ommatidia are gradually formed by the aggregation of eight
photoreceptor cells (R1-R8), and become polarised. In the R3/R4 cell pair (light green)
for a correct chirality ,the R3 cell (dark green) must rotate 90°clockwise in the dorsal
half of the eye or anticlockwise in the ventral half. Adapted from Ueno and Greene
(2003); Fanto and McNeill(2004); Moldzik (2002) and Strutt (2003)
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Dsh, a powerful multifunctional intracellular protein and a downstream mediator of Wnt
signalling, here takes a pivotal role because it act as the point of branching between the
canonical and non-canonical Wnt pathways. This was demonstrated by experiments with
different truncated forms of the Dsh, which specifically activate or block the PCP signal
pathway (Axelrod, Miller et al. 1998; Boutros, Paricio et al. 1998). Functional analysis of
Dsh has defined different requirements for the three main domains (DIX, PDZ and DEP) to
mediate either the canonical or non-canonical Wnt pathway. Several Dsh constructs have
been utilized to examine the pathways respective specificities. Redundancy does however
exist between them: there is always some residual B-catenin signalling activity observed in
the absence o f one o f the three conserved domains (Axelrod, Miller et al. 1998;
Rothbacher, Laurent et al. 2000; Wallingford, Rowning et al. 2000). Thus activation of the
PCP pathway requires regulation of Dsh and its accumulation at plasma membrane and it is
the carboxy-terminus, the DEP domain, which is most important for the PCP pathway
(Boutros and Mlodzik 1999).

In D ro so p h ila , the polarization and formation of hair cells involves the localized
accumulation of PCP proteins, such as Fz and Dsh, at the distal edge of the corresponding
wing cell (Strutt 2003). To explain in more detail, planar polarity in any part of the body in
Drosophila could be controlled by a group of cells, maybe by the release o f a putative
morphogen that initiates the establishment of PCP. The gradient of a morphogen could
provide a “polarity vector” to orient cells. Another possible mechanism is that a small
group of cells could organize a bigger region if they release a signal that propagates across
a tissue (Adler 2002). In the wing it is not really known which gene is involved in the
production of a morphogen gradient. It could be Wingless, which is a probable ligand for
the Fz receptor and that may possibly exist in a gradient across the wing (Adler, Krasnow et
al. 1997; Axelrod 2001; Strutt 2001). Thus each cell would have a gradient of Fz signalling
activity across its proximo-distal axis. Pk and Vang/Stbm are involved with Fz when this
long range polarity cue is created. Considering the fly phenotypes and the genetic
interactions between these loci, it has been postulated that they act all together to regulate a
long range polarity signal (Adler, Taylor et al. 2000). Also fmi/stan could function by
propagating polarity cues, as very weak non-autonomous phenotypes have been observed
around fmi/stan clones (Chae, Kim et al. 1999; Usui, Shima et al. 1999). To be more
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specific, in the wing o f Drosophila the localised f z activity at the distal cell edge is due the
Fz receptor being localised there (Strutt 2001). Dsh colocalises with Fz in this place
(Axelrod 2001; Shimada, Usui et al. 2001). Therefore, Fz/Dsh signalling activity is
confined to this part of the cell. Fmi/Stan, Vang/Stbm, Pk and Dgo proteins also become
asymmetrically localised on the proximo-distal axis. Fmi/Stan and Dgo localize both
proximally and distally (Usui, Shima et al. 1999; Feiguin, Hannus et al. 2001), while
Vang/Stbm and Pk are found at proximal edge (Tree DR 2002; Bastock, Strutt et al. 2003)
(Figure 1.7.A).

In the eye there is also asymmetric localization of these key regulators proteins especially
in the R3/R4 photoreceptor pair. Fz preferentially localises on the R3 side of the R3/R4
border, while Vang/Stbm preferentially localises on the R4 border (Strutt, Johnson et al.
2002). Thus, the R3/R4 boundary appears to be similar to the distal/proximal cell boundary
in the wing (Figure 1.7B) (Strutt, Johnson et al. 2002; Rawls and Wolff 2003).
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Figure 1.7. Polarized subcellular distribution of PCP genes in wing and eye cells. (A) Fz
and Dsh accumulate on the distal membranes, Stbm and Pk accumulate on proximal side,
and Fmi and Diego appear to be enriched on both sides. All are depleted from anterior
and posterior membranes.Pk might act in an intercellular feedback loop to increase some
initial bias by repeling Dsh from the proximal half of the cell while favouring Fz and Dsh
to the distal side of the adjacent cell (Tree et al., 2002)(B) PCP proteins accumulate
specifically at the R3/R4 interface. Fz and Dsh accumulate on the R3 cell at the R3/R4
interface, whereas Stbm is enriched in the R4 cell at the R3/R4 interface. It is not known
where Pk is localized in the eye but may be a feedback loop similar to that proposed in
the wing also functions in the eye. Adapted from Fanto and McNeill(2004).
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The mechanism by which these proteins work is via a hierarchy to achieve asymmetry.
Firstly, Fmi/Stan recruits the other transmembrane proteins, Fz and Vang/Stbm, to the
apicolateral adherens junction area of wing cells (Strutt 2001; Bastock, Strutt et al. 2003).
This is most likely via protein-protein interactions, but Fmi/Stan, Fz and Vang/Stbm are
required for the recruitment of the three putative cytoplasmic proteins, Dsh, Pk and Dgo.
When all six proteins have been recruited to apicolateral regions, the asymmetric
distribution is achieved on the proximodistal bounderies of the cells. One possible
explanation is that this asymmetric localisation would occur as part of a feedback
amplification model via Fz/Dsh signalling that converts the initially low gradient of
signalling into a climax of signalling at the distal cell edge. Pk increases this gradient by
refining the feed back loop, possibly by inhibiting the Dsh proximal membrane locasition
(Tree DR 2002). Alternatively, Fz/Dsh signalling may be triggered by ligand-independent
activation of signalling, maybe by receptor clustering (Krasnow, Wong et al. 1995; Adler,
Krasnow et al. 1997). Another possible mechanism could be that Fmi/Stan or Vang/Stbm
could interact directly with the Fz receptor and act as ligands. Still the issue of the
establishment of asymmetric distribution of the PCP proteins remains unsolved.

The atypical cadherins encoded by the genes dachsous (d s ) and fa t (ft) have nonautonomous action in planar polarity in the wing (Adler, Charlton et al. 1998). The type II
transmembrane protein encoded by the four-jointed (fj) gene (Villano and Katz 1995;
Brodsky and Steller 1996) also has non-autonomous activity in the regulation of planar
polarity in the eye and wing (Zeidler, Perrimon et al. 1999; Zeidler, Perrimon et al. 2000).
Work from different groups has revealed a molecular mechanism in which gradients of ds,
f t and f j activities in the developing wing, eye and abdomen generate a long-range polarity
signal (Zeidler, Perrimon et al. 1999; Zeidler, Perrimon et al. 2000; Casal, Struhl et al.
2002; Rawls, Guinto et al. 2002; Strutt and Strutt 2002; Fanto, Clayton et al. 2003). It is
proposed that Ds (expressed in a graded way) inhibits Ft in a concentration-dependent
manner, giving rise to a gradient of Ft activation with its high level at the equator in the
eye. Ft supposedly activates Fz, generating a gradient of Fz activity that possibly specifies
R3 and R4 cell fates and ommatidial polarity and chirality. In mosaic analyses, J? supports
R3 development in a ^-dependent manner, signifying that f j functions upstream of ds .
Many elements of this model mechanism are still missing, but epistatic analysis, suggest
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that this pathway acts in parallel to fz, Vang/stbm and p k . There is evidence that f j may be
controlling cell adhesion by modulating Ds/Ft heterophilic interactions (Strutt and Strutt
2002 ).

Subsequently, the second class of genes, the downstream components of the PCP, probably
control the actin and microtubule cytoskeletons and become localized in the distal region,
maybe initiating the outgrowth of a single hair (Eaton 1997). The downstream components
frequently act in a subset of tissues where polarity is regulated by the core polarity genes.
In addition, they often only control a subgroup of the downstream responses to core planar
polarity protein activity. It has been proposed that upstream components of the PCP
pathway give cell polarity by determining the place where the wing hair will come out,
whereas downstream components control or associate with the actin and microtubule
cytoskeleton, thereby regulating wing hair formation itself. Defects in these genes usually
affect the hairs by mispolarisation or each cell produces more than one hair, affecting hair
number (Adler 2002). Another suggestion for an interaction of these downstream
components with the cytoskeleton comes from reports in which embryos were treated with
drugs that antagonize the cytoskeleton, resulting in phenotypes looking very similar to
mutant phenotypes of those regulators (Adler 2002). Possible downstream regulators are
also RhoA (Strutt, Weber et al. 1997; Strutt, Johnson et al. 2002) and Drok (Winter, Wang
et al. 2001). Furthermore, it has been proposed that a JNK cascade acts downstream of
RhoA in the control of ommatidial polarity (Weber, Paricio et al. 2000).
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II. 1.2.2. Non-Canonical W nt Signalling in Vertebrates
Recent studies suggest that the non-transforming Wnt ligands, especially Wnt5 and W ntll,
activate a Fz/Dsh-dependent pathway that is analogous to the Drosophila planar polarity
pathway and regulates cell polarization during vertebrate gastrulation (Heisenberg, Tada et
al. 2000; Tada and Smith 2000; Wallingford, Rowning et al. 2000; Wallingford and
Harland 2001; Kilian, Mansukoski et al. 2003). This pathway shares significant similarities
with the planar cell polarity pathway (PCP) in Drosophila. This vertebrate counterpart of
the Drosophila PCP pathway is also involved in the regulation of other co-ordinated
morphogenetic events such as neural tube closure and in the polarized orientation of
sensory hair cells in vertebrate ears (Kibar, Vogan et al. 2001; Murdoch, Rachel et al. 2001;
Wallingford and Harland 2001; Goto and Keller 2002; Hamblet, Lijam et al. 2002; Curtin,
Quint et al. 2003; Montcouquiol, Rachel et al. 2003).

During vertebrate gastrulation, two main discoveries - the functional characterization of
Dsh in Xenopus and the genetic analysis of the silberblick (slb)/wntl 1 mutant in zebrafish
provided initial data that a Wnt signalling pathway different from the canonical pathway is
implicated in regulating gastrulation movements (Heisenberg, Tada et al. 2000; Tada and
Smith 2000; Wallingford, Rowning et al. 2000).

The functional analysis of Dsh has defined different requirements for the three main
domains (DIX, PDZ and DEP) to mediate either the canonical or non-canonical Wnt
pathway. The single-domain deletion construct, Dsh-ADIX, blocks canonical p-catenin
signalling. In contrast, the DEP domain is absolutely necessary for Drosophila PCP and
vertebrate CE (Axelrod, Miller et al. 1998; Boutros, Paricio et al. 1998; Heisenberg, Tada
et al. 2000). The Dsh A-DIX construct, which specifically activates the non-canonical Wnt
pathway, can rescue the dominant-negative Wntl 1 mediated inhibition of the elongation of
activin-treated Xenopus animal caps, an ex vivo model used to study convergent extension
in Xenopus (Tada and Smith 2000). Additionally, interference in non-canonical Wnt
pathway disrupts mediolateral cell protrusions and cell polarity in cells under going
convergent extension in Xenopus embryos (Wallingford, Rowning et al. 2000). Another
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important piece o f evidence is that wild-type Xdsh-GFP was translocated to cell
membranes during CE (Wallingford, Rowning et al. 2000). This behaviour is characteristic
of the activation of Dsh during planar cell polarity in Drosophila (Axelrod 2001; Shimada,
Usui et al. 2001), even though in Xenopus, Xdsh-GFP seems to be uniformly spread with
the membrane rather than a particular distribution. A recent study has proved that PKC6
(Protein kinase C6) is also essential to control cell polarity and the change in cell shape by
associating with Dsh during convergent extension (Kinoshita, Iioka et al. 2003).

II. 1.2.2.1 Proposed non-canonical Wnt Pathway in Zebrafish
In zebrafish, several mutants exhibiting defective gastrulation movements have been
identified (Hammerschmidt, Pelegri et al. 1996; Solnica-Krezel, Stemple et al. 1996). The
two mutants, trilobite (tri) and knypek (kny), show the most dramatic extension defect of
body axis, in which both convergence and extension are affected. The phenotype ofpipetail
(ppt) mutants embryos display defects only in morphogenetic processes underlying tail
outgrowth and cartilage differentiation in the head (Rauch, Hammerschmidt et al. 1997). In
silberblick (sib) mutants, convergent extension movements of the axial mesendoderm, and
overlying ventral central nervous system (CNS) midline are disturbed, resulting in a
transiently shortened and broadened body axis at the end of gastrulation and in a fusion of
eyes (cyclopia) at later developmental stages. In sib mutants there is a gap between the
anterior tip of the midline of the central nervous system (CNS) and the anterior edge of the
neural plate (Heisenberg, Brand et al. 1996; Heisenberg and Nusslein-Volhard 1997).

On the contrary, ppt, kny and tri embryos have a shortened body axis from late gastrulation
stages whereas the position of the eyes is only slightly changed (Hammerschmidt, Pelegri et
al. 1996; Solnica-Krezel, Stemple et al. 1996; Marlow, Zwartkruis et al. 1998). Positional
cloning of the sib, ppt, kny and tri loci has showed that they encode components involved
in the Wnt signalling. It was shown that sib and ppt encode for Wnt ligands, Wntl 1 and
Wnt5, respectively (Rauch, Hammerschmidt et al. 1997; Heisenberg, Tada et al. 2000)
while k n y

encodes a co-receptor glypican4/6

o f the

family o f heparan

sulphateproteoglycans, implicated in Wg/Wnt signalling (Topczewski, Sepich et al. 2001).
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Positional cloning o f the tri locus has revealed that it encodes Strabismus (Stbm), a core
PCP protein (lessen, Topczewski et al. 2002).

Additionally, extensive analysis has shown that the sib eye phenotype results from reduced
elongation of the body axis during gastrulation. The sib locus encodes W ntll, which
expression pattern begins to be expressed in the dorsal region of the germ ring at dome
stage, during gastrulation w n tll expression spreads out to the lateral and ventral germ ring,
while at shield stage this expression in the germ ring becomes restricted to the epiblast
layer (Ulrich, Concha et al. 2003). Later, the expression of w n tll is restricted to the
anterior paraxial mesoderm and to the anterior lateral neuroectoderm by late gastrula stage.
To understand the genetic and cellular mechanisms of Sib function, different approaches
were used. Cell-labelling and tracking experiments demonstrated that the shortened body
length of sib mutants is due to reduced cell intercalations along the medio-lateral axis
during gastrulation. Also by cell and shield-transplantation experiments, it was eluciated
that Sib/ Wntl 1 acts cell-non-autonomously and that its required within paraxial tissues to
drive normal convergent extension movements of axial and paraxial tissues (Heisenberg,
Tada et al. 2000).

It was also shown that the sib phenotype is rescued by a truncated form of Dsh, which
specifically transduces the PCP pathway in Drosophila and that does not signal through the
canonical Wnt pathway. This suggests that, as in D rosophila, zebrafish Dsh is an
intracellular mediator of both the canonical Wnt and PCP signalling pathways (Heisenberg,
Tada et al. 2000). All these studies suggest that Slb/Wntl 1 regulates convergent extension
movements in zebrafish through a pathway similar to the PCP cascade in Drosophila.

Analyzes o f the cellular function of slb/w ntl 1 during zebrafish gastrulation have
demonstrated that this gene is necessary in both epiblast and hypoblast cells for polarized
growth of processes aligned to their individual movement directions and that failure of cell
polarization in sib mutants is correlated with slower and less persistent movements of these
cells at the beginning of gastrulation (Ulrich, Concha et al. 2003). This implies that
slb/w ntl 1 permits cells to correctly polarize in line with their individual movement
directions and suggests that cell polarization is necessary to help stabilize cell movements.
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Furthermore, other loci/genes genetically interact with slb/wntl 1 in controlling convergent
extension movements. The ppt/wnt5 mutants embryos have mild defects in convergent
extension movements of the posterior body axis (Rauch, Hammerschmidt et al. 1997).
However, double mutants for slb/w ntl 1 and ppt/wnt5 show a strong reduction in
convergent extension, producing a more severe phenotype, possibly because Ppt/Wnt5 and
Slb/Wntl 1 have a functional redundancy or have partially overlapping functions (Kilian,
Mansukoski et al. 2003). This is consistent with studies in Xenopus that demonstrated that
Wnt5 can signal through a non-canonical Wnt-pathway to influence convergent extension
movements during gastrulation (Wallingford, Vogeli et al. 2001, Du et al., 1995). Because
of all this data, it is unexpected that zebrafish w n tll and wnt5 are expressed in non
overlapping domains (anterior versus posterior) at tail bud stage, signifying that they have
some broad cell-non-autonomous activity during late gastrulation. Alternatively, this could
be due to the overlapped expression of the two genes in the germ ring at the early stage,
especially at shield stage (Kilian, Mansukoski et al. 2003).

There is evidence that Fz7 could interact with W ntll, in a receptor-ligand interaction to
regulate convergent extension movements, in Xenopus animal cap explants (Djiane, Riou et
al. 2000). In more detail, overexpression of X^z7 affects the movements of CE. It changes
the correct localization, but not the expression, of both mesodermal and neural markers.
These effects can be rescued by extra-X/z7, which is a secreted form of the receptor that
weakly inhibits CE in overexpression. This suggests that the wild-type and truncated
receptors have opposing effects when co-expressed and that over-expression of X/z7 causes
an increased signalling activity. Coherent with this, Xfz7 biochemically and functionally
interacts with X w ntll. Already some downstream regulators have already been proposed
such as Cdc42 (Djiane, Riou et al. 2000).

The molecular analysis and functional studies of these mutants and the detection of more
downstream components involved in the function of these genes during gastrulation have
revealed a signalling pathway with high homology to the Fz/PCP pathway in Drosophila.
Shared components include the Wnt receptors Fz2 and Fz7, the intracellular signalling
mediator Dsh, as discussed above, the cytoplasmic protein Daaml, the small GTPases
RhoA, Rac and Cdc42 and the Rho effector kinase Rok2 (Djiane, Riou et al. 2000;
Heisenberg, Tada et al. 2000; Wallingford, Rowning et al. 2000; Habas, Kato et al. 2001;
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Marlow, Topczewski et al. 2002; Habas, Dawid et al. 2003). Other regulators, which are
involved some how with this signalling pathway, are the JNK module, the ankyrin repeat
protein Diego, the transmembrane protein Strabismus/VanGogh, the protein phosphatase
PP2A and the cytoplasmic protein Prickle (Pk) (Darken, Scola et al. 2002; Goto and Keller
2002; Hannus, Feiguin et al. 2002; lessen, Topczewski et al. 2002; Park and Moon 2002;
Schwarz-Romond, Asbrand et al. 2002; Yamanaka, Moriguchi et al. 2002; CarreiraBarbosa, Concha et al. 2003; Takeuchi, Nakabayashi et al. 2003; Veeman, Slusarski et al.
2003) (Figure 1.8).

Additional confirmation for a conserved pathway has come from data that vertebrate
homologues of core PCP genes are also required for CE. A combination of overexpression,
morpholino data and mutant studies have revealed a role for Vang/stbm in controling
gastrulation movements in fish and frogs (Darken, Scola et al. 2002; Goto and Keller 2002;
lessen, Topczewski et al. 2002; Park and Moon 2002). Epistasis analysis shows that
tri/stbm probably acts in parallel pathway to Fz/Dsh rather than in a linear pathway in
zebrafish (Jessen, Topczewski et al. 2002). These data go in support with epistasis data in
flies (Taylor, Abramova et al. 1998).

Although there are no known mutations for vertebrate p k homologs, morpholino
experiments have been used to demonstrate a similar function for zebrafish and Xenopus pk
genes in being required for CE movements (Carreira-Barbosa, Concha et al. 2003;
Takeuchi, Nakabayashi et al. 2003; Veeman, Slusarski et al. 2003). All the mutants and
morphant embryos show defective CE movements without affecting cell fates, but also
strong double-mutant, double-morpholino, or mutant/morpholino interactions have been
detected between sib and ppt (Kilian, Mansukoski et al. 2003), p k l and tri ((CarreiraBarbosa, Concha et al. 2003; Veeman, Slusarski et al. 2003\ p k l and sib (Carreira-Barbosa
et al., 2003), and p k l and ppt(Carreira-Barbosa, Concha et al. 2003). In agreement with
the genetic and physical interactions in Drosophila Pk and Vang/Stbm(Taylor, Abramova
et al. 1998; Bastock, Strutt et al. 2003), zebrafish Pk and Vang/Stbm interact synergistically
in regulating CE (Carreira-Barbosa, Concha et al. 2003; Veeman, Slusarski et al. 2003).
(Figure 1.8.).
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Finally, a zebrafish homologue of diego, a core PCP gene, has been identified as Diversin,
which is ankyrin repeat protein, a molecule involved with canonical and non-canonical Wnt
signalling, the loss of function produces defects in gastrulation movements (SchwarzRomond, Asbrand et al. 2002).
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Figure 1.8. Updated model for the Wnt non Canonical pathway regulating CE
during gastrulation in vertebrates (mainly zebrafish and Xenopus).The ligands,
W ntll/Slb and Wnt5a/Ppt, supposedly bind to the receptor Frizzled-7, an interac
tion facilitated by the proteoglycan co-receptor Kny.This leads to translocation of
Dsh to the membrane. The PDZ and DEP domains of Dsh are responsible for the
specificity of the CE/PCP pathway. Dsh also regulates the activity of members of the
Rho family of small GTPases. RhoA, which binds to Daaml with Dsh and activates
the effector Rock, that directly controls the actin cytoskeleton. In adittion, Dshmediated activation of Cdc42 signals to JNK that in turn regulates transcription of
target genes. These two branches
collaborate to regulate CE during
zebrafish/Xenopus gastrulation (see also text). The Wnt/Ca2+ pathway may be a
another branch of the non canonical Wnt pathway (see also text). As in the Dro
sophila PCP , Prickle, Flamingo and Strabismus seem to have the same role in this
process, but not in a linear way. Adapted from Masa et al (2002) and Veeman et
a/. (2003).
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II.1.2.2.1.1 Possible downstream and upstream effectors

Some of the downstream effectors of PCP in Drosophila are also implicated in vertebrate
CE. The potential regulators o f the non-canonical Wnt pathway comprise the small
GTPases of the Rho family. Rho, Rac, and Cdc42 have all been shown to be involved in
vertebrate non-canonical Wnt signalling (Habas, Kato et al. 2001; Choi and Han 2002;
Habas, Dawid et al. 2003; Penzo-Mendez, Umbhauer et al. 2003). Data from Xenopus
revealed that Wntl 1/Fz7 signalling activates RhoA during gastrulation and Cdc42 may be a
mediator for Wntl 1/Fz7 in cells undergoing convergent extension (Djiane, Riou et al. 2000;
Habas, Kato et al. 2001). The Xenopus RhoA GTPase homologue is necessary for
morphogenetic movements during embryogenesis (Wunnenberg-Stapleton, Blitz et al.
1999), which probably is stimulated by binding to Dsh and through the novel Formin
homology protein Daaml (Habas, Kato et al. 2001). Additionally, the probable RhoA
effector Rho kinase 2 acts downstream of the non-canonical Wnt pathway (Marlow,
Topczewski et al. 2002). But there is some contradiction about whether activating Rho also
activates both Cdc42 and Rac or Rac alone (Choi and Han 2002; Habas, Dawid et al. 2003;
Penzo-Mendez, Umbhauer et al. 2003). Recently, a study demonstrated that blocking Has2
(synthesizing enzyme of polysaccharide hyaluronan (HA)) function in zebrafish embryo
obstructs the ability of cells to form lamellipodia and to make dorsal convergence
movements, suggesting a role of hyaluronan glycosminoglycan in early morphogenesis
(Bakkers, Kramer et al. 2004). These defects can be partially rescued by ectopic expression
of the small GTPase Rac, signifying that, in zebrafish and cell culture, Rac is a key
regulator of hyaluronan, an extracellular compound. In spite of these problems, the Rho
family GTPases and their effectors is still the most evident link between non-canonical Wnt
signalling and cytoskeletal rearrangement necessary for orchestrating CE.

Another possible downstream regulator of the non-canonical Wnt is the Jun amino-terminal
kinase (JNK) signalling pathway. It was reported that mutant forms of Dsh, that have a PCP
phenotype in Drosophila could activate the JNK in vertebrate cells (Boutros, Paricio et al.
1998; Li, Yuan et al. 1999; Moriguchi, Kawachi et al. 1999). In more detail, the C-terminal
DEP domain is necessaiy for JNK induction and is essential for the rescue planar polarity
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defects in flies, signifying a connection with the PCP pathway (Boutros, Paricio et al. 1998;
Li, Yuan et al. 1999; Moriguchi, Kawachi et al. 1999). The DEP domain alone, generally is
antimorphic with respect to the PCP pathway is sufficient to induce JNK activity (Boutros,
Paricio et al. 1998; Li, Yuan et al. 1999; Moriguchi, Kawachi et al. 1999). It has been also
shown that vertebrate homologues of Vang/Stbm, Pk and Diego can activate the JNK
pathway in a zebrafish and Xenopus mainly in a biochemical and in cell culture context
(Park and Moon 2002; Schwarz-Romond, Asbrand et al. 2002; Takeuchi, Nakabayashi et
al. 2003; Veeman, Slusarski et al. 2003). JNK has also been reported to be activated via the
non canonical Wnt pathway involving PKC (protein kinase C) in Xenopus (Pandur, Maurus
et al. 2002), which is less obviously analogous to PCP in Drosophila. However, it is very
difficult to have any solid conclusions about the involvement of the JNK pathway in the
non canonical Wnt signalling since these experiments used different tests for JNK induction
and the activations observed were fairly small. It needs to be clarified whether the JNK
pathway is relevant to the activation of the non-canonical Wnt pathway in the gastrula
embryo, as components of the JNK pathway have an insignificant function in PCP in flies
(Boutros, Paricio et al. 1998; Weber, Paricio et al. 2000; Strutt, Johnson et al. 2002).

In addition to the activation of small GTPases by the non-canonical Wnts, there is evidence
that heterotrimeric G proteins may be involved downstream of Fz. Stimulation of calcium
flux in zebrafish embryos by noncanonical Wnts and Frizzleds is sensitive to pertussis toxin
(Slusarski, Yang-Snyder et al. 1997), as is PKC (protein kinase C) and CamKII
(calmodulin-dependent protein kinase) activation in Xenopus (Sheldahl, Park et al. 1999;
Kuhl, Sheldahl et al. 2000)( (detailed in the next section II.1.2.2.3.). Dsh A-DIX promotes
calcium influx in a pertussis toxin-insensitive mode, suggesting that Dsh acts downstream
of the heterotrimeric G proteins (Sheldahl, Slusarski et al. 2003). Moreover, a recent study
suggests that GPy subunits may be the important module in this situation (Penzo-Mendez,
Umbhauer et al. 2003). Involvement of specific heterotrimeric G protein subunits in noncanonical Wnt signalling still remains to be elucidated by loss-of-function techniques
vertebrate embryos.
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II. 1.2.2.2. Mouse mutants with phenotypic defects due to defective CE
Closure of the neural tube is a very important event in the organization of the nervous
system of vertebrates. The neural plate develops bilateral neural folds at its connection with
non-neural ectoderm at the surface. The folds elevate, come into contact in the midline, and
fuse to give rise to a tube that will be covered with epidermal ectoderm. Failure of any step
of this morphogenetic sequence of events leaves the neural tube ‘open’, a condition that
characterizes a group of severe human congenital malformations: the neural tube defects.

The vertebrate homologues o f PCP genes can affect CE of neural tissues in Xenopus
embryos, leading to defects in neural tube closure (Wallingford and Harland 2001; Goto
and Keller 2002). Because of this, the necessity for CE during the beginning of neural tube
closure has become clear. Furthermore, mutations in the Vang/stbm, dsh and fmi/stan
homologues in mouse give defects in neural tube closure, that possibly result from
abnormal CE of the neural plate in mutant mice (Kibar, Vogan et al. 2001; Murdoch,
Rachel et al. 2001; Hamblet, Lijam et al. 2002; Curtin, Quint et al. 2003). In addition, the
mouse mutants, loop-tail, crash, circletail and dishevelled-1;dishevelled-2 double mutants,
fail to undergo neural tube closure, resulting in craniorachischisis (when almost the entire
neural tube from the midbrain to the lower spine remains open). Positional cloning
demonstrates that the mutant genes encode proteins that have roles in non-canonical
Wnt/frizzled signalling(Kibar, Vogan et al. 2001; Murdoch, Rachel et al. 2001; Curtin,
Quint et al. 2003; Montcouquiol, Rachel et al. 2003; Murdoch, Chadwick et al. 2003).looptail is a mutation in the mouse orthologue of the Drosophila gene strabismus/Van Gogh
(Vang), called Vangl2. crash mice have a mutation in C elsrl, which is a vertebrate
orthologue of the Drosophila gene flamingo/starry night (stan). S c r b l, is tumour
suppressor gene that is mutated in circletail, is also involved in PCP (Montcouquiol, Rachel
et al. 2003), even though it regulates apical-basal polarity in Drosophila. The homozygotes
for loop-tail, circletail and crash have severe neural tube defects, but also the double
mutants loop-tail; circletail and loop-tail; crash have this phenotype (Murdoch, Rachel et
al. 2001). This reveals that these regulators have a common developmental function.

A specific example of the function of planar polarity in vertebrates is the polarization of
sensory hair cells in sense organs, as illustrated by the stereocilia in the cochlears of
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mammalian ears (Lewis and Davies 2002). Similar to CE, this process is probably regulated
by homologues of the PCP genes such as Vang/stbm and fmi/stan (Curtin, Quint et al. 2003;
Montcouquiol, Rachel et al. 2003), and Wnt7a has also been implicated in this process
(Dabdoub, Donohue et al. 2003). In relation to Fmi, the three mouse homologs offm i are
expressed in the organ of Corti (Shima, Copeland et al. 2002) and also the two mutant mice
spin cycle and crash, which carry independent mutations in one of the homologs of mice,
C e lsrl. These mutant mice have an abnormal head-shaking behaviour that might be
correlated with defective neural tube closure (Curtin, Quint et al. 2003).

As a consequence, there is a good indication that a pathway conserved from flies to
mammals employs non-canonical Wnt/Fz signalling to organise cell polarisation.
Homologues of all PCP genes act in vertebrates, however, it is still unknown if all PCP
proteins operate together in the many contexts in which they act in vertebrates.

II. 1.2.3. Calcium Pathway
The non canonical Wnt pathway appears to play a role in gastrulation not just via the
Wnt/PCP pathway described above, but also through a pathway regulating intracellular
calcium levels, the so called Wnt/ Ca2+ pathway. Several pieces of evidence support the
idea that another possible bifurcation of the Wnt pathway controls intracellular Ca 2+ levels
and could be regulating convergent extension movements. Co-expression of Xenopus wnt5a
with the rat fz2 receptor in zebrafish embryos can increase the levels of intracellular Ca2+
through heteromeric G-proteins and inositoltriphosphate (IP3) (Slusarski, Corces et al.
1997) and can therefore activate the two Ca2+‘ regulator enzymes Ca ^/calmodulindependent protein kinase II (CamKII) and protein kinase C (PKC) (Kuhl, Sheldahl et al.
2000; Kuhl, Sheldahl et al. 2000; Sheldahl, Slusarski et al. 2003).

Recent experiments have shown that the Wnt/Ca

pathway is regulating tissue separation

during Xenopus gastrulation, suggesting that the Wnt/Ca2+ pathway in vertebrates is
necessary for the regulation of differential cell adhesiveness (Winklbauer, Medina et al.
2001). More specifically, interfering with fz7 function gives rise to a failure of proper
separation of the mesodermal and ectodermal layers, and this function could be mediated
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via PKC in a G-protein-dependent manner. Thus Fz7 might regulate the adhesive
characteristics of tissues during gastrulation by activation of the Ca2+ pathway but its
inhibition does not directly affect CE (Winklbauer, Medina et al. 2001). Another study
proposes that the Wnt/Ca 2+ pathway is Dsh-dependent and also Pkl has the ability to
stimulate calcium flux, suggesting that the Wnt/Ca 2+ and PCP pathways overlap to some
extend (Sheldahl, Slusarski et al. 2003; Veeman, Slusarski et al. 2003). In more detail, fulllength Dsh is able to activate both calcium signalling in the calcium flux, PKC, and
CamKII assays. The Dsh-ADIX that is active in PCP signalling but not in canonical Wnt/Bcatenin signalling, was an activator in these assays suggesting the promiscuous role for Dsh
(Sheldahl, Slusarski et al. 2003)(Figure 1.9).

Choi and Han have proposed a Dsh-independent Wnt/Ca 2+ pathway that activates PKC and
directly affects CE by regulating the activity of the p21 GTPase, Cdc42 (Choi and Han
2002). Fascinatingly, PKC6 has been proposed to act as a complex with Dsh and is
necessary for the translocation of Dsh to the cell membrane in response to Fz7, thereby
regulating CE movements (Kinoshita, Iioka et al. 2003).

However, the exact role of these proteins in cell rearrangements during gastrulation is not
fully understood (Figure 1.9); (Miller, Hocking et al. 1999; Kuhl, Sheldahl et al. 2000;
Pandur, Maurus et al. 2002). In addition to the intracellular role of this pathway, Ca2+release into the extracellular space might play a role in the cell-cell-communication
involving the co-ordination of cell movements during gastrulation (Slusarski, Corces et al.
1997; Tada and Concha 2001; Wallingford, Ewald et al. 2001). Calcium waves are
generated dorsally in gastrula embryos with some frequency and transmitted to neighboring
cells in long-range distances (Gilland, Miller et al. 1999). This event appears to be
correlated with the initiation of CE dorsally. It is possible that Wnts regulates Ca2+ waves
as their frequency is lowered when a dominant negative xfz8 is over-expressed which
inhibits both the canonical and non-canonical Wnt pathways. Together, these results
suggest a permissive role for an intracellular Ca2+ signal in regulating CE (Wallingford,
Ewald et al. 2001).
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Figure 1.9.The Wnt/Ca2+ pathway probably signals via heterotrimeric G
proteins and via Wnts, to mobilise intracellular Ca2+ and,to stimulate protein
kinase C (PKC) and calcium/calmodulin-dependent kinase (CamKII).
Whether this pathway needs Dsh remains controversial (see text for more
details). In vertebrates, Wnt/Ca2+ signalling is activated by the same ligands
as the PCP pathway, suggesting that these pathways may overlap. Adapted
from Strutt (2003) and Veeman et al. (2003).
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II.1.2.4.CelI adhesion molecules
Proper cell adhesion is required for the regulation of tissue integrity, cellular morphology
and cell movements. Several studies on epithelial tissues and migrating cells showed a
complicated connection between the actin and microtubule cytoskeleton and sites of cell
cell or cell-substrate adhesion. As a result, important downstream effectors of the pathways
that controls gastrulation movements in zebrafish might encode the cell adhesion molecules
(Wedlich 2002; Perez-Moreno, Jamora et al. 2003; Small and Kaverina 2003).

II. 1.2.4.1 .Pr otocadher ins
The best-known adhesion molecules that regulate cell movements include members of the
Protocadherin family, such as Paraxial protocadherin (Pape) and Axial protocadherin
(Axpc). Paraxial protocadherin (Pape) is expressed in paraxial mesendodermal tissues of
the gastrula and is necessary for CE movements cell-autonomously in the mesendodermal
tissue in Xenopus and zebrafish. Pape induces cell shape changes when over-expressed in
X enopus animal cap explants, indicating that it might regulate CE movements by
determining cell polarization or elongation (Kim, Yamamoto et al. 1998; Yamamoto,
Amacher et al. 1998). It was confirmed recently that APAPC and Wnt/PCP signalling are
not redundant, and the activity of both is necessary to regulate CE movements by activating
RhoA (Medina, Reintsch et al. 2000; Unterseher, Hefele et al. 2004). Another
protocadherin, Axpc, is involved in facilitating the homophilic sorting of notochordal
precursor cells in the formation of the notochord in Xenopus, thus playing a role in tissue
organization during gastrulation (Kuroda, Satoh et al. 2001). Although these results have
shown a pivotal function of protocadherins in controlling gastrulation movements, little is
known about the mechanism controlling gastrulation. In mouse and Xenopus, papc
functions downstream of the transcriptional activator Liml, which is expressed in the
dorsal domain of the gastrulating embryo (Hukriede, Tsang et al. 2003). Work in zebrafish
revealed that papc expression is controlled by spadetail, a T-box transcription factor
necessary for morphogenetic movements during gastrulation (Ho and Kane 1990;
Yamamoto, Amacher et al. 1998).
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II.1.2.4.2.Non classical Cadherins
The best known non-classical cadherin is Fmi, which has a unique structure as a seven-pass
transmembrane receptor with similarity to the secretin receptor, a member of family of the
G protein coupled receptors (Usui, Shima et al. 1999; Uemura and Shimada 2003) (Figure
1.10.A.). But it remains unknown if Fmi is coupled to G proteins. Fmi also has a large
extracellular domain composed of nine tandem arrays of cadherin repeats, which act as
homophilic modules. Fmi also contains two laminin A globular domains and a cytoplasmic
tail (Usui, Shima et al. 1999). Fmi is localised differentially at cell-cell boundary along the
proximal-distal axis in the wing of Drosophila in a Frizzled (/z)-dependent manner (Usui,
Shima et al. 1999). Fmi is possibly involved in the generation of different biological
activities especially because of the amino acid sequences of the cytoplasmic domain that
considerably diverge within the superfamily. Probably the initial signals are generated by
the homophilic interactions of the cadherin repeats and then converted in different signals
in cytoplasmic side (Takeichi, Nakagawa et al. 2000). Recent experiments performed in
Xenopus suggested that Fmi could be blocking the non-canonical Wnt pathway by
interacting with Fz, but this study just analyses effectors of the Wnt-canonical pathway and
does not explore any possible function in gastrulation movements or CE movements
(Morgan, El-Kadi et al. 2003).
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Figure 1.10. Structures of Flamingo and Prickle proteins. (A) Flamingo is a
seven-pass transmembrane receptor (7 TM) with similarity to the secretin
receptor, a member of family of the G protein coupled receptors (Uemura et al.
1998; Usui et al.1999). Fmi has a large extracellular domain composed of
tandem arrays of cadherin repeats (9), which act as homophilic modules,and
three cysteine-rich regions (Cys-rich), two laminin A globular domains
(LmA-G) and a cytoplasmic tail. It also contains a sub domain called the Fmi
box. (B) pk encodes an cytoplasmic protein containing a conserved “PET’
domain (for Prickle, Espinas and Testin) and three LIM domains involved in
protein-protein interaction. Adapted from Uemura et al. 1998; Usui et al. 1999 ;
Gubb et al.
(1999) and Carreira-Barbosa et al. (2003)
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II.1.2.4.3.Integrins and Fibronectin
In Xenopus, integrins and fibronectin, which are important mediators of cell-substrate
interactions, are necessary for cell polarization and cell intercalation movements during
early gastrulation. Cell-cell interaction with fibronectin matrix, mediated by the a5|31
integrin receptor, was proven to be vital for the radial intercalation movements and the
extension phase of CE (Marsden and DeSimone 2001). Interestingly, the attachment of
cells to fibronectin via integrins permissively regulates the translocation of Dsh to the
membrane during radial intercalation, revealing a relationship between cell adhesion
molecules (integrin-flbronectin interactions) and the non-canonical Wnt pathway during
gastrulation (Marsden and DeSimone 2001; Davidson, Mao et al. 2002). Even though the
integrin interaction to fibronectin at focal adhesion sites is vital for the establishment of
cell-substrate contacts in zebrafish (Zalik, Lewandowski et al. 1999), little is known about
the function of integrins in modulating zebrafish gastrulation movements.

II.1.3.0ther Pathways:

II.1.3.1.PDGF/PI3K Pathway

Phosphoinositide-3 kinase (PI3K) is necessary to polarise and move across a chemotactic
gradient in cells from leukocytes to cells of Dictyostelium (Wang, Lim et al. 2002; Weiner,
Neilsen et al. 2002). In vertebrate gastrulation, PI3K has been implicated in the regulation
of mesodermal cell morphology and movement (Symes and Mercola 1996).

In response to an extracellular chemoattractant gradient, PI3K is stimulated and condensed
to the leading edge o f separate migrating cells. Upon stimulation, PI3K converts
phosphoinositide-4,5-diphosphate (PI(4 ,5 )P2 ) to phosphoinositide-(3,4,5)-triphosphate
(PIP3 ), that associates with the PH-domain containing proteins like Akt/protein kinase B
(Akt/PKB). These proteins consecutively can instruct the aggregation of actin filaments to
the leading edge of the cells, which is then used for the creation of cellular protusions.
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Therefore, a role of PI3K could be to prepare a cell to react to an extracellular gradient of a
chemoattractant by polarising the development of cellular protusions along this gradient,
making polarised movement possible (Comer and Parent 2002; Iijima, Huang et al. 2002;
Weiner, Neilsen et al. 2002).

PI3K has been shown to be involved in cell polarisation and migration during vertebrate
gastrulation by operating in a pathway downstream of Platelet Derived Growth Factor
(PDGF). XPDGF-A is expressed in the ectoderm above the involuting mesodermal
precursors, and it has been proposed that PDGF, produced by ectodermal cells, facilitates
involution of underlying mesodermal cells (Ho, Symes et al. 1994). In support of this
Ataliotis et al. demonstrated that PDGF can assist the adhesion of mesodermal cells to the
overlying ectodermal tissue (Ataliotis, Symes et al. 1995). In vitro experiments where
PDGF is ectopicaJly expressed to Xenopus mesendodermal cells, support the observation
that PDGF is involved in the development of lamellipodia and filopodia and the distribution
of these cells over their substrate (Symes and Mercola 1996). The function of PDGF seems
to be mediated by PI3K, indicating that PI3K might regulate the outgrowth and polarisation
of mesodermal cell processes during vertebrate gastrulation. PDGF-A and its receptors in
mice have a temporal and spatial expression profile during gastrulation that is very similar
to that in Xenopus, implying that PDGF signalling might have conserved functions during
vertebrate gastrulation (Orr-Urtreger, Bedford et al. 1992; Orr-Urtreger and Lonai 1992).

Recent work in zebrafish has demonstrated that, both PDGF and PI3K are involved in cell
polarisation and protusion development of mesendodermal cells in vivo at the begining of
gastrulation (Montero, Kilian et al. 2003). PI3K seems to regulate mesendodermal cell
polarisation and process formation by asymmetrically restricting Protein Kinase B (PKB) to
the membrane at the leading edge of those cells. This is simultaneous with accumulation of
actin at the front of the cells. Despite the fact that cell polarisation and process formation is
blocked in mesendodermal cells with compromised PI3K activity, these cells are still able
to move in a coordinated way. This implies that PI3K-dependent cell polarisation and
process formation are dispensable for directed cell movements at the onset of gastrulation.
As a graded distribution of PDGFs during the early stages of gastrulation has not been
detected either in Xenopus or in zebrafish, it is still unknown if PDGFs might function
endogenously as chemoattractants that direct the migration of mesodermal cells (Liu,
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Chong et al. 2002; Liu, Korzh et al. 2002). Future studies will be needed to understand how
the PDGF/PI3K and Wnt/PCP pathways could interact in the regulation of mesendodermal
cell polarisation and movement.

II. 1.3.2.JAK/STAT Pathway
The Janus kinase (JAK) and signal transducer and activator of transcription (STAT)
pathway has been proposed to have a possible role in mesendodermal cell
polarization/migration and germ-layer separation at the beginning of zebrafish gastrulation.
This pathway seems to function as a modulator of cell movements during gastrulation.
Various JAK and STAT homologs have been recognized and are expressed during
gastrulation. Expression of a dominant-negative form of ja k l blocks the normal radial cell
intercalation movements during epiboly. Additionally, stat3 is required cell-autonomously
for the anterior movement of hypoblast cells and non-autonomously for the dorsal
convergence of paraxial mesodermal cells (Conway, Margoliath et al. 1997; Oates,
Wollberg et al. 1999; Yamashita, Miyagi et al. 2002).

Recent work demonstrated that STAT3 upregulates the expression of LIV1, encoding a
Zn2+ transporter, and that LIV1 promotes hypoblast (mesendodermal) cell migration
downstream o f STAT3 by promoting an “epithelial to mesenchymal” transition in
mesendodermal progenitors (Yamashita, Miyagi et al. 2004a). This suggests that STAT3
and LIVI are required for certain features of mesendodermal progenitor cell motility, even
though the mechanism during zebrafish gastrulation remains to be elucidated. Another
recent study suggests that a downstream target of STAT3 in the organizer may be an
unidentified secretory molecule that is capable of non-cell-autonomously activating DshRhoA in the adjacent cells, thereby modulating the PCP pathway (Miyagi, Yamashita et al.
2004b).

Upstream regulators of JAK/STAT pathway during zebrafish gastrulation have not yet been
identified, although the activation of Stat3 on the dorsal side of zebrafish embryos may
depend on the activity of the maternal Wnt/p-catenin pathway (Yamashita, Miyagi et al.
2002 ).
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II.1.3.3.Slit/Robo Pathway
Zebrafish homologues of the Drosophila slit and robo genes have been implicated in the
regulation of convergence and extension movements during gastrulation (Yeo, Little et al.
2001). In Drosophila, Slit, that is secreted by midline glia cells in the nervous system,
inhibits the crossing of commissural axons expressing its receptor, Robo (Rajagopalan,
Nicolas et al. 2000; Simpson, Kidd et al. 2000). During zebrafish gastrulation, slit genes are
expressed in axial mesendodermal tissues including the notochord and prechordal plate
(Yeo, Little et al. 2001), whereas robo genes are expressed throughout the whole gastrula
(Challa, Beattie et al. 2001; Lee, Ray et al. 2001). Mis-expression of the zebrafish slit-2
blocks convergence and extension movements during gastrulation (Yeo, Little et al. 2001),
indicating that Slit, secreted by axial mesendodermal cells, might control the movement of
axial and paraxial mesendodermal cells through Robo, in the gastrula stage prior to
neurogenesis. Which cellular machinery specifically depends on slit/robo function and
what molecular mechanisms mediate the Slit/Robo signal remain to be elucidated during
gastrulation.

1.2. THE PRO JECT
I have adopted a candidate approach to identify genes that regulate convergent extension
movements in zebrafish. Two of the candidates I have studied are flamingo (fmi) and
prickle (pk), members of the core group of PCP genes that controls planar polarity in the
eye, leg and wing of Drosophila (Taylor, Abramova et al. 1998; Wolff and Rubin 1998;
Chae, Kim et al. 1999; Gubb, Green et al. 1999; Usui, Shima et al. 1999; Feiguin, Hannus
et al.

2 0 0 1

).

Flamingo is involved in establishing planar cell polarity in Drosophila. Flamingo is a
seven-pass transmembrane receptor of the cadherin superfamily with extracellular tandem
arrays repeats which act as homophilic modules. Flamingo is localised differentially at cell
cell boundary along the proximal-distal axis in the wing of Drosophila in a Frizzled (fz)dependent manner (Usui, Shima et al. 1999). Therefore, it could be expected that Fmi might
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be a downstream modulator o f Slb/Wntl 1 signalling in regulating convergent extension
movements and that the localisation of Flamingo (Fmi) might act as a read-out of Wnt
signalling in cells undergoing active convergent extension, informing us about cell polarity
and directionality with respect to the axes of the gastrula embryo.

p k encodes an intracellular protein containing three LEM domains and a conserved “PET”
domain (for Prickle, Espinas and Testin). Recently epistasis analyses have demonstrated
that Pk is required for some aspects o f Fz/Dsh-mediated PCP signalling, but is not placed in
a linear cascade with Fz and Dsh (Carreira-Barbosa, Concha et al. 2003)(Figure 1.10.A and
B).

To try to answer if functions of Fmi and Pk are conserved between the Drosophila PCP
pathway and the vertebrate non-canonical Wnt pathway, I have analysed the function of
zebrafish homologues of the Drosophila PCP genes fm i and prickle during gastrulation. I
have used different approaches: gain of function and loss of function experiments,
transplantion experiments, genetic interactions with different mutants and analyses for subcellular protein localisation, with the aim to understanding how Pk and Fmi modulate
different types of cell behaviour especially during CE movements. Additionally, I also tried
to address the specificity of putative receptors for non-canonical Wnt ligands in regulating
CE movements.
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CHAPTER 2

M aterial a n d M e th o d s

2.1. M olecular B iology T ec h in iq u es

2.1.1.Measurement o f DNA/RNA concentration
DNA and RNA concentration were quantified by optical densitometry (OD) using a
spectrophotometer. The OD was measured at 260nm for DNA (OD=l equates to 50 ng/ml)
or RNA (40jxg/ml) following calibration with distilled water. The concentration was then
calculated based on diluton rates with water.

2.1.2.Polymerase Chain Reaction (PCR)
PCR reactions were carried out according to standard protocols using Applied Biosystems
9700 (Gene Amp) thermocycling machine. Taq- DNA polymerase, Promega was used for
ordinary molecular charactherisations. Pfu DNA polymerase, Stratagene was used for
amplifying sequences to be cloned into expression vectors for RNA injection studies
because it has a very low error rate. Annealing temperature specific to each primer was
optimised with test reactions prior to use. Manufacturer’s instructions were followed to
vary the length of the various cycles within the PCR programme according to the enzymes
used.

2.1.3.Bacterial Plasmid DNA extraction
Plasmid DNA preparation was done using Quiagen miniprep spin column kits according to
manufacturers instructions or by alkaline lysis as described in Sambrook et al. 1989.
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2.1.4.Basic DNA M anipulation
Basic molecular biology techniques were carried out as described in (Sambrook et al.,
1989). Restriction enzyme digestion was performed using enzymes from Promega in an
appropriate buffer with 2-5 units of enzyme per lug DNA at the temperature recommended.

Protein removal was carried out by phenol/chloroform extraction to purify DNA
preparations.

Concentration or purification of nucleic acids was performed using 0.1 volume of 3M
sodium acetate and 2.5 volumes of ethanol, incubated at -80°C for minimum for 30
minutes.

For plasmid transformation, circular DNA or ligated DNA was added into competent cells
by incubation for 30 minutes on ice, a 30 second heat shock at 42°C and a further 2 minutes
on ice. The cells were then incubated in LB media for 30 minutes at 37°C followed by
plating on the appropriate antibiotic-containing LB agar plates.

2.1.5.Ligation reactions
Intermolecular ligations were performed in small volumes, usually 20pl for approximately
20ng of vector DNA with 50 ng of insert DNA. Ligation reaction was carried out overnight
at 14°C with T4 DNA ligase (Invitrogen) and the ligation buffer provided. Sticky end
ligation was performed where possible either using enzymes giving compatible ends or
digesting primer-engineered restriction enzyme sites on the ends of PCR amplified DNA.

Transformation of the ligated plasmids was performed as described above and colonies
containing the ligation product were detected by PCR selection. The direction of insertion
was then tested by restriction digest mapping or by PCR.
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2.1.6.Agarose Gel Electrophoresis and DNA Extraction from Agarose
Separation of DNA and RNA fragments was performed by agarose gel electrophoresis in
TAE buffer (40mM Tris-acetate, ImM EDTA). The agarose was dissolved in lxTAE and
ethidium bromide (10 mg/ml) was added for visualisation of DNA or RNA under
ultraviolet light. The concentration of agarose ranged between 0.8 and 2% depending to the
size of DNA fragment to be run. The DNA samples were loaded by mixing with loading
buffer. A DNA ladder (lkb size standard) was run alongside the DNA. Extraction of DNA
fragments from the agarose gel was performed using the QiaexII gel extraction kit (Qiagen)
according to manufacturer’s instructions.

2.1.7.DNA sequencing
Automated fluorescent sequencing was carried out by GenpaK Limited. Plasmid DNA as
well as sequencing primers were supplied in concentrations according to their sequencing
guidelines.

2.1.8.Extraction o f Total RNA from tissues
Embryos of the required gastrulation stage were obtained and dechorionated. Lysis (RLT)
buffer from RNeasy mini kit (Qiagen) was added, material homogenised and stored at 80°C. Tissue suspended in RLT buffer (Qiagen) with p-mercaptoethanol added was
centrifuged through a QIAshredder according to manufacturer’s instructions. RNeasy
protocol (Qiagen) for extraction of RNA was then followed according to manufacturer’s
instructions.

2.1.9. Isolation of f m i genes
Total RNA was prepared from shield-stage embryos and cDNA was synthetised with
Superscriptll reverse transcriptase (Invitrogen) using oligo dT primers. PCR was done with
degenerated primers corresponding to the conserved Cys-rich (CVFWNHS) and
transmembrane domain (NPDFCWL). The primer sequences are as follows:
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Sense primer:
5 ’-TGT GT(C/A)TT (C/T )TGGAA(C/T)C A(C/T) TC
Antisense primer:
5’-AGCCA(A/G)CA(A/G)AA(A/G)TC(A/G)GG(A/G)TT

The PCR fragments amplified were cloned into EcoRV site of pBluescriptllSK(-) and
subject for sequence.

2.1.10.Screening o f cDNA Libraries

2.1.10.1. Lambda Bacteriophage Library
Prior to screening, the library was titrated by serial dilution so that 250.000 plaque forming
units (PFU) would be plated on a 22x22 plate. The necessary number of plates was used so
that more than 106 plaques would be screened in the first round. The library (zebrafish
cDNA from shield stage in Lambda ZAPII (EcoRI)) was kindly obtained from Mike
Rebagliati and grown in XL-IB MRF bacterial cells.

Filters were made in duplicate from each plate and the library filters were screened by
hybridisation with 3 2 P-labelled DNA probes according to modified protocols of (Sambrook
1989).

Hybridisation was performed at 65°C in 50mM NaPC>4 (PH 7.2),

6

xSSC, 1%SDS,

5xDenhardts, 5mM EDTA with 100 pg/ml torula RNA and probe added just prior to
incubation. Washing was carried out at 42-55°C in 0.2-2xSSC, 0.1%SDS depending on the
stringency required.

Hybond-XL filters were used for hybridisation (Amersham); Fujifilm RX was used to
detect positive colonies. Subsequent rounds of screening were performed until the plates
were “plaque pure” i.e. containing only positive hybridising clones.
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2.1.10.2. Rescue o f Phagem ids from Bacteriophage.
Phagemid (pBluescript SK II-Stratagene) from positive plaques was rescued using R408
helper phage (Stratagene) according to retailer’s instructions.

2.1.10.3. Micro-Arrayed cDNA Library
Filters were obtained from the RZPD (German Resource Centre for Genome Research)
containing three libraries: adult brain cDNA, 16-17 somite total embryo cDNA and shield
stage cDNA (total

6

filters).

Filters were pre-hybridised in Church medium (7%SDS, 0.5M sodium phosphate pH7.2,
ImMEDTA) and 0.1 mg/ml yeast torula RNA. These were screened with denatured 3 2 Plabelled zebrafish fm i in Church medium overnight at 65°C. Filters were washed in 40mM
sodium phosphate pH7.2, 0.1% SDS at 42°C, 50°C, 55°C and 65°C according to the signal
remaining.

Positive clone co-ordinates were calculated according to filter instructions and the clones
ordered from the database.

2.2. E m bryological T e c h n iq u e s

2.2.1. Maintenance of zebrafish lines
Breeding zebrafish (Danio rerio) lines were maintain at 32°C on 14 light/lOh dark cycle
(Westerfield 1993). Fertilised eggs were obtained from natural spawning and grown in
incubators at 28.5°C, 22°C (to slow development) or 31°C (to accelerate development)
according to the stages required. Embryos were staged according to standard references
(Kimmel, Ballard et al. 1995).

Embryos were generated from wild-type *AB, Tubingen and Tup Longfin. The mutant
lines used were p p tte98, trim209, slbtx226 and off-road (ord)/fmi2 rw?1, kindly provided by
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Hitoshi Okamoto. For injection studies, mutant embryos were obtained by crossing
homozygous sib, homozygous ord, heterozygous ppt and heterozygous tri carriers.

2.2.2. Observation o f live embryos

2.2.2.1. DIC microscopy
Embryos at stage of somitogenesis and late stages (pharyngula) of development were
visualised in fish tank water and manually dechorionated with # 5 watchmaker’s forceps.
When necessary, for photographing live, embryos were anaesthetised with 0.02% tricaine
(3-amino benzoic acid acid ethyl ester) and mounted for viewing in 3% methylcellulose in
fish tank water. Embryos at different stages of epiboly were dechorionated on agarosecoated Petri dishes in fish tank water.

2.2.2.2 Confocal microscopy
Embryos at different stages of epiboly were dechorionated and embedded in 1% low
melting agarose (Sigma) in fish water (60ug/ml ’’Instant Ocean” sea salts) and placed in a
glass ring (Fisher) on the slide. Image analysis of living embryos was carried out using a
Leica DMLFS confocal fluorescence microscope, which had a TCS SP Confocal head and
TCSNT software, with a 63X water-immersion lens.

2.2.3. RNA in situ hybridisation

2.2.3.1. Synthesis of antisense RNA probes for in situ hybridisation
Templates for synthesis of antisense RNA probes were produced by linearising the DNA
clone at the 5’ end with a suitable restriction enzyme. Followed by purification of the DNA
by

1

x phenol: chloroform: isopropanol extraction and precipitation with

0 .1

volumes of

NaAc 3M pH 5.1 and 2 volumes of 100% of ethanol at - 80°C for 30 min, and washed one
time with 1,5 volumes of 70% ethanol, the DNA was then ressuspended in 5 pi ddH2 0 .
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One pg of the linear DNA was used for the in vitro transcription reaction in which the RNA
probe was labelled with either digoxigenin-ll-UTP or fluorescein -11-UTP. A 50 pi
reaction was set up in IX transcription buffer, 10 mM DTT, NTP- digoxigenin/fluorescein
labelling mix, 40 units of and RNAse inhibitor and 10 unit Sp6/T7/T3 RNA polymerase (
all Promega). This mix was incubated for 2hours at 37°C before 1 unit of DNase was added
to breakdown any trace of the template. The DNase reaction was stopped after 20 min at
37°C by heat shock of 70 °C for 5 min. The RNA was purified in Probe Quant G50
microcolumn (Amersham Pharmacia biotech), to remove the unincorporated nucleotide and
digested template DNA, and precipitated as described above. The RNA probe was finally
resuspended in 50 pi of ddH20 and 50 pi of formamide. If needed the probe was further
hydrolysed in 40mM NaHCC>3 , 60mM Na2 CC>3 and 5mMDTT at 60°C for 30min.

2.2.3.2. Single whole -mount in situ hybridisation
The single whole-mount in situ hybridisation was performed essentially as previously
described (Barth and Wilson 1995). Embryos were dechorionated and fixed in 4%
paraformaldehyde in PBS, pH 7.4 (4% PFA) overnight at 4°C. Embryos were rinsed in PBS
or in PBST (PBS, 0,1% Tween-20) and stored in 100% methanol at -20°C.

Embryos were rehydrated with 3 x 10 min washes o f progressively decreasing
concentrations of methanol:PBST (PBS 0,1% Tween 20) followed by 3 x 15 min washes in
PBST at room temperature in a shaker. Embryos were pre-hybridised at 70°C for a
minimum of 2 hour in pre-hybridisation solution (50% formamide, 5xSSC (pH6 ), 50ug/ml
heparin, 200ug/ml yeast RNA, 5mM EDTA, lxDenharts and 0.1% Tween-20). This
solution was replaced by hybridisation solution containing the anti-sense riboprobe in the
best working concentration and the embryos incubated at 70°C overnight.

Post-hybridisation washes were carried out at 70°C. Embryos were washed first in
hybridisation solution, and then

10

min washes with decreasing concentrations of

hybridisation solution: 2x SSC (75%, 50%, 25%) followed by 2 x30 min washes in 2x SSC
and by 2 x30 min washes in 0.2x SSC.
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After that embryos were rinsed in antibody block at room temperature in MABT (0.1M
maleic acicd, 0.15M NaCl, pH7.5 and 0.1% Triton) and then blocked in 2% Boehringer
blocking reagent (Roche) in MABT plus 10% of lamb serum for at least 2 h. The embryos
were incubated in the appropriate antibody, either anti-digoxigenin-alkaline phosphatase
conjugated Fab fragments (Roche) (1 in 5000) or anti-fluorescein-alkaline phosphatase
conjugated Fab fragments (Roche)

(1

in 2000) overnight 4°C.

The antibody was washed six times for 30 min in MABT at room temperature. The
embryos were equilibrated with staining buffer (100 mM Tris-Hcl, pH 9.5, lOOmM NaCl,
5mM MgCb, 0.1 % Tween-20) for 10 min. Then they were developed in BM purple
(Boehringer Mannheim) in the dark. The reaction was stopped by rising with PBS and
refixing with 4%PFA. Embryos were then gradually washed into glycerol 85% for storage
and photographed.

2.2.3.3. cDNAs used for in situ hybridisation
The zebrafish cDNAs that were used as templates for the synthesise of RNA probes come
from plasmids containing cDNA forp k l (Carreira-Barbosa et al., 2003 and this study), fm il
and fm i2 (this study), w n tll (Heisenberg et al., 2000), wnt5 (Kilian et al., 2003 and this
study), fz7 (El-Messaoudi and Renucci, 2001 \ f z 2 (this study), ntl (Schulte-Merker et al.,
1994), hggl (Thisse et al., 1994), dlx3 (Akimenko et al., 1994), papc (Yamamoto et al.,
1998), myoD (Weinberg et al., 1996), emxl (Morita et al., 1995), rx3 (Chuang et al., 1999),
pax2.J (Krauss et al., 1991), chordino (chd) (Schulte-Merker et al., 1997), bmp2b (Nikaido
et al., 1997) and sna2 (Thisse et al., 1995), gsc (Stachel et al.,1993,)

2.2.4. RNA and morpholino antisense oligonucleotide (Mo) injection

2.2.4.1. In vitro transcription of mRNA synthesis
The constructs to be injected were first cloned into an expression vector, generally pCS2+
containing the SV40 poly A region to promote RNA stability. Capped mRNA was
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synthesised from cut, purified DNA. Five pg of the linear DNA pure and linear was used
for the in vitro transcription reaction. A 50 pi reaction was set up in IX transcription buffer,
10 mM DTT, NTP- Cap labelling mix (lm M ATP, CTP, UTP, O.lmM GTP, 0.5mM
m7G(5’)ppp(5’)G, a cap structure analog, 40 units of and RNAse inhibitor and 20 unit Sp6
RNA polymerase (all Promega). This mix was incubated for 30 minutes at 37°C before
0.5mM of GTP was added to terminate the incorporation of cap nucleotides. This mix was
incubated for lhour at 37°C before 5 unit of DNase was added. The DNA template was
then removed by a 30 min incubation with Rnase-free DNase. The RNA was extracted by 1
x phenol: chloroform: isopropanol extraction. Following purification of the RNA in DCPCH2 O BD Chroma spin-100 columns (Clontech), to remove the unincorporated nucleotides
and digested template DNA. The eluate (RNA) was then precipitated with with 1 volumes
of 3M NaOAc and 2 volumes of 100% of ethanol at - 80°C for 30 min. The RNA was
centrifuged for 15 min at 4°C, washed one time with 1,5 volumes of 70% ethanol, the RNA
was then ressuspended in 30 pi dcfflLO.

The RNA was run on an agarose gel to check integrity and optical density was measured (1
OD=40ug/ml) to check concentration and for contamination.

2.2A.2. Morpholino Preparation
Morpholino antisense oligonucleotides were provided by Genetools. The supplied 300nmol
(approx. 2.5mg) o f lyophilised powder was diluted as a stock of 4mM in Hepes buffer
(5mM HEPES pH7.5 and 200mM KC1). This was then diluted further for injection to test
different concentrations.

List of Morpholinos:
Splice morpholinos:
fm ila Mo -CAGTTGTTGTACCGGGATCACAGGT
fmi2 Mo- CGAGAGTCTGACCTTCACATCCACT
•

5’-prime morpholinos:

fm ila Mo-C ATGGT GT AAAAC TCCGC AAACAGG
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fm ilb Mo-C AT CCAT AT CACT GGTAATT CCATG
fmi2 Mo-CAAAGAGCAACAAATCCCCCTTCAT
pkl Mo-GCCCACCGTGATTCTCCAGCTCCAT
pklMo (Mis)- GCCCGCCATGATTCTCCAACTTCAT-

2.2.4.3. Injection o f m RNA into early stage embryos
Embryos at the 1 cell stage were aligned in a plastic through, still with their corions, and
microinjection targeted to the cytoplasm or to yolk syncytial layer or to the interface
between them. Needles were pulled from glass capillary tubes by Clark Electromedical
Instruments needle puller and injections were performed using a Picospritzer micro
injector. The injected embryos were left to develop at 32°C.

2.2.5. Analyses for sub-cellular protein localization
To monitor Dsh localisation, embryos at the one-cell stage were injected with 200 pg RNA
encoding Dsh-GFP either with or without 50 pg fz7 RNA and either with or without 5 pg
p k l RNA. Additionally, for the flamingo functional analyses the embryos were injected
with 200 pg RNA encoding Dsh-GFP either with or without 50 pgfz7 RNA and either with
or without 100 pg Lyn-Fmi RNA. To examine Lyn-Fmi localization, embryos were
injected with lOOpg Lyn-Fmi-Venus. To analyse Pkl localisation embryos were injected
with 25 pg RNA encoding Venus-Pkl (Venus is an YFP-derivative that was kindly
provided by Atsushi Miyawaki) and fixed at 40% epiboly for anti-GFP antibody staining.
For co-locazition studies the wild type embryos were injected with a triple mixture of
RNAs enconding Dsh-GFP (200 pg\ f z 7 ("50 pg) and Lyn-Fmi-RFP (lOOpg). All embryos
were mounted in 1% agarose at 40% epiboly, followed by confocal microscopy analysis
(Leica DMLFS confocal fluorescence microscope, which had a TCS SP Confocal head and
TCSNT software, with a 63X water-immersion lens).
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2.2.6. Cell transplantation
For transplantations, in the p k study, the donor embryos were injected with either
rhodamine-dextran (MW 10,000, Molecular probe) plus 5 pg p k l RNA or fluoresceindextran (MW 10,000, Molecular probe) at the one-cell stage. Cells were taken from lateblastula host embryos and transplanted into deep regions of the germ ring of host wild-type
embryos as described previously (Heisenberg, Tada et al. 2000).

In the Flamingo study, double transplantations experiments were performed. The donor
embryos were injected with either lOOpg Lyn-CFP and rhodamin-dextran (RDx) (MW
10,000, Molecular probe) or lOOpg Lyn-Fmi and fluorescein-dextran (FDx) (MW 10,000,
Molecular probe) at the one-cell stage. Cells from these donors at late-blastula were
transplanted simultaneously into the germ rings of wild-type, shield-stage hosts, in the
shield or lateral to the shield. After transplantation tailbud staged embryos were visualized
using Openlab software.

2.2.7. Production and Purification of Fmi2 antibody
A polyclonal antibody has been produced against the cytoplasmic region of the zebrafish
Flamingo 2 in rabbits from Eurogentec. The DNA containing the cytoplasmic region of
Fmi2 was cloned into the pGEX-6P-3, a GST gene fusion vector (Amersham). The antigen
was prepared initially by the production of Fmi-GST fusion protein BL2I Escherichia coli
cells, followed by purification of a Fmi protein by cleavage of Fmi-GST protein and then
the purified protein was injected in rabbits to create an antibody.

For large-scale purification, E.coli cells were collected from 1L culture 5hours after IPTG
induction (ImM) and the extract was prepared in PBS containing complete pro tease
inhibitor cocktail and ImM PMSF by sonication. The extract was applied onto a GST
column (Amersham) that had been equilibrated in PBS containing 1% Triton and ImM
DTT. After washing with the same buffer extensively, 500 units of ProScission enzyme in
50mM Tris-Hcl, pH 7.0; 150mM NaCl, ImM EDTA, ImM DTT was added onto the
column to release the Fmi2 protein from GST. The eluate was further purified onto a Q
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sepharose ion exchange column (Amersham) that had been equilibrated in Q buffer (20mM
Tris-HCl (pH 7.5), 50mM NaCl, ImM DTT and ImM EDTA). After washing with the
same buffer, the protein was eluated in Q buffer containing 300mM NaCl. The purified
protein was dialised against PBS and used as an antigen.

For purification of Fmi2 antibody, the GST-Fmi2 fusion protein was eluated in 50mM TrisHCl (pH

8

) and 20mM reduced glulathione from GST column, instead of using the

ProScission enzyme. Subsequently by choosing the sample from the eluate with highest
concentration of protein from the last column and passing it through a GST-FMI affinity
column previously made (Hi-Trap affinity columns, NHS-activated HP, Amersham
Pharmacia Biotech) according to manufacturer’s instructions. The anti-Fmi serum (antigen
raised in rabbits from Eurogentec) was applied to the affinity column and eluated in the
presence of 0.3mM glycine (pH2). The eluate was subsequently neutralised in 1/10 volume
of 2M Tris-HCl (pH 8.5), followed by dialysed against PBS. Between each step the O.D
(optical density) of the different samples was measured and all the proteins sizes were
checked in SDS page gels. The purified antibody was stored at -80°C in the presence of
50% glycerol.

2.2.8. Immunohistochemistry

2.2 8.1 Antibodies used
Primary antibodies that were used for immunohistochemistry were rabbit anti Flamingo 2
Eurogentec and anti-GFP polyclonal antibody (AMS Biotechnology). The secondary
antibody used was Alexa fluor 488 anti-rabbit IgG (Molecular probes) for confocal
analysis.

2.2.8.2. Whole-mount antibody staining
Detection of expression o f GFP was essentially done as described previously
(Shanmugalingam, Houart et al. 2000).
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For Fmi 2 antibody staining the embryos were fixed with 4% PFA for 1-2 hours at room
temperature and then washed three times in PBS for 5 min each time. After this a
permeabilization treatment was performed for one hour with a 0.1% Saponin and 0.1%
BSA (bovine serum albumin from Sigma) solution in PBS. After permeabilization the
embryos were washed 3 times for 15 min in PBST (a solution of 0.1%Tween 20 and 0.1%
BSA in PBS) and blocked at least one hour in 10% goat serum, 1% DMSO
(Dimethylsulfoxide), 0.5% Triton X-100, 0.1% BSA in PBS (IB). The embryos were
incubated in the primary antibody in IB overnight at 4°C in a concentration of 1/100.

The embryos were washed out of the antibody by rising several times with PBST and
washed five times for 30 min in PBST on a shaker and block again at least one hour in IB.
Then the embryos were incubated overnight at 4°C with Alexa 488 anti-rabbit diluted 1 in
200 of solution of IB. Rinsing several times for 24 hours in PBST, washed out this
secondary antibody. Following the washes the stained embryos were detected by
fluorescence with a confocal microscope.

2.2.9. Polyacrylamide gel electrophoresis (Page) Western-blotting and
Chemilluminuscent detection of proteins
In the p k study, to monitor the levels of Dsh protein, embryos were injected with 200pg
RNA encoding myc-Dsh either with or without 50 pg fz7 RNA and either with or without 5
pg p k l RNA at the one-cell stage. Blastoderms from 20 embryos at 40% epiboly were
collected for westem-blot analysis after removal of the yolk according to a protocol kindly
provided by Carl-Philipp Heisenberg (personal communication). Protein from the
equivalent of five blastoderms was subject to SDS-PAGE (8 % acrylamide gel) and then
blotted to a PVDF membrane (Amersham). The membrane was reacted with 9E10 anti-myc
monoclonal antibody (Santa Cruz Biotechnology) and subsequently with anti-mouse IgG
conjugated with HRP followed by detection with ECL (Amersham). For loading control,
the membrane was counter-stained with anti-P-tubulin monoclonal antibody (Sigma) and
visualised with NBT and BCIP.
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All the rest of the western blot analyses performed in this thesis to monitor the levels and
the specificity of Flamingo protein, were as described above. Around 50 zebrafish embryos
at 90% epiboly or 10 caps from Xenopus embryos injected with the constructs expressing
the proteins of interest were collected and frozen at - 80°c. Subsequently the embryos were
mixed with appropriate volume of 2xSDS (sodium dodecyl sulphhate or lauryl sulphate)
sample buffer before heating to 95°C for 5 min, followed by a short spin of 5 min at 15 000
rpm and loading onto pre-made SDS-PAGE (Invitrogen-NUPAGE Novex gels) gels. Gels
were run firstly at 50V and then the voltage increased for 150V for around 90 min. In the
case of GST fusion protein detection (section 2.6.Fmi protein purification), gels were
soaked for 30 min Coomassie brilliant before being washed in destain solution until bands
could clearly be viewed over background staining according to Sambrook (1989). The gel
was then dried for records.

Next step, the proteins were electrotransfer to nitrocellulose, gels were overlaid with
nitrocelulose (PVDF membrane (Amersham)) and sandwiched between a two layers of
Whatman chromatografy paper in Biorad transfer cassettes. Transfer was at 15V at RT for
30 min. After blocking in block solution (5% skimmilk in PBST (0.1% Tween-20/PBS) for
1 hour, membranes were incubated with primary antibody overnight at 4°C (Fmi antibody
1/500 and GFP antibody 1/1000).

Usually the secondary antibody was anti-rabbit conjugated to horseradish peroxidase (HRP)
(1:4000 or 1:5000). This antibody was diluted in appropriate volume of blocking solution
and incubated with membranes at room temperature. All washes between antibody layers
were lh changing the PBST (0.1% Tween-20/PBS) four times. Proteins were visualized
using the ELC chemilluminescence detection kit and exposure on Hyperfilm as
recommended by the manufacturer (Amersham, UK). For detection of myc-tagged
constructs the membrane was reacted with 9E10 anti-myc monoclonal antibody (Santa
Cruz Biotechnology). For detection of GFP-tagged constructs the membrane was reacted
anti-GFP polyclonal antibody (AMS Biotechnology).

80

CHAPTER 3

P o s s ib le ro le o f W n ts a n d F z r e c e p to r s in re g u la tin g c o n v e rg e n t
e x te n s io n (CE) m o v e m e n ts

3.1.Introduction
Several lines of evidence indicate that Wnts are involved in regulating gastrulation
movements: studies in X enopus show that overexpression of wnt4, wnt5a or w n t ll
interferes with CE (Tada and Smith 2000; Wallingford and Harland 2001 Du et al., 1995),
whereas in zebrafish silberbick (sib)/wntll andpipetaill(ppt) wnt5 mutant embryos exhibit
an impaired CE (Heisenberg, Brand et al. 1996; Heisenberg and Nusslein-Volhard 1997;
Heisenberg, Tada et al. 2000). These Wnts exert their function via a pathway related to
planar cell polarity (PCP) pathway in Drosophila rather than the canonical Wnt pathway
(Tada and Smith 2000; Wallingford, Rowning et al. 2000). Wnt genes have also been
reported to regulate gastrulation movements via the so-called “calcium pathway” (Sheldahl,
Park et al. 1999; Kuhl, Sheldahl et al. 2000). frizzled genes, encoding receptors for Wnts,
have been also implicated in regulating CE in Xenopus studies. Overexpression of different
forms of fz7 in wild type embryos disrupts normal CE movements (Djiane, Riou et al.
2000; Medina, Reintsch et al. 2000; Sumanas, Strege et al. 2000) while injection of a
morpholino against fz7 leads to impaired CE and failure of tissue separation (Sumanas and
Ekker 2001; Winklbauer, Medina et al. 2001). Moreover, from epistatic studies in Xenopus
and direct binding in vitro analyses, Fz7 has been proposed as a potential receptor for
W ntll (Djiane, Riou et al. 2000). Additionally,fz 7 is expressed in largely overlapping
domains with w n tll in zebrafish and Xenopus during early stages of gastrulation (Djiane,
Riou et al. 2000; Medina, Reintsch et al. 2000; Sumanas, Strege et al. 2000; El-Messaoudi
and Renucci 2001 and this work), raising the possibility that Fz7 might be a W ntll
receptor. In addition, Fz2 may act as a receptor for Wnt5 as injection offz2 morpholinos
into zebrafish embryos leads a phenotype similar to ppt/wnt5 (Sumanas, Kim et al. 2001).
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In this chapter, I analyze the expression pattern of wnt5 and the function of Wnt5 during
zebrafish gastrulation. I show that Ppt/Wnt5 is required for regulating CE movements in the
posterior mesendoderm and ectoderm while its function in the anterior mesendoderm is
largely redundant to that of Slb/Wntl 1. Finally, I tested if Fz2 and Fz7 might function as a
receptor for Wntl 1 using epistatic analyses in zebrafish.

3.2 .R esults
3.2.1.Possible interaction between w n tll and wntS
It has been demonstrated that W n tll is a key regulator of CE during gastrulation
(Heisenberg, Tada et al. 2000; Tada and Smith 2000). However, the expression domains of
wntl 1 are restricted to the anterior half of the embryo at the end of gastrulation in zebrafish
(Heisenberg, Tada et al. 2000)(Figure 3.1. G, H). This raised the question of which
molecule regulates CE in the posterior domain of the gastrula embryo. The gene wnt5 is a
good candidate because it belongs to the same functional group of Wnts as w ntll, based on
their ability to alter cell movements and to reduce cell adhesion when overexpressed in
Xenopus embryos (Du et al. 1995).
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wnt5

wnt5

wnt5

wnt5

wnt5

Wntl 1/Wnt5
rn t1 1/Wnt5
Figure 3.1. Expression pattern of wnt5 during zebrafishgastrulation visualised by in whole mount in
situ //ybridisation. (A -lateral view with dorsal to the rigth. B-animal view, C-lateral view with dorsal
to the rigth, D- animal view,E-dorsal view anterio is up, F-lateral view anterior is up with dorsal to the
rigth). Expression pattern of wnt5 is complementary to wntll expression pattern revealed by a double
in situ (G- dorsal view anterior is up, H-lateral view anterior is left ) using wntll DIG labelled
antisense probe (purple) and wnt5 fluorescein antisense probe (light blue)
83

First of all, I analysed the expression pattern of wnt5 by whole mount in situ hybridisation
using DIG labelled antisense probe. wnt5 is maternally provided and its zygotic expression
is detected from the early gastrula stage. It starts to be expressed in the germ ring, within
both epiblast and hypoblast cells and then in posterior paraxial mesendodermal cells. As
epiboly proceeds, wnt5 becomes restricted on the posterior side of the embryo, however
there is no expression in the presumptive notochord (Kilian, Mansukoski et al. 2003)(
Figure .3.1.A-F). Indeed the double in situ using w n tll DIG labelled antisense probe
(purple) and wnt5 fluorescein antisense probe (light blue) revealed that the expression of
wnt5 is complementary to w n tll expression during late gastrulation (Figure 3.1.G-H). This
result implies that wnt5 might regulate convergent extension in collaboration with w ntll.

To test this possibility, I generated silberbick (slb)/wntl 1;pipetail(ppt)/wnt5 double mutants
since ppt has been positional cloned and codes for Wnt5 (Rauch, Hammerschmidt et al.
1997). The slb;ppt double mutant embryos showed a more severe phenotype than either
single mutant embryos by the fact that the prechordal plate is positioned more posteriorly
and the notochord is strongly shortened and broadened (Kilian, Mansukoski et al. 2003).
This indicates that Ppt/Wnt5 and Slb/W ntll display some functional redundancy in the
anterior mesendoderm and could interact directly or indirectly to regulate correct
convergent extension movements.

I analysed phenotypes by in situ hybridisation by looking at the relative positions of the
prechordal plate (h g g l \ notochord (ntl) and the anterior edge of neural plate (dlx3).
Consequently, in order to prove the functional interaction of these two genes, I attempted to
rescue sib ~f~ embryos, by overexpression of w n tll or wnt5 RNA. This was done by
injection of w n tll RNA (lOpg) and I obtained a total rescue of the embryos with a thinner
notochord and an anteriorly positioned and normal shape of the precordal plate (Figure 3.2.
A-F) (n=10, 100%). In contrast, injection of the same concentration of wnt5 RNA totally
rescued (n=12, 50%) or partially rescued (n=12, 50%) (Figure 3.2.G-I), in the sense that the
prechordal plate reaches the anterior edge neural plate but the notochord becomes shorter
and thicker than in sib mutants (Figure 3.2 J-M). Even at higher doses of injected wnt5
RNA there was no rescue but rather an enhanced sib phenotype. These results suggest that
wnt5 may have a function in regulating convergent extension movements in a similar, but
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distinct, manner to w n tll. W hileppt/wnt5 can functionally replace slb/wntll in the anterior
mesendoderm, it is less efficient in doing so.
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Figure 3.2.Injection o f w n tll and wnt5 RNA rescues the sib-/- mutant phenotype. The embryos
were examined at tailbud stage for extension o f the axial tissues in relation to the overlying
anterior edge o f the neural plate and shape o f notochord. Expression o f dlx3 stains for the
anterior edge o f neural plate (np) and hggl for the polster (po) and ntl for he notochord (no). A,
D, G, J dorsal view; B, E, H, L dorso -anterior views;C, F, I and M lateral views anterior is left.
G-I wnt5 totally rescues the sib phenotype. J-M wnt5 partially recues the sib phenotype.
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3.2.2.Characterisation of receptors of the non-canonical Wnt pathway
(Fz7 and Fz2)
In the zebrafish embryo there are probably spatial and temporal differences in the cells
from the three different germ layers to respond to ppt/wnt5 and slb/w ntll, another possible
model could be that differential expression of appropriate receptor(s) might also account for
the different activities o fppt/wnt5 and slb/wntll.

It has been reported that knock-down o ffrizzled-2 (fz2) function by morpholinos during
gastrulation causes a shortening o f the body axis similar to the ppt mutant phenotype,
suggesting that fz2 is a possible downstream mediator of wnt5 (Sumanas, Kim et al. 2001;
Kilian et al, 2003). Together with the observation that Fz7 could be a receptor for Wntl 1
(Djiane, Riou et al. 2000), it is hypothesized that the spatial and temporal actions of Wnt5
and W ntll functions might be at least partially due to the differential ability of tissues to
respond to these Wnt ligands through Fz2 and Fz7 receptors, respectively.

To test this hypothesis, to start with, I re-examined the expression patterns offz2 and fz7
during gastrulation because previous papers poorly described their expression during
gastrulation (El-Messaoudi and Renucci 2001; Sumanas, Kim et al. 2001). The expression
pattern of fz7 was analysed by whole mount in situ hybridisation using DIG labelled
antisense probe. fz 7 is expressed maternally (not shown) and ubiquitously expressed at
early gastrula stage (Figure 3.3.A and B). From 90% epiboly to tailbud stages zygotic
expression is detected in the anterior lateral domain of the neuroectoderm (El-Messaoudi
and Renucci 2001)( Figure 3.3 C), one of the same domains of w ntll expression (Figure
3.3. F). Before completion o f gastrulation, f z 7 expression is detected in the forming
presomitic mesoderm but is clear from the presumptive notochord (Figure.3.3.D, E). At late
stages of development (24h post-fertilization) there is ubiquitous expression in the brain
(data not shown). In contrast, fz2 starts to be expressed around shield stage. From 75%
epiboly to tailbud stages expression is detected strongly in the midline and weakly on the
dorsal side (Figure 3.3. G). By 1-2 somite stage this dorsal expression becomes restricted to
the forming somites where it appears to be around the border of w ntll and wnt5 expression
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domains (Figure 3.3. H, I). This expression pattern reinforces the hypothesis that Fz2 is a
receptor for Wnt5 or Wntl 1.
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Figure 3.3. Expression patterns of fz7 and fz2 during gastrulation in wild type
embryos. Expression o ffz7 was visualised by in whole mount in situ hybridisation
[A (lateral view), B (dorsal view anterior is up) , C (dorsal view anterior is up), D
(tailbud lateral view anterior is left) E (dorsal view, anterior is up) F (expression of
w ntll at 90% epiboly dorsal view anterior is up). fe7 expresion overlaps with that of
w ntll in the anterior lateral neuroectoderm and anterior paraxial mesoderm (arrow
heads). Expression of fz2 during gastrulation at (G) 75% epiboly dorsal view
anterior is up. (H,I) tailbud stage, lateral view anterior is left (H) and dorsal view
anterior is up (I).The arrow head shows expression around the border between the
anterior and posterior regions of the embryo (I).
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3.2.3.Genetic interaction between sib mutants and Fz2 and Fz7 receptors
I tried two different possible approaches to better understand the actions offz2 and fz7 as to
whether these receptors mediate the function of W ntll. First, I overexpressed fz2 or fz7
RNA in wildtype embryos to see if this led to defective CE movements since
overexpression o f X w n tll RNA in X enopus embryos inhibits gastrulation movements
(Tada and Smith 2000 ;Du et al., 1995). The ^zi-overexpressing embryos were weakly
dorsalized with slightly bigger eyes, a shorter trunk and a curled up tail, and occasionally
these defects were associated with defective head development (n=30, 36%)(Figure 3.4. C,
D). This is characteristic of weak activation of the canonical Wnt pathway. In contrast, fz7overexpressing embryos showed a highly dorsalised phenotype similar to those described in
Mullins et al. (1996)(Mullins, Hammerschmidt et al. 1996). These include expanded
somites, shortened trunk and severely curled tail, which is characteristic of a phenotype of
radialised embryos (Figure 3.4.E, F). To confirm this, I examined markers by in situ
analysis using the triple mix {hggl, ntl, dlx3) at tail bud stage. Over-expression of 50pg of
fz7 RNA led to pleiotropy phenotypes of activation of the canonical pathway, ranging from
a slightly split prechordal plate and notochord to a complete axis duplication (Figure 3.6
C,D) (n=45, 32%).

Next, I tried to rescue the sib phenotype with fz2 or fz7 RNA, assuming that if they rescued
it, these receptors are capable of mediating the function of Wntl 1. Surprisingly, injection of
lOpg fz2 RNA in sib embryos led to two different phenotypes at tail bud stage; an
enhacement of the sib phenotype with a thicker and shorter notochord and a slightly
enlarged prechordal plate (n=27; 70%) or a complete axis duplication (n=27, 20%)(Figure
3.5.C, D, E and F). Similarly, over-expression offz7 RNA (lOpg) in sib embryos led to a
severely dorsalised phenotype in that the prechordal plate is enlarged and the notochord is
much thicker (n=53, 44%) and occasionally these defects are associated with a complete
axis duplication (n=53, 12%) (Figure 3.6 G, H, I, J). The dorsalising activity offz7 is more
pronounced in sib embryos because even higher dose (50pg) offz7 RNA caused a weaker
effect in wild type embryos. (Figure 3.6.C, D). These results suggest thatfz7 and, to a lesser
extent, fz2 can activate the Wnt canonical pathway, in particular in sib background.
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Fz2 RNA

E

WT

Fz7 RNA

Figure 3.4.Injection fz2 or fz7 RNA in wild type embryos at pharynngula stage.
Lateral and frontal views of wildtype embryos (A, B) and injected embryos(C,E and
D,F). Wildtype embryos injected with lOOpg fz2 RNA (C,D), or wildtype embryos
injected with 100pg^z7 RNA (E, F).
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Figure 3.5. sib embryos injected with lOpgfz2 RNA at tail bud stage (C, D, E, F). Lateral
views, anterior is left (A, C, E) and dorsal views, anterior is up (B, D, F). sib embryos (A,
B). Injection of lOpg in sib embryos leads to an enhancement of the sib phenotype with an
enlarged notochord (C,D) or to an axis duplication(E, F ) .
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Figure.3.6. Injection of wild type or sib embryos with jz7 RNA. Lateral views anterior
is left (A, C, E, G, I) and dorsal views anterior is up (B, D, F, H, J). Wild type embryos
(A, B) and wt embryos injected with 50pg fz7 RNA (C,D). sib embryos (E,F) and sib
embryos injected with 10 p g ^ 7 RNA (G, H, I, J). Injection of wt embryos with 50 pg
fz7 RNA causes a partial axis duplication (C, D). Injection of sib embryos with lOpg
fz7 RNA leads to a higly dorsalized phenotype (G, H) or a complete axis duplication
f t I).
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3.3.Discussion
In this analysis I have investigated the role of Wnts and Fz receptors in regulating
convergent extension (CE) movements. This was done mainly by analyses of expression
patterns, overexpression studies in wild type embryos and slb/wntll embryos experiments.
The two ligands Wnt5 and Wntl 1 analyzed in this study have possibly redundant roles in
regulating CE during gastrulation. The specificity of Fz2 and Fz7 receptors to Wnt5 or
Wntl 1 is time- concentration-place dependent.

3.3.1. Expression patterns o f w n tll, wnt5,fz2 and fz 7 and possible
relations between these genes
In this study I analyzed the expression patterns of wnt5 and w n tll during gastrulation. At
the end of gastrulation, the expression domains of the two genes are complementary in that
wntl 1 expression is restricted to the anterior half of the embryo while wnt5 expression is
localised to the posterior region of the embryo (Figure 3.1.G-H). This suggests that wnt5
and wntl 1 may co-operate to regulate CE during gastrulation. Consistent with this idea, the
functions of Wnt5 and W ntll are overlapped since the double slb/wntll; ppt/wnt5 mutant
exhibits a more severe phenotype, than the single mutants (Kilian, Mansukoski et al. 2003).

In addition, the expression patterns offz7 during gastrulation in wild type embryos revealed
that fz7 expression largely overlaps with that of w n tll in the anterior lateral domain of the
neuroectoderm and there is no expression in the presumptive nothocord at tail bud stage
(Figure 3.3. C, F). This pattern of expression leads to the hypothesis that w ntll and fz7 may
interact to regulate the convergent extension movements. In contrast, expression patterns of
fz2 slightly overlap w ith wnt5 at the border between the anterior and posterior
mesendoderm at tail bud stage (Figure 3.1. E and Figure 3.3 .1). These results suggest that
Fz7 may be a receptor for Wntl 1 and Fz2 could be a receptor for both Wntl 1 and Wnt5.

Recently based on imaging analysis, the distinct cell behaviors were examined and there is
no specific relation between ligand-receptor. It is likely that the different local requirements
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o f ppt/wnt5 and slb/w ntll along the anterior-posterior axis of the gastrula reflect some
functional and/or structural subdivision of the developing mesendoderm. Actually, in vivo
analyses of cell behaviour in zebrafish show that anterior mesendodermal cells seem not to
undergo the classical CE movements described for more posterior tissues but instead
exhibit a highly co-ordinated type o f migration over a substrate cell movement (Ulrich,
Concha et al. 2003). Thus, it is possible that Slb/Wntl 1 regulates the migration of anterior
mesendodermal cells while both Ppt/Wnt5 and Slb/Wntl 1 are required for CE movements
in more posterior mesendodermal tissues. These two genes are redundant in some functions
but “when and where” they act is a context-dependent situation. The two different patterns
of expression in zebrafish and the double mutant slb.ppt phenotype showed that there is
some level of redundancy between them (Kilian, Mansukoski et al. 2003), but to quantify
this is a really overwhelming task.

3.3.2.0verexpression o f W nt ligands and Fz receptors on wild type and
mutant background
In order to prove the functional interaction, I attempted to rescue the sib embryos by
overexpression of w n tll RNA. This was done by injection of w n tll RNA (lOpg) and I
obtained a total rescue in 100% of the embryos with a longer notochord and anteriorly
positioned precordal plate as in wild-type embryos (Figure 3.2. D-F). In contrast, injection
of lOpg of w n t5 RNA did a partial rescue of the sib phenotype, in the sense that the
prechordal plate reaches the anterior edge of neural plate while the notocord remains
shorter or even wider (Figure 3.2. G-M). These results implied that Wnt5 might have a
function in regulating CE movements in a similar but distinct way to Wntl 1. Nevertheless,
higher amounts of wnt5 RNA were necessary to fully rescue the sib prechordal plate
phenotype compared to the amount of w n tll RNA injected. This indicates that, while wnt5
can functionally replace w n tll in the anterior mesendoderm, it is less efficient in doing so
(Kilian, Mansukoski et al. 2003).

Conversely, in collaboration with Carl-Phillip Heisenberg’s group I tried to rescue the ppt
embiyos with wnt5 or w n tll RNA (data not shown). It was impossible to rescue the ppt
mutant phenotype by over-expressing either wnt5 or w n tll RNA. However, ppt embryos
injected with various concentrations of w n tll or wnt5 RNA had different malformations.
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Injection of wnt 5 RNA in p p t embryos led to a severely dorsalised phenotype; while
injection of w n tll RNA caused a milder phenotype. The reason why the ppt phenotype is
not rescued even with wnt5 RNA is unclear, but it might be possible that the posterior
mesendoderm is more sensitive to the dosage of Wnt5 rather then W ntll to activate the
canonical Wnt pathway.

A dorsalisation phenotype was also detected when I overexpressed fz2 or fz7 RNA in wild
type embryos (Figure 3.4. C, E and Figure 3.6. C, D). When fz 2 or fz 7 RNA was
overexpressed in sib embryos for a possible rescue of the mutant phenotype, the injected
embryos exhibited an even more severely dorsalized phenotype instead of being rescued,
such as a shortened/truncated notochord, a misshaped and displaced prechordal plate and a
split body axis (Figure 3.5.C-F and Figure 3.6.). This phenotype was observed especially
when fz7 RNA was overexpressed in sib (Figure 3.6.G-J). The reason for this might be that
the sib mutant could be over-sensitive to the dosage of Fz2 or Fz7 receptors and that
ubiquitous expression may block the normal CE movements in the mutant. Therefore,
overexpression experiments in sib or ppt mutants might not be a good way to interpret the
specificity of the receptors to the ligands.

3.3.3.Loss o f function experiments to assess the specificity of the noncanonical pathway
Although I did not show any results to describe a genetic interaction between slb/wntll and
ppt/wnt5 in this thesis, I will discuss the specificity between ligands, Wntl 1 and Wnt5, and
receptors, Fz7 and Fz2 based on loss-of function experiments in a collaborative work with
Carl-Phillip Heisenberg’s group (Kilian, Mansukoski et al. 2003).

As discussed in section 3.3.1 o f this chapter, Fz2 could be a receptor for Wntl 1 and Wnt5
based on their expression domains at late gastrula stage. However, several lines of evidence
support the possibility that Fz2 is a receptor for Wnt5. It was reported that abrogation of
Fz2 function with morpholinos during gastrulation causes a shortening of the body axis
analogous to the p p t mutant phenotype (Sumanas, Kim et al. 2001). During my
collaboration project, morpholinos (Mos) against fz2 were injected into ppt mutant to
evaluate iffz2 functions downstream of ppt/wnt5. The main assumption was if Fz2 was a
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receptor primarily for Wnt5 in a linear pathway, abrogation of its function in ppt mutants
would not enhance the ppt phenotype. Indeed, the length of the notochord was not affected
or only slightly shortened in mutants injected with fz2M o as compared to uninjected ppt
mutants, suggesting that Fz2 possibly acts as a downstream receptor of Wnt5 during
gastrulation (Kilian, Mansukoski et al. 2003). To reinforce this idea, a combination of
morpholinos was made for fz2 and wnt5 and injected in wild type embryos, w nt5
morpholino injected embryos showed a slightly shorter notochord than in ppt mutant
embryos (Lele, Bakkers et al. 2001; Kilian, Mansukoski et al. 2003). However, there was
no enhancement of the wnt5 morphant notochord phenotype together with fz2 morpholino
injection, confirming that fz2 functions downstream of ppt/wnt5 (Kilian, Mansukoski et al.
2003). On the other hand, sib embryos injected with fz2 morpholino showed an enhanced
CE phenotype similar to the slb;ppt double mutant phenotype, indicating that Fz2 may act
in a parallel pathway to Wntl 1 (Kilian, Mansukoski et al. 2003).

Taken together with the discussion in section 3.3.2 of this chapter, it might be more reliable
to test the specificity between the non-canonical ligands and their putative receptors based
on loss of function experiments rather than gain of function experiments.

In a recent study the loss of function analyses by morpholino approach and by mutant
analyses combined showed that loss of function of Wnt5 leads to hyperdorzaliation and
duplication of the axis possibly by activation of the canonical Wnt pathway may be by
leading to accumulation of p-catenin protein (Westfall, Brimeyer et al. 2003). Through
loss-of-function analyses, these results have revealed a raise in P-catenin accumulation and
activation of downstream genes sustaining a hypothesis for a function of the Wnt/Ca+2 by
possibly antagonizing the Wnt/p-catenin activity in vertebrate development (Westfall,
Brimeyer et al. 2003). However these results are contradictory to our collaborative results
(Kilian, Mansukoski et al. 2003). Maternal zygotic (MZ) ppt/wnt5 mutants resemble
zygotic ppt/wnt5 mutants. In addition, MZ ppt/wnt5; slb/wntll double mutants exhibit a
phenotype identical to the zygotic ppt;slb mutants. Therefore, there is no necessity for
maternal ppt/wnt5 either to regulate CE during gastrulation or to activate the canonical Wnt
pathway at a significant level.
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3.4.Sum m ary
In this chapter I have shown the possible functions of Wnt5, Wntl 1 ligands and Fz2, Fz7
receptors in regulating convergent extension (CE) movements. The analyses of expression
patterns of these genes did not correlate with their actual in vivo function. However, the
over-expression revealed the specificity between ligands-receptors to transduce the noncanonical Wnt pathway remains unclear. Based on the loss of function experiments, the two
ligands Wnt5 and Wntl 1 have possibly redundant roles and the specificity of Fz2 and Fz7
receptors to any of these Wnt ligands is time-concentration-place dependent. In conclusion,
the analyses of expression patterns o f these genes to some extent, but not totally, correlate
with their actual in vivo function.
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CHAPTER 4

P ric k le l r e g u la te s c e ll m o v e m e n ts d u rin g g a s tru la tio n in
z e b ra fis h

4.1.Introduction
Recent functional studies in Xenopus and genetic analyses of gastrulation mutants in
zebrafish have revealed that a non-canonical Wnt pathway is involved in the regulation of
CE. This pathway is associated with the planar cell polarity (PCP) pathway that mediates
the establishment of cell polarity in the plane of epithelia in Drosophila (reviewed in (Adler
2002; Mlodzik 2002; Tada, Concha et al. 2002; Wallingford, Fraser et al. 2002). In
vertebrates, the glycoproteins W ntl 1/Silberblick (Sib) and Wnt5/Pipetail (Ppt) act as
ligands (Heisenberg, Tada et al. 2000; Tada and Smith 2000), although a Wnt ligand
mediating PCP has yet to be found in Drosophila. Shared components of the non-canonical
Wnt pathway and the PCP pathway include Frizzled (Fz) receptors, an intracellular signal
proteins such as D ishevelled (Dsh), a 4-pass transmembrane protein Van
gogh/Strabismus/Trilobite (Vang/Stbm/Tri), small GTPases RhoA and Cdc42 and a RhoA
effector Rho kinase 2 (Rok2).

prickle (pk) is one of the core PCP genes that controls planar polarity in the eye, leg and
wing of Drosophila and encodes an intracellular protein containing three LIM domains and
a conserved “PET” domain (for Prickle, Espinas and Testin)(Gubb, Green et al. 1999).
Epistasis analyses have showed that Pk is required for some aspects of Fz/Dsh-mediated
PCP signalling, but is not placed in a linear cascade with Fz and Dsh. Recent studies in
Drosophila suggested that Pk regulates the subcellular distribution of Fz through binding to
Dsh, thereby localising the Fz/Dsh complex to one side of the epithelial cells (Tree DR
2002).

In this chapter, I analysed the expression pattern of a zebrafish homologue of the
Drosophila PCP gene prickle (pkl) and its function, during gastrulation. I have perceived
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that zebrafish p k l functions together with Slb/W ntll and Ppt/Wnt5 to regulate CE
movements. Consistent with the results in flies, I have found that Pkl can destabilise Dsh
and thereby block the ability o f Fz to target Dsh to the cell membrane. These results show
that Pkl modulates different types of cell behaviour during CE.

4.2. R e su lts

4.2.1. The expression patterns o f zebrafish prickle genes
To investigate whether homologues o f the Drosophila PCP gene prickle (pk) function
during vertebrate gastrulation, three full-length clones of zebrafish pk genes were isolated
from shield gastrula library. The predicted proteins encoded by zebrafishp kl,p k2 andpk3
shared 85% and 82%, 82% and 84 % and 71% and 81%, respectively, of amino acid
identity to Xenopus XPk-A. Within a highly conserved PET domain of unknown function
and three LIM domains, respectively (Figure. 4.1 A, B, 4.2.A).

p k l is expressed maternally (Figure. 4.2.B) and zygotic expression is initiated on the dorsal
side of the embryo at pre-gastrula stages (Figure. 4.2.C) and spreads throughout the germ
ring by the shield stage (Figure. 4.2.D). As gastrulation continues, expression becomes
restricted to dorsal involuted cells and to overlying axial ectodermal cells (data not shown).
By tail-bud stage, expression is down-regulated in the ectoderm and becomes restricted to
adaxial cells, presomitic mesoderm and the lateral edge of the neural plate (Figure. 4.2.E).
pk2 starts to be expressed after shield stage and becomes restricted to the presomitic
mesoderm and notochord (Figure 4.2.F, H). pk3 is expressed zygotically and in the
presumptive eye field and in the midline, which is not correlated with the notochord, at tail
bud stage (figure 4.2 G, I).
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Figure 4.1. Homology of Prickle proteins between zebrafish (Pkl, Pk2,
Pk3) and Xenopus (XPk-A (Wallingford et al., 2002b) . A- schematic
representation of the homology The numbers refer to the percentage
amino acid identities between the different orthologues. B- Alignment of
amino acid residues of Prickle proteins in the conserved PET-LIM
domain. Identical amino acid residues are highlighted in bold.
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zebrafish. (A) Homology of Prickle proteins between zebrafish (Pkl), Xenopus (XPk-A
(Wallingford et al., 2002b)) and human (BAB71198). The numbers refer to the percent
age amino acid identities between the different orthologues. (B-E) Expression of p kl at
early stages, p k l is expressed maternally at 8 cell stage (B, animal view), on the dorsal
side at around 40% epiboly (C, lateral view with dorsal to the right), and around the germ
ring at 50% epiboly (D, animal view with dorsal to the right). At tailbud stage (E, dorsal
view and anterior is up), expression is restricted to the presomitic mesoderm, adaxial cells
(arrowheads) and the lateral edge of neural plate (arrows). F-G. Expression of pk2 (F,H)
and pk3 (G,I) at tail bud satge. Dorsal view (F, G), dorso-vegetal view (H) and animal
view with dorsal to the top (I). F-H anterior is up. Abbreviations: d, dorsal; s, shield. 102

4.2.2. Interfering with Pkl function disrupts CE during gastrulation
In order to analyse the function o f P kl, I have used an anti-sense approach using
morpholino oligonucleotides against p k l (pkl-Mo) to reduce the level of endogenous Pkl
protein (Nasevicius and Ekker 2000). I have focused all the functional analyses of p kl since
pk2 or pk3 Mo did not show any obvious phenotype during gastrulation nor enhances the
pkl-Mo phenotype. Injection of 3 ng pkl-Mo led to a shorter body axis with a curled down
tail at pharyngula stage (99%, n>500) (Figures. 4.3.A and B). At higher concentrations,
injected embryos exhibited a more severe phenotype with shorter trunk and tail, but
sometimes associated with cell death in the brain at later stages (data not shown).
Subsequently, the moderate dose (3 ng) was used for further analyses of the pkl morphant
phenotype. For control experiment of the morpholino, a Mo including 4 nucleotides
mismatches (pkl-M o Mis) was injected in wild-type embryos and causes no defective
phenotype (Figure.4.4 A). The specificity of pkl-Mo was determined by co-injection of
RNA encoding GFP tagged with amino acid sequences that include sequence
corresponding with the pkl-M o but not to pkl-Mo (Mis). The level of GFP is totally
reduced by pkl-Mo, but not by pkl-Mo (Mis) (Figure 4.4. B and C).

At tail-bud to 2-somite stages, p k l morphants showed a slightly posteriorly located
prechordal plate (h g g l), wider neural plate (dlx3, pax2.1), a shorter notochord (ntl) and
laterally expanded presomitic and head mesoderm (papc and snail2) (72%, n=102)
(Figures. 4.3. C-J). Additionally, in p k l morphant embryos, the dorsal marker chd and
ventral marker bmp2b are unchanged (63%, n=57, 43%, n=64) (Figure. 4.3.K-N) and the
telencephalic marker em xl and midbrain marker pax2.1 are expressed in the correct
positions, although their expression domains are laterally expanded (45%, n=37, 56%,
n=47) (Figure. 4.3.0-R), reflecting reduced convergence of the neural plate (Fig. 4.3.G,H).

Additionally, the canonical Wnt signalling is not affected at very early stages of
development in p k l morphants, because there is no phenotype with disruption of early
organiser formation or fates, the expression of anterior mesendodermal markers gsc, dkkl
(74%, n=27, 83%, n=34) (Figure 4.5.A-D) and hggl (Figure. 4.3. G, H) is unchanged. The
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only changes in expression o f these genes reflect the fact that the expression domains are
less converged and less extended.
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Figure 4.3. p k l morphants exhibit defects in convergent extension movements.(A,B)
Lateral views of pharyngula stage living wild-type (A) and p k l -morphant (B)
embryos.The p k l -morphant embryo (B) shows a slightly compressed trunk with a
curled down tail.(C-J,0-R) Dorsal views of tailbud-stage wildtype (WT) and p k lmorphant (WT + pkl-M o) embryos. (K-N) Lateral views of 80% epiboly wild-type
(WT) and p k l -morphant (WT + pkl-M o) embryos. Anterior is up and genes anal
ysed are indicated bottom right. Dots outline the prospective neural plate, e, eye
field;mb, prospective midbrain; t, prospectivetelencephalon; psm, presomitic meso
derm; hm,head mesoderm; n, prospective notochord, pep,prechordal plate.
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Figure 4.4. Control experiment for the specificity of pkl-Mo (A) Lateral
view of an embryo injected with 3 ng of pkl-Mo (Mis). This and other
similarly injected embiyos (n=30) show no defective phenotype. (B,C)
Specificity of pk 1-Mo. Shield staged embryos injected with 150 pg of RNA
encoding GFP tagged with sequences recognised by pkl-Mo along with
either 3 ng of pkl-Mo (B) or 3 ng of pkl-Mo (Mis) (C). The level of GFP
is totally reduced by pkl-Mo (n=62), but not by pkl-Mo (Mis)(n=40).
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Figure 4.5.Pkl function does not alter AP patterning of the neural plate (A-D) Dorsal
views of 55% epiboly wild-type (WT) and p k l morphant (WT+ pkl-Mo) embryos. Ante
rior is up and genes analysed are indicated bottom right. Note that involuted dorsal
mesendodermal cells expressing gsc or dkkl are less converged in p kl morphant
embryos, but their expression levels are not significantly changed. (E-H) Dorsal views of
tail-bud stage wild-type (E,G) and masterblind (mbl) (F,H) embryos injected with
pkl-Mo (G,H). The pax2.1 expression domain in mbl embryos, in which the level of
canonical Wnt activity is increased, remains unchanged by abrogation of Pkl function.
This, together with the observation that the telencephalic marker emxl is expressed in the
correct position in p k l morphants (Fig.4.3 P), argues that abrogation of Pkl function does
not alter AP patterning of the neural plate and therefore is unlikely to
influence the activity of the canonical Wnt pathway.
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4.2.3. Pkl regulates CE movements by modulating the Wnt/PCP pathway
The CE phenotype caused by interfering with Pkl function is similar to those in slb/wntll
and ppt/wnt5 loss-of-function mutants (Heisenberg et al., 2000; Kilian et al., 2003; Rauch
et al., 1997). In Drosophila, p k genetically interacts with the Fz/PCP pathway to establish
epithelial polarity (Gubb et al., 1999). Consequently, I tested if there was any genetic
interaction between sib and p k l. Injection o f pkl-Mo in sib embryos enhanced the CE
defect compared to either mutant/morphant alone, with the consequence that the prechordal
plate remained posteriorly located beneath the neural plate (50%, n=92) (Figure. 4.6. A and
B).

Also injection of sib'1' embryos with a low dose of wntl 1 RNA (10 pg) either fully rescues
the phenotype (Heisenberg et al., 2000) or occasionally leads to lateral mis-positioning of
prechordal plate, possibly resulting from hyper-activation of the pathway (13%, n=53)
(Figure. 4.6.C). These phenotypes were totally suppressed in embryos with reduced levels
of Pkl function (88%, n=58) (Figure. 4.6.D).

I also examined whether Pkl also modulates the activity of Ppt. Both ppf*' embryos and
pkl morphants have a shorter body axis (Figures. 4.7 A, C and E), in which somites are
wider and thinner when compared to wild-type (Figures. 4.7.B, D and F). ppt/wnt5 mutant
embryos with reduced Pkl function showed a phenotype much more severe than either
single mutant/morphant with greatly compressed wider somites (42%, n=118) (Figures.
4.7.G and H).

To more directly assay if Pkl is likely to modulate canonical Wnt signalling, we injected
the pkl MO into mbl embryos to assess if abrogation of Pkl activity affects the phenotypic
severity o f m bl mutants, m bl embryos show expansion of diencephalic fates and
concomitant loss of eye and telencephalic fates (Heisenberg, Houart et al. 2001). Although
midbrain is specified normally in mbl embryos, midbrain fates expand to the front of the
neural plate in headless mutants (which show a greater increase in Wnt activity than mbl
embryos;(Kim, Oda et al. 2000). Thus, any further increase of canonical Wnt activity in the
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mbl neural plate would lead to expansion of expression of midbrain markers (Houart,
Caneparo et al. 2002). Injection of pkl-Mo into mbl embryos had no effect upon pax2.1
expression (23%, n=32) (Figure 4.5.E-H), strongly arguing that loss of Pkl activity does
not enhance the canonical Wnt signalling.
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(G, H) ppt embryos injected with 3 ng of pkl-Mo.
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4.2.4. Gain-of-function of p k l causes defective CE movements by
modulating the Wnt/PCP pathway
Ubiquitous over-expression o f p k l RNA, even at low dose (5 pg), caused strange cell
aggregation at blastula stages making it impossible to analyse cell migration during
gastrulation. To overcome these problems, the behaviour of small groups of cells over
expressing Pkl in a wild-type environment was analyzed. To accomplish this, differentially
labelled wild-type and Pkl-over-expressing cells were transplanted into the germ rings of
wild-type host embryos (Figure. 4.8.A). After transplantation, convergence and extension
movements redistribute the wild-type cells along the antero-posterior axis by tailbud stage
(Figure. 4.8 B and (Heisenberg et al., 2000)). In comparison to wild-type, cells over
expressing Pkl show less dorsal convergence and less spread along the antero-posterior
axis (70%, n=40)(Figure. 4.8 B). This shows that higher Pkl activity inhibits cells from
undergoing proper convergence and extension movements.

I examined wether sib phenotype could be rescued by over-expression of p k l RNA if Pkl
was acting downstream of Wnt/PCP pathway. Because of the problems associated with pkl
over-expression, injection of p k l RNA at a very low dose (0.5 pg) that has no effect in
wild-type embryos (n=30) (Figure. 4.8.C) was performed. Amazingly, rather than rescue,
this enhanced the sib phenotype (27%, n=107)(Figures. 4.8.D and E), indicating that Pkl
can negatively regulate the Wnt/PCP pathway.

Subsequently, I attempted to assay if Pkl modulates the Wnt/PCP pathway by regulating
the sub-cellular localisation of components of this pathway. Therefore, I examined whether
Pkl affects the localisation of Fz/Dsh complex in zebrafish embryos. When Dsh-GFP is
expressed in the animal pole blastomeres, it predominantly localises to the cytoplasm,
sometimes associated with vesicles-like structures (100%, n=10)(Figure.4.8.F). This most
probably reflects the requirement of Dsh to localise to vesicles for canonical Wnt signalling
(Capelluto, Kutateladze et al. 2002). In response to Fz7, Dsh is targeted to the membrane
(90%, n=30) (Figure. 4.8.G), but this is inhibited by increasing Pkl activity (100%,
n=21)(Figure. 4.8.H). The predominantly cytoplasmic localisation of Pkl remains
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unchanged in the presence of Fz7 (Figure. 4.8.1). These observations, together with the fact
that cytoplasmic Dsh-GFP becomes faint and hazy when Pk activity is increased (Figure.
4.8.H), raised the hypothesis that Pkl activity may destabilise Dsh, thereby blocking Fz7mediated membrane localisation of Dsh. To test this, I quantified myc-tagged Dsh in the
presence of Fz7 with or without Pkl. Western blot analysis revealed that the levels of Dsh
are significantly decreased in the presence of Pkl (Figure. 4.8.J).
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Figure 4.8.Over-expression o f p k l causes defective morphogenetic movements and enhances the
silberblick (sib) phenotype. (A) Schematic o f the experiment. Cells from embryos that received
5pg p k l RNA and rhodamin-dextran (RDx) and cells from embryos that received fluoresceindextran (FDx) were simultaneously transplanted into the germ rings o f wild-type shield-staged
hosts. (B) Lateral view o f a living tailbud stage host embryo with dorsal to the right. Pklexpressing cells (red) are more laterally positioned as compared to wild-type cells (green). (C-E)
Gain-of-function o f p k l enhances the sib phenotype. Dorsal views o f a tailbud stage embryo
injected with 0.5 pg o f p k l RNA (C), a sib embryo (D) and a sib embryo injected with 0.5 pg p k l
RNA. The position and shape o f prechordal plate {hggl) in relation to the anterior edge o f neural
plate (dbc3) in the p k l morphant (C) are similar to wild-type (see Figure 2.1). The prechordal
plate is displaced caudally in the sib embryo (D) and even further caudally in the sib embryo
injected with the pkl-M o (E). (F-H) Confocal images o f animal pole cells o f 40% epiboly
embryos injected with 200 pgRNA encoding Dsh-GFP (F), 200 pgRNA encoding Dsh-GFP + 50
pg fz7 RNA (G) and 200 pgRNA encoding Dsh-GFP + 50pg f z l RNA + 5 pgpkl RNA (H). Dsh
preferentially localises to vesicles (F), but relocates to the membrane in the presence o f Fz7 (G).
The Fz7-induced membrane localisation o f Dsh is inhibited by Pkl (H). (I) Sub-cellular localisa
tion o f Pkl in animal pole cells o f 40% epiboly embryos injected with 25 pg RNA encoding
Venus-Pkl (Pkl tagged with a modified version o f EGFP). Pkl localises in the cytoplasm. (J)
Western blot analysis o f the levels o f tagged-Dsh in embryos injected with 200 pg RNA encoding
myc-Dsh along with 50 pg f z 7 RNA in the presence or absence o f 5 pg p k l RNA. The blot was
detected with either an anti-myc antibody for Dsh or an anti-6-tubulin antibody for loading
control. The level o f Dsh is reduced by p k l .
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4.2.5. p k l genetically interacts with trilobite!strabismus
The ability of Pkl to regulate CE by modulating the Wnt/PCP pathway is similar to that of
Tri/Stbm (Jessen et al., 2002). Therefore, I investigated whether there is any genetic
interaction between pkl and tri stbm in regulating CE movements. In the progeny of crosses
between heterozygous tri carriers, approximately one quarter of embryos injected with 3 ng
pkl-Mo showed a more severely compressed body axis as compared to tri homozygotes (25%,
n=263) (Figures. 4.9. A, B, G, IT, I and J). In addition, a further half of the injected population
exhibited a phenotype indistinguishable from homozygous tri embryos (51%, n=263). To
confirm that the tri-like phenotype arose from abrogation of Pkl activity in heterozygous tri+l'
embryos, we injected pkl-Mo in embryos from crosses between heterozygous tri female and
wild-type male fish. About 49 % (n=226) of injected embryos showed a tri-Wke phenotype,
more severe than wild-type embryos injected with pkl-Mo (51%, n=226) (Figures. 4. 9. C, D,
E and F). These results suggest that Pkl and Tri function in the same genetic pathway.
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Figure 4.9. p k l and tri show a strong genetic interaction in regulating convergent exten
sion. Lateral views of pharyngula-stage embryos (A,C,E,G,I) and dorsal views of 14somite embryos (B,D,F,H,J) with anterior to the left. myoD expression shows the shape
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Wild-type embryos. (C,D) Wild-type embryos injected with 3ng of pkl-Mo. (E,F) tri
heterozygous embryos injected with 3 ng of pkl-Mo. (G,H) tri homozygous embryos.
(I,J) tri homozygous embryos injected with 3 ng of pkl-Mo.
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4.3. Discussion
In this study, I show that Pkl regulates mesendodermal and ectodermal CE movements by
interacting with Slb/W ntll and Ppt/Wnt5. In addition, gain-of-function of Pkl also impairs
CE movements and enhances the sib loss-of-function phenotype, probably due to the ability
of Pkl to block the Fz7-induced membrane localisation of Dsh. Finally, I show that p k l
genetically interacts with tri/stbm to mediate CE. These results reveal Pkl to be a key
player in mediating cell movements in the vertebrate embryo.

4.3.1. p k l regulates CE movements by modulating the non-canonical
Wnt/PCP pathway
The analysis of the expression pattern of p k l in the mesoderm led us to investigate if it was
involved in the regulation o f gastrulation movements (Figure. 4.2.E) by different
approaches including loss o f function experiments, gain of function experiments by
transplantation and by in vivo interaction assay to see if p k l modulates the Wnt/PCP
pathway by controling the sub-cellular localisation of components of this pathway.

4.3.1.1.Loss of function experiments
Firstly, injection of morpholinos against p k l led to a shorter body axis with a curled down
tail at pharyngula stage. Further, analyses with various markers revealed that gastrulation
cell movements are affected because they demonstrated the posteriorisazion of the
prechordal plate, a wider neural, a shorter notochord and laterally expanded presomitic and
head mesoderm at tail bud stage (Figures. 4.3. C- J). This phenotype is reminiscent of the
CE mutants such as silberblick (sib), pipetail (ppt), knypek (kny) and trilobite (tri) in which
gastrulation cell movements are disrupted but dorso-ventral and antero-posterior patterning
remains unaffected (Hammerschmidt et al., 1996; Heisenberg and Nusslein-Volhard, 1997;
Heisenberg et al., 2000; Jessen et al., 2002; Kilian et al., 2003; Rauch et al., 1997; SolnicaKrezel et al., 1996; Topczewski et al., 2001). Also the cell fate markers, in p k l morphant
embryos, are expressed in the correct places, although their expression domains are
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laterally expanded (Figures. 4.3 O-R), reflecting reduced convergence (Figures. 4.3.G, H).
These results suggest that p k l is required for correct gastrulation CE movements of both
mesendoderm and ectoderm but has no obvious role in the specifying cell fates.

To test the possibility that vertebrate Pk regulates CE through interaction with the Wnt/PCP
pathway I examined if there was any genetic interaction between sib and p kl. Injection of
pkl-Mo in sib embryos enhanced the CE defect compared to either mutant/morphant alone
(Figure. 4.6.A and B). This indicates that Pkl may function in the Wnt/PCP pathway or in
parallel to this pathway. To solve the enigma as to whether pkl acts downstream of Wnt
signals, I assessed if elevated W ntll activity can be suppressed by interfering with Pkl
function. I reproduce the rescuing o f slb'f' embryos by injection of w n tll RNA or the
laterally mis-positioning o f the prechordal plate also by injection of w n tll RNA, possibly
resulting from hyper-activation of the pathway (Heisenberg et al., 2000) and Figure. 4.6.C).
These phenotypes were totally suppressed in embryos with reduced levels of Pkl function
(Figure. 4.6.D), suggesting that Pkl function promotes Sib activity.

Because ppt/wnt5 genetically interacts with slb/wntll and is required for CE movements in
the posterior region of the gastrula (Kilian et al., 2003) and also is expressed in very similar
domains to p k l , I examined whether Pkl also modulates the activity of Ppt. ppt/wnt5
mutant embryos with reduced Pkl function showed a phenotype much more severe than
either single mutant/morphant with greatly compressed wider somites (Figures. 4.7.G and
H) indicating that Ppt and Pkl function redundantly in regulating CE in the posterior
region. Altogether, the loss of fuction results support the idea that Pkl modulates the
activity of the Wnt/PCP pathway, thereby influencing regulation of CE movements during
gastrulation.

4.3.1.2. Overexpression experiments
To complete the analysis of cell movements in embryos with reduced Pkl activity, I studied
the consequences of overexpression of Pkl and making use of transplantation assays I have
detected that higher Pkl activity inhibits cells from undergoing proper convergence and
extension movements (Figure. 4.8. B).
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The feature that Pkl may act downstream of the Wnt/PCP pathway to regulate CE
movements during gastrulation led us to test whether the sib phenotype could be rescued by
over-expression of p k l RNA. But this injection enhanced the sib phenotype (Figures. 4.8.D
and E), implying that excess Pkl compromises Wnt/PCP-pathway dependent cell
movements.

Taken together, the loss and gain o f Pkl function studies suggest that Pkl regulates CE
movements by modulating the Wnt/PCP pathway, but is not simply a positive or negative
linear component of this pathway.

The analysis of Pkl function provided an evidence of a molecular pathway, involving noncanonical Wnts and homologues of fly PCP genes (Adler, 2002; Mlodzik, 2002), in
regulating cell movements underlying CE in vertebrates. Although Pkl acts together with
Wntl 1 and Wnt5, it is not simply a linear component of the Wnt/PCP pathway since both
loss- and gain-of-functions of Pkl enhance the sib mutant phenotype. Consistent with this
conclusion, in Drosophila PCP, Pk is a context-dependent positive or negative modulator
of Fz/PCP signalling and not simply a downstream component of the pathway (Adler et al.,
2000; Gubb et al., 1999; Tree et al., 2002).

4. 3.1.3.Sub-cellular localisation of components of this pathway
In the Drosophila wing, asymmetric localisation of the Fz-Dsh complex at the distal region
of each cell establishes cell polarity within the plane of the epithelia (Axelrod, 2001; Strutt,
2001). During this process, Pk regulates localisation of Fz/Dsh by inhibiting the complex
from forming at the proximal edge (Tree et al., 2002). Proximally localised Pk inhibits the
Fz/Dsh complex from forming on the proximal edges of the epithelial cells, thereby
functioning in a feedback loop that amplifies differences between Fz/Dsh levels on adjacent
cells (Tree et al., 2002) In vertebrates, membrane localisation of Dsh in cells undergoing
CE (Wallingford et al., 2000) is dependent upon Fz (Axelrod et al., 1998; Rothbacher et al.,
2000; Umbhauer, Djiane et al. 2000)). Similarly, I have shown that vertebrate Pkl can
disrupt the Fz7-dependent membrane localisation of Dsh, despite the fact that Pkl is neither
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localised to the membrane nor recruited to the membrane by Fz7. Also, the cytoplasmic
Dsh-GFP becomes faint and hazy when Pk activity is increased (Figure. 4.8.H).

A draw back in this analysis is that colocalisation or differential localisation of Dsh and
other planar cell polarity components has not been yet described in cells undergoing cell
intercalations, though Dsh and Pk colocalize to the membrane in the presence of Fz7 in
static Xenopus animal pole cells (Veeman, et al., 2003; Takeuchi, et al., 2003), while Pkl
inhibits Fz7-mediated membrane localisation of Dsh in zebrafish animal pole cells in my
assay.

These data lead to the model that Pkl activity may destabilise Dsh, thereby blocking Fz7mediated membrane localisation of Dsh. The Western blot analysis revealed that the levels
of Dsh are decreased in the presence o f Pkl (Figure. 4.8.J) suggesting the
disruption/degradation o f the Fz/Dsh complex by Pkl may contribute to the ability of
exogenous Pkl to negatively regulate the Wnt/PCP pathway. In addition, increasing Pkl
activity alters the stability of exogenous Dsh. Considering that Pk can directly bind to Dsh
in vitro (Tree et al., 2002), Pk might dissociate Dsh from the membrane to the cytoplasm by
direct binding and subsequently mediate the degradation of Dsh by unknown mechanisms.
Alternatively, Pkl might destabilise Dsh at the membrane through an indirect mechanism.
In this scenario, Pkl might co-operate with a factor at the membrane that in turn binds to
Dsh and leads to dissociation from Fz.

One such candidate is the 4-pass transmembrane protein Tri/Stbm/ Van Gogh (Jessen et al.,
2002; Taylor et al., 1998; Wolff and Rubin, 1998). In Drosophila stbm mutants, as in pk
mutants, Fz is symmetrically localised in the membrane (Strutt, 2001) and indeed, stbm
genetically interacts with pk (Taylor et al., 1998). Recently it was discovered that Stbm also
physically binds to PK (Bastock et al, 2003). These observations suggest that in flies, Stbm
functions together with Pk to establish PCP. Supporting a similar interaction in vertebrates,
we show that heterozygous tri ' embryos injected with pkl-M o exhibit a tri-liko phenotype,
revealing a strong genetic interaction between p k l and tri in the regulation of CE. Taken
together with evidence that both Stbm and Pkl can bind to Dsh and activate JNK in
cultured cells (Park and Moon, 2002; Tree et al., 2002), it seems likely that Pk and Stbm
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function by similar mechanisms in the regulation of vertebrate CE and in the establishment
of PCP in Drosophila.

4.4. S um m ary
In this chapter I describe the isolation and functional characterisation of the zebrafish
homologue o f Drosophila prickle. Zebrafish p k l is expressed maternally and in moving
mesodermal precursors. Abrogation o f Pkl function by morpholino leads to defective
convergent extension movements, enhances the silberblick (slb)/wntll and pipetail/wnt5
phenotypes and suppresses the ability of W ntll to rescue the sib phenotype. Gain-offunction of Pkl also inhibits convergent extension movements and enhances the sib
phenotype, probably due to the ability o f Pkl to block the Fz7-dependent membrane
localisation of Dsh by down-regulating levels of Dsh protein. Furthermore,/?^ genetically
interacts with trilobite (tri)Zstrabismus to mediate convergent extension. These results
suggest that during zebrafish gastrulation, Pkl acts downstream of the non-canonical
Wntl 1/Wnt5 pathway to regulate convergent extension cell movements, but is unlikely to
simply be a linear component o f this pathway.
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CHAPTER 5

C lo n in g a n d C h a r a c te r is a tio n o f th e e x p r e s s io n p a tte rn o f th e fmi
g e n e s d u r in g z e b r a f is h g a s tr u la tio n

5.1.In tro d u c tio n

From work done in Xenopus and zebrafish, it has been proposed that the non-canonical Wnt
pathway is related to the planar cell polarity (PCP) pathway in Drosophila (Axelrod et al.,
1998; Boutros et al, 1998; Rothbacher et al. 2000; Heisenberg et al.; 2000; Tada and Smith,
2000; Wallingford et al.; 2000). The genes frizzled {fz), dishevelled (dsh), prickle (pk),
strabismus (stbm), flamingo (fmi) and diego (dgo) cause aberrant cellular orientation in
several different tissues in Drosophila , they are called primary polarity genes or core PCP
genes and are possible common key regulators of these pathways (Gubb and GarciaBellido, 1982; Vinson and Adler, 1987; Theisen et al., 1994; Zheng et al., 1995; Taylor et
al., 1998; Wolff and Rubin, 1998; Gubb et al., 1999; Chae et al., 1999; Usui et al., 1999;
Feiguin et al., 2001). Furthermore, their protein products all adopt similar asymmetric
subcellular localisations in polarising cells of the wing and eye in Drosophila (Usui et al.,
1999; Axelrod, 2001; Feiguin et al., 2001; Shimada et al., 2001; Strutt, 2001; Strutt et al.,
2002; Tree et al., 2002; Rawls and Wolff, 2003; Bastock et al., 2003).

Mainly, I have focused my project on a gene called flam ingo (fmi), assuming that key
regulators between the Wnt non-canonical pathway in vertebrates and PCP pathway in
Drosophila are conserved. Flamingo is a seven-pass transmembrane receptor of the
cadherin superfamily with extracellular tandem arrays repeats which act as homophilic
modules (Usui et al., 1999). While it shows high similarity to G proteins-coupled receptors
and a yet unknown cytoplasmic tail, which does not have a catenin-biding site. Therefore
being categorised as protocadherin.

Flamingo is localised differentially at cell-cell boundaries along the proximal-distal axis in
the wing of Drosophila in a Frizzled (/z)-dependent manner (Usui et al., 1999). Therefore,
122

the prediction was that Fmi could be a downstream modulator of Slb/Wntll signalling to
regulate convergent extension movements, implying that flamingo (fmi) might be a read-out
of active convergent extension or Slb/Wntl 1 signal by informing us about cell polarity.

Recently, in mice several genes have been identified that have neural tube defects,
especially two chemically induced mutants, spin cycle and crash, carrying independent
mutations in a single gene product Celsrl, the mouse ortholog of Flamingo (Curtin et al,
2003). The fm i heterozygous mice have defects in the orientation of sensory hair cells in the
organ of Corti, typical PCP phenotype while its homozygous mutant exhibits a severe
neural tube defect (NTD) (Curtin et al, 2003). There are at least three flamingo genes
orthologs in human and rodents are named, respectively, CELSR1-3 and Celsrl-3. All the
celsr genes are expressed, in the brain and epithelia during early development, both in
rodent and chicken embryos. This provides evidence for the function of the Flamingo
family in regulating co-ordinated morphogenesis in mammals and higher vertebrates
(Shima, Copeland et al. 2002; Tissir, De-Backer et al. 2002; Formstone and Mason 2005)
reinforcing the study of this gene in zebrafish in terms of expression patterns and functional
analysis.

In this chapter, I have cloned zebrafish flamingo (fmi) genes and examine the expression
pattern of the fm i genes during zebrafish embryogenesis, especially during gastrulation. In
the second part of this chapter I analyse possible functions offmi genes during gastrulation.
I have done three comprehensive approaches: a morpholino approach, a dominant negative
approach with an in vivo imaging assay (as already explain in chapter 3 in the section 3.2.4)
and studies of protein localization.
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5.2.Results:
5.2.1.Cloning of the fm i genes
In order to isolate zebrafish flamingo genes, to start with, partial fragments were cloned
from gastrula zebrafish embryos by RT (Reverse Tanscription) -PCR (Polymerase chain
reaction) using degenerate primers corresponding to conserved regions of the mouse Fmi 1
protein across the species (Figure 5.1.). A zebrafish gastrula library (kZAPII, randomprimed) was screened with a P32-labelled PCR fragment as a probe. As a result we cloned
two species o f clones fm il and fm i2, which are 62% and 47% identical to mouse celsrl and
celsr2 genes, at amino acid levels in the transmembrane and cytoplasmic domain,
respectively (Figure 5.1.). In order to clone the full-length cDNA of flamingo genes,
screening of a zebrafish BAC (Bacterial artificial chromossome) library (library RPCI-71
zebrafish BAC RPZD- The Resource Center of the German Human Genome Project) was
done using the cDNA fragments of (fmil) and (fmi2) as radioactive P32-labelled probes. The
positive clones were further confirmed by Southern blot analysis. The sequences did not
contain the most 5’ prime region of the gene and therefore I decided to continue to screen a
zebrafish gastrula library (a kind gift from Mike Rebagliati). Based on the sequence data
from the Sanger Centre zebrafish databases (www.ensemble.org/Danio-rerio), I cloned the
rest of cDNAs by different RT-PCR reaction. Based on the information available in the
genome databases for zebrafish fm i sequences and in sequence data from mouse Celsr2
(Tissir, De-Backer et al. 2002), human fm il and fmi2 and using DNASTAR software and
other blast software to analyse the sequences. I summarise the nomenclature offmi genes in
vertebrates (Table 5.1).
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Another round of screening of the zebrafish gastrula library was done with one of the
positive clones, the clone FM8 (around 3 kb), which is more 5’ prime of the initial clones.
Voxfm il another clone move 5’ within the gene, FM9, was use to screen again the libraries.
Two more rounds screen of were done by screening again the zebrafish gastrula library
(XZAPII, random-primed) and a cosmid library (genomic library) with most 5’ prime
region of these clones. For fm il it was possibly to detect that FM8 was corresponding to
one of the contigs available in the database, I confirm it by PCR and restriction digestion.
For^w/2 another partial clone that did not reach the 5’ prime region was detected. But this
last clone was corresponding to another contig available in the database, and I confirmed it
by PCR and restriction digestion as well. By recent analyses of fm i sequences in the
Ensemble database I have found that in fact there are at least 3 fm i genes in 3 different
chromosomes, which comprise 3 different conX\gs,fmila,fmilb, and fmi2.
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Figure 5.1. Schematic representation o f the cloning strategy offlamingo genes
PCR9
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5.2.2.Expression pattern of the fm i genes
The expression pattern o f fm i l a and fm i2 was analysed by whole mount in situ
hybridisation using DIG labelled antisense probes. Both genes are expressed maternally
(Figure 5.2 and Figure 5.3). At the early gastrula stage, fm ila starts to be expressed more
strongly in the shield. As epiboly proceeds, ^ / / a becomes restricted on the dorsal side,
particularly in the presumptive notochord by 90% epiboly and tail-bud stage (Figure 5.2).
fmi2 RNA is distributed in a similar pattern to fm ila during gastrulation (Figure 5.3.). The
expression o ffm i2 on the dorsal side was confirmed in the mesoendodermal layer and
mainly in the presumptive nothocord by plastic section (Figure 5.4. A, B). fm ila is
expressed broadly in the somites, with no correlation to segmentation of each somite
(Figure 5.4. (C, D, E, F)). In the brain at 24 hpffm ila is expressed in the floorplate, in the
primordium of cerebellum, in the mid-hind brain boundary and also in the hindbrain. It was
also detected at a very high level in the telencephalon at this stage, in the diencephalon
mainly in the posterior hypothalamus (Figure 5.5.).
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Figure 5.2. Expression pattern of fm ila during zebrafish development in wild type
embryos during gastrulation visualised by in whole mount in situ hybridisation. Lateral
view at early stage (8 cells) (A), dorsal view: anterior is up (B), animal pole view
:dorsal is right (C), dorsal view: anterior is up (D), lateral view: dorsal is right (E ),
dorsal view: anterior is up (F), lateral view: anterior is up and dorsal is right (G), dorsal
view: anterior is up (H), lateral view: anterior is right and dorsal is up (I).
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Figure 5.3.Expression pattern of jmi2 during zebrafish development in wild type embryos
during gastrulation visualised by in whole mount in situ hybridisation. Animal pole view
at 16- cell stage (A), animal pole view .dorsal is right (B),dorsal view: anterior is up (C),
lateral view: dorsal is rigth and anterior is up (D), dorsal view: anterior is up (E), lateral
view: anterior is left and dorsal is up (F), dorsal view : anterior is up (G), lateral view: ante
rior is left and dorsal is up (H).
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Figure 5.4. Dorsal expression of fin ila in the mesoendodermal layer and in the
presumptive notochord. At 90% epiboly dorsal is up (A) and at tailbud stage dorsal is
also up (B) of wildtype embryos in plastic sections. Expression of fm ila at 14 somites
in wildtype embryos.Lateral view: anterior is up and dorsal is right (C) and dorsal view
anterior is up (D). Expression in the somites of wild type embryos (E,F). Arrowheads
point to the somite boundary.
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Figure 5.5. Expression offin ila at 24hpf in the brain of wildtype embryos. Dorsal view
of the brain: anterior is left (A) lateral view anterior is left and dorsal is up (B)Jmila is
expressed in the midline, in the primordium of cerebellum and in the mid-hindbrain
boundary and also in the hindbrain (A, B). Lateral view of ventriculum of the tectum
with low expression of fm ila . The expression is posterior to the mid-hindbrain
boundary anterior is up (C). Lateral view of the forebrain focused on the telecephalon
and diecephalon (in the left side) with a very high level of expression , in the
diencephalon there is expression mainly in the posterior hypothalamus (D).
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5.2.3 Functional analyses of fm i genes:
5.2.3.l.G eneral approach with M orpholino (Mo):
The morpholino (Mo) approach is based in the injection of antisense oligonucleotides that
interfere with translation o f proteins, thereby leading to a loss of function of endogenous
Fmi protein (Nasevicius and Ekker, 2000). As there is a large amount of information on the
genomic organization o f these genes, available in the zebrafish database (Sanger).
Alternatively, Mos are designed for the intron /exon boundary which blocks the pre-mRNA
splicing (splicing Mo) (Draper, Morcos et al. 2001), thereby generating a truncation of the
protein. These morpholinos work by the following mechanism: in an normal situation the
spliceosome binds to the pre-mRNA ands starts splicing the introns out but when we have a
morpholino for the intron/exon boundary it prevents the splicing of the intron in the mRNA
which eventually has a stop codon in the sequence, which after translation gives rise to a
non-functional or altered truncated protein.

5.2.3.1.1 Splice morpholinos
I have designed a morpholino sequences against exon/intron boundaries for the boundary
between the exon 13 and the following intron of fm ila and for the boundary between the
exon 14 and the following intron offm i2, with the intention that fm ilaM o would create a
truncation in the EGF-like 5 domain and fmi2 Mo would create a truncation after the EGFlike 8 domain. Injection of 6.4 ng of either fm ila or fm i2 Mo alone does not show any
defective phenotype (Figure 5.6 C, D, G, H,). Injection of both Mos causes a weak
convergent extension phenotype; leading to delayed development, a curly down tail, small
eyes and heads at pharyngula stage (75%, n=88). (Figure 5.6.1, J). At higher doses, injected
embryos had a more severe phenotype with shorter trunk and tail, but frequently this was
coupled with cell death in the brain at late stages (data not shown).

Although the curly down tail phenotype offmila;fmi2 morphants is not clearly indicative
of CE defects, analyses with different markers showed that gastrulation movements are
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weakly affected. At tail-bud stage, fm ila + fmi2 morphants showed a slightly posteriorly
located prechordal plate (h g g l\ a wider neural plate {dlx3\ a wider notochord (ntl) (74%,
n=72), laterally expanded presomitic mesoderm (papc) (68%, n=33) and occasionally these
defects were associated with epiboly defects in the posterior region (33%, n=37) (Figure
5.7. C, D, E, F and data not shown). These results suggest that two fm i genes are
functionally redundant in regulating CE. However, to obtain more conclusive results I had
to design morpholinos against the 5’ prime region after reaching the full-length of the
sequence for fm ila and fmi2.
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Figure 5.6. Injection of splice Morpholinos (Mos) in wild type embryos. Wild type
embryos at pharyngula stage (A, B, E, F), WT embryos injected with 6.4 ng Fmi-2 splic
ing Mo alone (C, D), WT embryos injected with 6.4ng Fmi-la splicing Mo alone (G, H)
and WT embryos injected with the combination of Mos (6.4ng total amount) against
Fmi la and Fmi2 (I, J). Lateral views where anterior is left (A, C, E,G, I) and frontal views
of the head region (B, D, F, H, J).
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Figure 5.7. Injection of splice Mos and characterization at tail bud stage. Injection of WT
embryos with the combination of splicing Mos (6.4ng total amount) against Fmila and
Fmi2. Lateral views of tail bud stage wild type embryos (A) and splicing morphants for
Fmi a and Fmi2 (D). Dorsal views of tailbud stage wild-type (WT) (B) and morphants
(WT + Fmila-Mo+Fmi2-Mo) embryos(C dorsal view; E, dorsal view; F, vegetal view).
Anterior is up except in A, D, F and genes analysed are indicated bottom right. Abbre
viations: psm, presomitic mesoderm

134

5.2.3.1.2. 5’- prime morpholinos
After screening the different gastrula libraries and searching for the possible fm i sequences
against the Sanger Centre genome database, I realised that there was a third fm i gene, which
I identified as fm i lb . I have designed a morpholino against the 5 s prime region against
fm i lb besides designing morpholinos against the 5’ prime region for fm ila and fmi2.

Firstly, I analysed the effects o f combination of the Mos against fm ila and fm ilb at
pharyngula stage. Injection o f 6.4ng o f either single Mo causes a very mild phenotype,
being associated with slightly shorter yolk extension, at pharyngula stage (Figure 5.8.C, D,
E, F). Application o f both morpholinos leads to a more severe and consistent phenotype in
which yolk extension is shorter in the double morphant than either single morphant,
indicating a weak inhibition o f gastrulation movements (45%, n=86) (Figure 5.8. G, H).
Consistent with these results, the prechordal plate (h g g l) was slightly posteriorly mispositioned and the notochord (ntl) and neural plate (dlx3) were wider compared with wild
type embryos (50%, n=52) (Figure 5.9. D, E, F,). Correlated with this, the morphant
embryos had a shorter body axis (Figure 5.9.F). Additionally, fm ila + fm ilb double
morphants at tail bud stage had epiboly defects in the posterior region and the presomitic
mesoderm was affected (papc) (40%, n=23) (Figure 5.9. G, H).

Secondly, I investigated the effects of combination of the Mos against fm ila and fmi2 at
pharyngula stage in wild type embryos. Injection of 8ng of either single Mo causes a very
weak phenotype at pharyngula stage. The single morphants exhibited a slightly curly down
tail phenotype and a yolk extension (Figure 5.10.C, D, E, F). Injection of 8ng (total
amount) of both morpholinos leads to a more severe and consistent phenotype. Injection of
low concentrations (4ng) leads to a more reduced yolk extension in the double morphant
than either single morphant indicative of weak inhibition of gastrulation movements
(Figure 5.10. G, H). But application of both morpholinos at higher concentrations (8 ng)
leads to a severe curly down tailed phenotype with severe problems in the yolk extension
(Figure 5.10. I, J). Consistent with these results, analyses with different markers for
gastrulation, the usual triple mix of RNA probes (hggl, dlx3, ntl) showed that gastrulation
movements are affected. As a result, fm il a + fm i2 double morphants at tail-bud stage
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showed a slightly posteriorly mis- positioned prechordal plate (hggl), wider neural plate
(dlx3), a shorter and thicker notochord (ntl) (60%, n=95) (Figure 5.11. C, D, E, F). Related
with these data, all the morphant embryos had a shorter body axis (Figure 5.10).

All these data suggest that there is a functional redundancy between of fm ila and fmi2
genes in regulating CE during gastrulation. In the end, the reason why the CE phenotype
caused by any combinations o f two fm i Mos was very mild could be due to functional
redundancy with the third fm i gene. Alternatively, it could be due to maternal contribution
of Fmi proteins, which cannot be cancelled by a Mo approach.

Consequently, in order to abrogate Fmi functions during gastrulation, I injected maternalzygotic (MZ) off-road (ord)/fmi2 mutants with fmila+fmilb 5’-prime morpholinos with the
purpose to generate a possible triple knock down of the three fm i genes that are expressed
maternally and zygotically during gastrulation. This was done in off-road mutants which
were found by Hitoshi Okamoto laboratory in a screen for neuronal migration defects in
facial motor neurons. The phenotype o f these mutants was confirmed by defects in
migration of facial motor neurons at 36 hpf (data not shown). At tail bud stage Mz ord
embryos did not show any defects in convergent extension movements, although they
exhibited a slightly wider but not shorter notochord (90%, n=40) (Figure 5.12. A, B) and a
delay in epiboly in the posterior region (70%, n=32) (Figure 5.12. D, E). The dorso-ventral
patterning remained unaffected in the Mz ord mutants by staining with bmp2b and chordin
(71%, n=32; 50%, n=25) (Figure 5.12. G, H, J, K).

Injection of the two morpholino against fm ila and fm i lb in Mz ord mutants showed a
thicker notochord and wider presomitic mesoderm, indicating a defective convergent
movement (66%, n=52) (Figure 5.12. C, F). This could be more associated with defective
epiboly, which is reminiscent o f epiboly mutants such as half baked, avalanche, lawine,
and weg where the epibolic movements of the DEL, YSL and EVL cells can be uncoupled
from each other (Kane et al.1996; Solnica-Krezel at al., 1996, Kane and Adams, 2002).
Therefore, these defects are due primarily to epiboly deficiencies but secondarily they
could weakly affect the CE movements. The dorso-ventral patterning remained unaffected
in the injected mutants since the staining with bmp2b and chordin in mutant embryos is
similar to wild type embryos (40%, n=12; 30%, n=15) (Figure 5.12. G, H, J, K, I, L).
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Figure 5.8. Injection of 5’- prime Mos (Fmila + Fmi lb) in wild type embryos.Wild type
embryos (A, B), WT embryos injected with 6.4 ng Fmi-la Mo alone (C, D), WT embryos
injected with 6.4ng Fmi-lb Mo alone (E, F) and WT embryos injected with the combina
tion of Mos (6.4ng total amount) against Fmila and Fmi lb (G, H). Lateral views where
anterior is left (A, C, E,G) and frontal views of the head region (B, D, F, H). Arrows indi
cate the length of yolk extension.
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Figure 5.9. Injection of WT embryos with the combination of Mos against Fmila and
Fmi lb and characterization at tail bud stage (6.4ng total amount) Dorsal views of
tailbud stage wild-type (WT) (A) and morphants (WT + Fmila-Mo+Fmilb-Mo)
embryos( D) stained for hggl. dlx3. ntl. Animal views and lateral views of tail bud stage
WT embryos (B, C ) and double morphants (WT + Fmila-Mo+Fmilb-Mo) (E, F).
Dorsal views of tail bud stage wild type embryos (G) and morphants for Fmi a and
Fmi lb stained for papc (H). In dorsal views anterior is up and in lateral views anterior
is left. Genes analysed are indicated bottom right.
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Figure 5.10. Injection o f wild type embryos with 5'-prime Fm ila and Fmi2 Mos . Wild type
embryos (A, B), WT embryos injected with 8ng Fm i-la Mo alone (C, D), WT embryos injected
with 8ng Fmi2 Mo alone (E, F) and WT embryos injected with the combination o f Mos against
Fmi la and Fmi2 at low concentrations(4ng) (G,H) WT embryos injected with the combination o f
Mos against Fmi la and Fmi2 at high concentrations (8ng ) ( I, J ) . Lateral views where anterior
is left (A, C, E,G, I) and frontal view s o f the head region (B, D, F, H, J).
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Figure 5.11. Injection of wild type embryos with 5’- prime Fmi la and Fmi2 Mos and character
ization at tail bud stage Wild type embryos at tail bud stage (A, B), and WT embryos
injected with the combination of Mos against Fmila+Fmi2 at low concentrations (4ng)
(C, D) WT embryos injected with the combination of Mos against Fmila+Fmi2 at high
concentrations (8ng) (E,F). Expression of dlx3 stains for the anterior edge of neural plate
(np) and hggl stains the polster (po) and ntl stains the notochord (no).
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5.2.3.2.The dominant negative approach:
The dominant negative approach is based on the prediction that a truncated form of the
protein may block a function o f the endogenous protein and this approach was done to
complement the morpholino approach. Fmi appears to have two distinct functions; one
function involved in cell adhesion through the extracellular cadherin domain (Usui et al.,
1999) and other function that is probably related to signalling (Shima, Kengaku et al.
2004). Therefore, to try to block a signalling function o f Fmi, as fm i encodes a 7 passtransmembrane protein, one possible approach was to take the intra-cellular domain of Fmi
and to target it to the membrane in an attempt to specifically block a putative signalling
function of Fmi.

For these reasons, I have made constructs in which the intracellular domain of either Fmila
or Fmi2 is fused to a membrane target signal (an N-terminal myristoylation signal of Lyntyrosine kinase) to generate Lyn-Fm ila and Lyn-Fmi2, respectively. Injection of RNA
encoding the intracellular domain of Fmi2 did not show any phenotype in wild type
embryos (data not shown). Injection of Lyn-Fmila or Lyn-Fmi2 RNA (lOOpg) at one-cell
stage in wild type embryos leads to a shorter body axis, dorsal flexure in the posterior
region with fused eyes at pharyngula stage (Figure. 5.13 C, D and E, F). This phenotype
resembles a sib (wntl l);ppt (wnt5) double mutant, which arises from severely disturbed CE
movements during gastrulation (Kilian et al, 2003). This result raises an interesting
question of how this mutant form o f Fmi acts together with the non-canonical Wnt
pathway. Lyn-Fmi could be a dominant negative form of Fmi by blocking the Wnt/PCP
pathway possibly through signalling function of Fmi. To test this idea, I looked at different
markers at tail bud stage. Wild type embryos injected with a high dosage of Lyn-Fmi2
resembles slb;ppt mutants, in that the anterior-posterior axis is shorter, the notochord is
shorter and wider, the neural plate is wider, and the precordal plate is posteriorly mispositioned (61%, n=102) (Figure 5.13 G, H, I, J).

Overexpression of Lyn-Fmi at high concentrations (lOOpg) in wild type embryos causes a
lateral expansion of the presomitic and head mesoderm (papc and snail2) at tail bud stage
(62%, n=42; 73%, n=34) (Figure 5.14. A, B, C, D). However, dorso-ventral and antero142

posterior patterning remains unaffected as the dorsal marker chd and ventral marker bmp2b
are unchanged (58%, n=21; 63%, n=14) (Figure 5.14. E, F, G, H). Additionally, these
embryos show the telencephalic marker emxl is unchanged while expressed in the correct
position, although its expression domain is laterally expanded, reflecting reduced
convergence of the neural plate (76%, n=32) (Fig. 5.15. E, F). The midbrain marker pax2.1
is unchanged while the eye field marker rx3 suffers a complete reorganization; size of the
rx3 domain is decreased (85%, n=79) (Figure 5.15.A, B, C, D). There is a lateral expansion
of presomitic mesoderm similarly to the slb;ppt double mutant in the posterior region of the
embryo and the A-P axis is also much shorter (80%, n=l 11) (Figure 5.15. C, D) (Kilian et
al, 2003).

All together, these results suggest that over-expression of Lyn-Fmi leads to severely
defective CE movements but no epiboly movement defects.
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Figure 5.13. Overexpression of Lyn-Fmi causes defective CE movements and is similar
to sib. Wild type embryos (A, B), WT embryos injected with 50pg of Lyn-Fmi RNA (C,
D), WT embryos injected with lOOpg of Lyn-Fmi RNA(E, F) at phayngula stage.Lateral
views where anterior is left (A, C, E,) and frontal views of the head region (B, D, F). At
tail bud stage wild type embryos lateral and dorsal views (G,H) and wt embryos injected
with Lyn-Fmi RNA (lOOpg) lateral and dorsal views (I,J).In dorsal views anterior is up
and in lateral views anterior is left. Genes analysed are indicated bottom right.
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Figure 5.14. Wild type injected embryos with Lyn-Fmi have a lateral expansion of the
head and presomitic mesoderm without affecting the D-V patterning. (A-D) Dorsal
views of tailbud-stage wildtype (WT) and WT embryos injected with lOOpg Lyn-Fmi
RNA. (E-H) Lateral views of 80% epiboly wild-type (WT) and WT embryos injected
with Lyn-Fmi embryos. Anterior is up and genes analysed are indicated bottom right.
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Figure 5.15.Overexpression of Lyn-Fmi causes a lateral expansion of the prospective
telecephalon and reorganization of the eye field and prospective midbrain.Dorsal
views of tailbud-stage wildtype (WT) and WT embryos injected with 100 pg Lyn-Fmi
RNA (A-D) and animal views (E, F). Anterior is up and genes analysed are indicated
bottom right. Arrows show the reduction in the body length along the of the anteriorposterior axis.
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5.2.3.2.1.Genetic interactions of Fmi with sib mutants
I tried to address the question of whether Lyn-Fmi acts as either a dominant negative or a
constitutive active form since both gain of function experiments and loss function
experiments o f PCP genes lead to apparently similar phenotypes (Carreira- Barbosa et al,
2003; Jessen et al, 2002).

First of all, I tested genetic interaction of fm i with sib mutants by injecting sib embryos
with 5’- prime morpholinos against fm ila and fmi2. At pharyngula stage the sib phenotype
is enhanced because the distance between the eyes is severely reduced according to
increasing dose o f injection of double morpholinos. At very high concentrations (8ng) the
eyes become cyclopic (Figure 5.16. B, D, F). In addition, in the posterior region there was a
severe reduction of the yolk extension dependent on the concentration of injection of the
morpholinos against fm ila and fm i2 at pharyngula stage (Figure 5.16. A, C, E).

At tail bud stage, using the triple mix of RNA probes (hggl, dlx3, ntl) showed that
gastrulation movements were affected. The sib mutants injected with the double
morpholinos fm ila and fm i2M os showed a shorter body axis, a wider notochord and the
distance between prechordal plate and notochord is severely reduce compared with either
the single mutant or the double morphants (66%, n=114 for both low and high
concentrations) (Figure 5.16. G, H, I, J, K, L). These results prove that Fmi is a positive
regulator of the Wntl 1 signaling pathway.

Secondly, I tested whether Lyn-Fmi overexpression in sib embryos leads to a similar
phenotype of sib embryos injected with fm i-Mos. If Lyn-Fmi injection blocks the Wnt/PCP
pathway thereby leading to a convergent extension phenotype, it might block both
endogenous functions o f Fm ila and Fmi2, which act as positive regulators of the Wnt/PCP
pathway. I injected with Lyn-Fmi RNA at high and low doses in sib mutants. By doing this
experiment I detected an enhanced sib phenotype at pharyngula stage: a shorter embryonic
axis and complete cyclopia (Figure 5.17. A, B, C, D, E, F). At tail bud stage more than 50%
(n=67) of sib embryos injected with Lyn-Fmi also showed more defective CE movements
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as compared to sib embryos, with the consequence that the prechordal plate remained
posteriorly located beneath the neural plate and distance between prechordal plate and the
notochord is severely reduced (50%, n=67) (Fig. 5.17.G, H, I, J). This result indicated that
Fmi might function as positive regulator in the Wnt/PCP pathway or in parallel to this
pathway. Taken together, these results suggest that Lyn-Fmi acts as a dominant negative
form of Fmi.
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Figure 5.16.Genetic interactions o ffm i with sib mutants, sib mutant embryos (A, B), sib embryos injected with 4ng
o f the combination o f Mos against Fmila+Fmi2 (C, D), slb embryos injected with 8ng o f the combination of Mos
against Fmila+Fmi2 ( (E, F ) . Lateral views where anterior is left (A, C, E) and frontal views of the head region (B,
D, F). sib embryos at tail bud stage (G,H), and sib embryos injected with the combination of Mos against Fmila+Fmi2
(4ng) (I, J) sib embryos injected with the combination o f Mos against Fmila+Fmi2 (8ng) (K, L). Dorsal views where
anterior is up (A, C, E,G, I, K) and lateral views (B, D, F, H, J, Lj.Expression o f dlx3 stains for the anterior edge of
neural plate (np) and hggl stains the polster (po) and ntl stains the notochord (no).Arrows indicate the distance between
the polster and the notochord.
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Figure 5.17. Overexpression of Lyn-Fmi RNA in sib embyos. Sib embryos (A, B), sib
embryos injected with 50 pg of Lyn-Fmi RNA (C, D), sib embryos injected with lOOpg
of Lyn-Fmi RNA (E, F) at phayngula stage. Lateral views where anterior is left (A, C,
E,) and frontal views of the head region (B, D, F). At tail bud stage sib embryos lateral
and dorsal views (G,H) and sib embryos injected with Lyn-Fmi RNA (lOOpg). Lateral
and dorsal views(I, J). In dorsal views anterior is up and in lateral views anterior is left.
Genes analysed are indicated bottom right. Dots mark the edge of neural plate.
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5.2.3.2.2.Transplantation experiments
To understand which aspect o f cell movements is defective during gastrulation when Fmi
activity is compromised, I assayed the behaviour of small groups of cells over-expressing
Lyn-Fmi in a wildtype environment. To achieve this, differentially labelled wildtype (red
cells) and Lyn-Fmi overexpressing cells (green) were transplanted into the germ rings of
wild-type host embryos either in the shield or lateral to the shield (Fig. 5.18.A). Following
transplantation, convergence and extension movements redistribute the wild-type cells
along the antero-posterior axis by tail bud stage (Figure. 5.18) (Heisenberg et al., 2000).

The red wild type cells labelled with rhodamin-dextran (RDx) and overexpressing Lyn-CFP
tend to have a more cohesive behaviour (clusters) if they are transplanted to the shield
compared with the green cells labelled with fluorescein-dextran (FDx) and overexpressing
Lyn-Fmi (Fig. 5.18. B, C, D, G). The green cells over expressing Lyn-Fmi cells, that
reached the midline, tend to be more disperse. This behaviour was detected in 50% of the
transplanted embryos (n=55). In situations where labeled cells were transplanted lateral to
the shield, the cells overexpressing Lyn-Fmi-EGFP seem not to spread so much (Figure
5.18. E, F). However, these results are not significantly different to reach any specific
conclusion, as to whether the Lyn-Fmi overexpressing cells inhibit or promote the CE
movements.
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5.2.3.2.3.Localization of key regulators of the pathway using an in vivo imaging assay
From previous studies in Xenopus it was proposed that in cells undergoing CE movements,
it is necessary that Dsh is translocated to the membrane by the Fz receptor (Rothbacher,
Laurent et al. 2000; Umbhauer, Djiane et al. 2000; Wallingford, Rowning et al. 2000).
Could Lyn-Fmi disrupt the Fz-Dsh complex that is formed at the membrane to activate the
Wnt /PCP pathway and thereby blocking this pathway? To address this question I have
established an assay to measure subcellular localisation of proteins in the living embryo
that is presumably a direct read-out for the establishment of CE. In this assay, I co-injected
RNA enconding Dsh-GFP and Fz7 at one cell stage, followed by confocal analysis of living
embryos at early gastrula in zebrafish (Figure 5.19). When Dsh-GFP is expressed in animal
pole blastomeres, it predominantly localises to the cytoplasm, sometimes associated with
vesicle-like structures (100%, «=10) (Fig. 5.19 A). This presumably reflects the
requirement o f Dsh to localise to vesicles for canonical Wnt signalling (Capelluto,
Kutateladze et al. 2002). In response to Fz7, Dsh is targeted to the membrane (90%,n =30)
(Fig. 5.19.B), but this is partially inhibited by injection of Lyn-Fmi because Dsh remains at
the membrane in a punctuated fashion (70%, n=26) (Fig. 5.19.D). In a control experiment
o f co-injection, with same previous conditions of Dsh-GFP and Lyn-Fmi, Dsh is not
recruited to the membrane by Lyn-Fmi (5.19.E). Dsh-GFP localizes in the cytoplasm. By
contrast, Lyn-Fmi alone is not sufficient for the re-localization of Dsh.

This punctuated localisation o f Dsh caused by Lyn-Fmi raises the question as to whether
Lyn-Fmi and the complex Fz/Dsh co-localize or they are mutually exclusive. To answer
this I did the same kind o f imaging of animal pole cells of embryos at 40% epiboly that had
been injected with RNA encoding Dsh-GFP, Fz7 RNA and Lyn-Fmi-RFP RNA. Firstly, I
detected the red channel that enables the visualization of Lyn-Fmi-RFP and it localizes only
at the membrane as would be expected (Figure 5.20.A,). The green channel enables the
visualization of Dsh-GFP and it localizes in the cytoplasm and in the membrane in a
punctuated manner (Figure 5.20.B). The overlay of the two channels in the same region of
the embryo shows, that Lyn-Fmi-RFP and Dsh-Fz7 complex co-localize (yellow regions in
the membrane) (Figure 5.20.C).
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5.2.3.3.Localization o f Fmi protein
In Drosophila, sub-cellular polarised localisation of proteins acting in the PCP pathway
provides a read-out for activity o f the pathway (Axelrod, 2001; Strutt, 2001, Tree et al.,
2002). Therefore, I hypothesized that sub cellular localisation of Flamingo protein might
provide us with a clue for directional indications with respect to the direction of cells
undergoing CE. To visualise endogenous Fmi, a polyclonal antibody was raised against the
cytoplasmic region o f the zebraflsh Flamingo 2 in rabbits. The antigen was prepared
initially by the production o f Fmi-GST fusion protein in Escherichia coli, followed by
purification of Fmi protein by cleavage of Fmi-GST protein and then the purified protein
was injected in rabbits to create an antibody. In a preliminary assay by western blot analysis
o f extracts from animal caps o f Xenopus embryos injected with RNA encoding the
intracellular of fm ila or fm i2 , the specificity of the Fmi2 antibody was proved and there
was no cross reaction with Fmi proteins (Figure.5.21A).
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5.2.3.3.1. Purification and refinement of Fmi antibody
In order to get rid o f the high background in whole-mount Fmi antibody staining I have
done the purification of this antibody through a series of production and purification steps.
First, I did large-scale purification, in E.coli cells after IPTG induction and then the protein
extract was prepared by sonication in PBS containing complete protease inhibitor cocktail.
The extract was applied onto a GST column that had been equilibrated. After washing with
the correct buffer extensively a ProScission enzyme was added onto the column to release
the Fmi2 protein from GST. The eluate was further purified onto a Q sepharose ion
exchange column. After this step, the protein purified was eluated and dialised against PBS.
For purification o f Fmi2 antibody, the GST-Fmi2 fusion protein was eluated in a
glulathione buffer from GST column, instead of using the ProScission enzyme.
Subsequently, by choosing the sample from the eluate with highest concentration of protein
from the last column and passing it through a GST-FMI affinity column previously made
(Hi-Trap affinity columns). The anti-Fmi serum (antigen raised in rabbits from Eurogentec)
was then applied to the affinity column and eluated in the presence of 0.3mM glycine. The
eluate was subsequently neutralised and dialysed against PBS. Between each step the O.D
(optical density) of the different samples was measured and all the proteins sizes were
checked in SDS page gels, (for a more detailed description see Chapter 2 section 2.2.7)
(Figure 5.21. B).

During this Ph.D. project I have been optimising the protocol and conditions for antibody
Fmi 2 staining (see Chapter2 section 2.2.8.2). I could visualize a reasonable antibody
staining in embryos injected with Lyn-Fmi2 RNA using confocal microscopy (Figure
5.2l.C.) However, it was not sensitive enough to recognise endogenous protein in the
gastrula embryos.

5.2.3.3.2.Possible localization of Fmi
An important question that I was trying to answer during this work was where Fmi protein
localizes in gastrulating zebrafish embryos. One of the approaches to possibly solve this
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was to visualize the protein localization by confocal analysis of living embryos at early
gastrula that were injected with tagged DNA constructs of a full-length of Fmi2-Venus,
Lyn-Fmi2-Venus or AN-Fmi2-Venus, which lacks the extracellular domain except the
signal sequence o f the protein (Venus is a YFP derivative) (Figure 5.22. A, B, C, D). FmiVenus localizes at the membrane particularly in the tips of long filopodia (Figure 5.22. A,
B), while Lyn-Fmi-Venus localizes uniformly at the membrane (Figure 5.22. C). In
contrast, AN-Fmi-Venus localizes only in the cytoplasm (Figure 5.22. D).

Western blot analysis was done with extracts from the embryos injected with DNAS
encoding Fmi2-Venus or Lyn-Fmi2-Venus using a GFP antibody. The GFP antibody
detected a band of 75 KDa from Fmi2-Venus and a band of 56 KDa from Lyn-Fmi2-Venus
construct. The 75 KDa band corresponds to the transmembrane region plus the cytoplasmic
tail of Flamingo, raising the possibility that this could be a cleaved form of Fmi protein
(Figure 5.22.E). In addition to confirm this, the second western blot analysis was done with
extracts from zebrafish embryos injected with same DNAs constructs using the Fmi2
antibody which recognizes the intracellular domain (Figure 5.22.E). The Fmi2 antibody
detected the same bands o f 75KDa and 56KDa for Fmi2-Venus and Lyn-Fmi2-Venus,
respectively (Figure 5.22F). Taken together, these results suggest that Fmi may function in
the formation of filipodia and that its ability to induce the cellular processes may correlate
with a cleaved form of Fmi.
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5.3.Discussion
5.3.1. Expression patterns
fm ila and fm i2 have a high degree sequence homology with fm i genes across species
(Figure 5.1.)- The fm i genes are conserved across species from Caenorhabdtis elegans,
Drosophila, to three paralogs in mouse {celsrl-3). These data suggest that origin of this
gene family is ancient (Hadjantonakis, Formstone et al. 1998). In addition there are three
flamingo genes CELSR1-3 in humans (Nakayama, Nakajima et al. 1998; Wu and Maniatis
2000). In the teleost lineage there was an event of a genome duplication early in evolution
(Taylor, Van de Peer et al. 2001; Van de Peer, Taylor et al. 2001), eventually some
zebrafish genes are duplicated, although the two copies, or even more, are usually divergent
in timing and/or sites of expression. This event can be explained by the different roles they
have in the development o f the embryo as well as the different functions they have in
different stages o f development. However, the most intriguing question is to know what is
the possible functional redundancy within this gene family. In Drosophila the fm i gene is
an essential component o f the planar cell polarity and for the correct formation of dendritic
fields within the peripheral nervous system (PNS) (Chae et al., 1999, Usui et al., 1999).
Fmi regulates the pattern formation o f neuronal process of both axons and dendrites (Usui
et al., 1999 (Gao, Kohwi et al. 2000). In mouse celsrl and celsr2 are expressed during early
development, during gastrulation, in the developing brain, in the developing central nervous
system (CNS) and epithelia. Mouse celsr3 is expressed specifically during active
neurogenesis. Mouse celsrl in is mainly expressed specifically in the brain in the vicinity
of the node, anterior extremity of the primitive streak (Hadjantonakis, Formstone et al.
1998). celsr2 is expressed in the anterior neural ectoderm and celrs3 starts to be expressed
during somitogenesis (Formstone and Little 2001; Shima, Copeland et al. 2002). Each of
the celsr genes is expressed prominently in the developing brain with a specific pattern,
suggesting that they serve distinct functions in the CNS, playing a very important role in
brain development. It is speculated that Celsrl is implicated in nerve cell proliferation and
Celsr3 is implicated in nerve cell differentiation and Celsr 2 may has a less specific role in
the development of the nervous system (Shima, Copeland et al. 2002; Tissir, De-Backer et
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al. 2002). Additionally, mouse celsr 1-3 are involved in the PCP formation in the inner ear
and they are expressed in the hair cells, mainly in the stereocilia (Shima, Copeland et al.
2002). Furthermore, celsrl and celsr2 are detected in early gastrulation events, which
correlate with the pattern o f expression in fm il a and fmi2 and a possible role of those genes
in regulating convergent extension movements. In addition, the pattern of expression of
fm i la and fm i 2 during gastrulation in zebrafish is similar to their orthologues in other
vertebrates (expression in the shield and presumptive notochord) (Figure 5.2.; figure 5.3;
Figure 5.4; Figure 5.5 and Figure 5.6). The zebrafish fm i genes might have roles in
regulating convergent extension movements due to the dorsal expression of these genes.

In all vertebrates examined, fm i genes are consistently expressed very early in
embryogenesis and subsequently in the developing nervous system. In mammals, the
identification of mouse mutants o f Celsr 1, spin cycle and crash, provides the first evidence
for the function o f Flamingo genes family in planar cell polarity in mammals. The
expression pattern of this gene is correlated with neural tube defects. It further supports the
involvement o f planar cell polarity pathway in vertebrates that might control convergent
extension movements at early stages and also neurolation at late stages of embryogenesis
(Curtin et al., 2003). It is also interesting that two other mouse mutants that have severe
neural tube defects (NTD) phenotypes are also involved in the vertebrate PCP pathway, the
Lppl/Ltap or strabismus mutant (Murdoch et al., 2001; Kibar et al., 2001) and the double
knockout dishevelled 1 & 2 (Hamblet et al., 2002), reinforcing the idea that normal
convergent extension is essential for neural tube closure.

5.3.2. Loss o f function- M orpholino approach
Firstly, the result obtained with the splice morpholinos suggest that fm ila and fmi2 genes
are functionally redundant in regulating CE movements. At phaiyngula stage, they have a
typically curly down tail phenotype and at tail bud stage the embryos have a slightly
posteriorly located prechordal plate (h g g l), wider neural plate (dlx3\ a wider notochord
(ntl), epiboly defects in the posterior region and laterally expanded presomitic mesoderm
ipapc) (Figures 5.6 and 5.7). These morpholinos weakly affect the CE movements.
Similarly, the combination of the 5’ prime morpholinos against fm ila and fm i 2 led to a
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weak CE phenotype even at higher concentration (Figure 5.10). These results suggest that
the third fm i gene exposed during gastrulation may compensate the function of fm i la and
fmi2 in regulating CE. Indeed, analyse o f the combination of 5’- prime morpholinos, Mo
fm ila and Mo fm i lb , at pharyngula stage led to a weak phenotype of inhibition of
gastrulation movements (Figure 5.8). At tail bud stage the embryos had epiboly defects in
the posterior region and the presomitic mesoderm was affected (papc). In addition, the
prechordal plate was posteriorly mis-positioned, the notochord and neural plate were wider
as compared with wild type embryos (Figure 5.9). Taken together, these results indicate
that three fm i genes are functionally redundant in regulating CE.

To test whether three fm i genes are functionally redundant, I also abrogated the functions of
the three genes during gastrulation by injecting maternal-zygotic (MZ) off-road (ord)/fmi2
m utants with fm ila + fm ilb 5’-prime morpholinos. Surprisingly, the mutants with
compromised Fmi function exhibited epiboly defects whereas the dorso-ventral patterning
remained unaffected (Figure 5.12.). Associated with epiboly defects, the fm i triple
mutant/morphants showed weakly defective CE movements (Figure 5.12.). Probably these
defects are due primarily to disrupted epiboly movements and consequently CE movements
are weakly affected as seen in epiboly mutants such as half baked, avalanche, lawine, and
weg (Kane and Adams, 2002).

5.3.3. Dominant negative approach
The dominant negative approach is based on the prediction that a truncated form of the
protein may block a function o f endogenous protein to complement the morpholino
approach. Fmi appears to have two distinct functions an extra-cellular function involved in
cell adhesion (Usui et al., 1999) and other functions that are probably related to signalling
(Shima, Kengaku et al. 2004). Therefore, to try to block the signalling function of Fmi I
have made a construct in which the intracellular domain of Fmi is fused to a membrane
target signal of Lyn to generate Lyn-Fmi.

Injection of Lyn-Fmi2 RNA in wild type embryos at high doses leads to a shorter body
axis, dorsal flexure at the posterior region with fused eyes at pharyngula stage (Figure.
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5.13). This phenotype resembles the sib (w n tll);ppt (wnt5) double mutant, which arises
from severely disturbed CE movements during gastrulation. This construct could be a
putative dominant negative form o f Fmi by blocking the non-canonical/Wntl 1/PCP
pathway through a possible signalling function of Fmi. To support this idea, the injected
wild type embryos with high dosage of Lyn-Fmi2 resemble slb;ppt double mutants
indicating that these embryos have defects in CE movements by inhibiting the Wnt/PCP
pathway (Figure 5.13., Figure 5.14, Figure 5.15) (Kilian et al, 2003; Carreira- Barbosa et
al.,2003).

It remains to be addressed if Lyn-Fmi acts as a constitutive active form or as a putative
dominant negative form of Fmi as gain o f function and loss of function of the PCP genes in
zebrafish leads to similar defective phenotypes (Carreira- Barbosa et al., 2003; Jessen et al,
2002). To address this, first of all, I overexpressed Lyn-Fmi in sib mutants. I detected an
enhanced sib phenotype at pharyngula stage and especially at tail bud stage, the prechordal
plate is severe displaced caudally in the sib -/- embryo injected with Lyn-Fmi (Fig. 5.17.).

Secondly, I injected sib embryos with fm i Mos to see if abrogation of Fmi leads to an
enhancement of the sib phenotype. As enhanced by Lyn-Fmi, injection of fm i Mos
enhanced the sib phenotype at pharyngula stage because the distance between the eyes is
severely reduced according to the increasing dose of the double morpholinos. Also, in the
posterior region of these embryos there was a severe reduction of the yolk extension
dependent on the concentration of the morpholinos (Figure 5.16.). At tail bud stage, the sib
mutants injected with the double morpholinos against fm ila and fmi2 show a shorter body
axis, a wider notochord and the distance between the prechordal plate and notochord is
severely reduced compared with either the single mutants (Figure 5.16.).

These results indicate that Fmi might function in the Wnt/PCP pathway or in parallel to this
pathway as a positive modulator. Although Lyn-Fmi appears to be a dominant negative
form of Fmi in regulating gastrulation, it might even work as a context-dependent positive
or negative modulator o f Fz/PCP signalling, rather than just a downstream/upstream
component of the pathway. Therefore, it will be important to examine if Lyn-Fmi can block
caudal migration of facial motomeurons or if Lyn-Fmi can enhance a defective neuronal
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migration in ord/fmi2 mutants, as these mutants show a partially defective migration 0f
facial motor neurons (Hitoshi Okamoto personal communications).

To understand mechanisms by which Lyn-Fmi negatively regulates the Wnt/PCP pathway j
tried to analyse Lyn-Fmi interactions with other key regulators of the Wnt/PCP path\yay
using the in v/voimaging assay (section 5.2.3.2.3 of this chapter). I showed that Lyn-pmj
partially inhibits Fz7-dependent membrane localisation of Dsh and that Lyn-Fmi does not
recruit Dsh to the membrane by itself (Figure 5.19). Furthermore, the membrane locaziti0n
of Lyn-Fmi is not mutually exclusive of Dsh-Fz7 complex localization, but rather it is Co_
localized with Fz7/Dsh (Figure 5.20.). These data support the idea that Lyn-Fmi somehow
interacts directly or indirectly with the Dsh-Fz complex and thereby inhibits the Wnt/P^p
pathway. However, the assay develop here is not sufficient to conclude this. In the future, it
will be important to establish a direct-read out of CE movements in the embiyo such a DshGFP transgenic line generated to visualise its localisation in cells undergoing e g
movements.

5.3.4. Possible m echanism o f action of Fmi protein
In order to better understand the function o f Flamingo during gastrulation, I tried to look
into the subcellular localisation o f Flamingo protein that might correlate with the direction
of cells undergoing convergent extension. As a first approach, a polyclonal antibody was
raised against the cytoplasmic region of zebrafish Flamingo 2. In spite of the fact that the
Fmi2 antibody specifically recognises Fmi2, but not Fm ila (Figure 5.21), it was not good
enough to visualise endogenous protein in the embryo.

As an alternative approach, I did confocal analysis of living embryos that had been injected
with a DNA construct in which a full-length Fmi was tagged with Venus, an Ypp
derivative. In a preliminary experiment, Fmi-Venus localizes at the tips of long filopodia in
the pre-gastrula embryo (Figure 5.21). The following step will be to examine the
localisation of Fmi-Venus in cells undergoing CE. To do this, it might be necessary t0
generate a transgenic line in which Fmi-Venus is expressed under the control of an
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inducible promoter, such as a heat shock promoter, in ord/fmi2 embryos to avoid any gain
of function consequences.

Additionally, to try to answer how Fmi activity mediates cell behaviour during gastmlation
movements, using the in vivo imaging assay, I observed that Fmi2-Venus induces long
filopodia as compared with Lyn-Fmi2-Venus, the negative control. These results suggest
that the function of Fmi might act as, driving force of gastrulation movements or to react to
a polarity cue for CE movements (Figure 5.22).

To explore this working hypothesis I performed a western blot analysis of zebrafish
embryos injected with DNA enconding Fmi2-Venus or Lyn-Fmi2-Venus. It showed that
the GFP antibody detects a band o f 75 KDa with Fmi-Venus which corresponds to the
transmembrane region plus the cytoplasmic tail of the Flamingo protein calculated from
amino acid residues and therefore it might be a cleaved form of Fmi protein (Figure 5.22.).
This result suggests that the cleaved form of Fmi could act as a receptor or co-receptor in
response to directional cues still to be identified. This is supported by recent data showing
that an N-terminal truncated form of Fmi may act as a signalling receptor during dentrite
process outgrowth in mammalian neurons (Shima, Kengaku et al. 2004). Taking into
account with the observation that AN-Fmi-Venus is not found at the membrane (Figure
5.22), Fmi could be initially presented at the membrane as a full-length and then cleaved to
function as putative signalling receptor. In the future, it will be interesting to examine if the
ability of Fmi to induce long processes is correlated with a cleaved form of Fmi that might
act as signalling receptor independent of cell adhesion activity.

Finally, one of the most puzzling questions about Fmi is how distinct are its two possible
functions; cell adhesion and signalling. I found that triple fm i mutant/morphants exhibited a
more defective epiboly whereas embryos expressing Lyn-Fmi showed a severely defective
CE during gastrulation. One interpretation for these contradictory results is that a dosage
effect of Fmi is more sensitive to epiboly, when the cell adhesion function would be more
required, while Lyn-Fmi might preferentially block a signalling function of Fmi, rather that
its cell adhesion function. This hypothesis could be in part supported by observations that
E-cadherins morphant embryos and half baked mutant embiyos exhibit a defective epiboly
movement (Babb and Marrs 2004; Kane, McFarland et al. 2005) and this defect is primarily
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due to defective cell adhesion function (Montero, Carvalho et al. 2005). To complement my
approach, it will be important to examine if overexpression of another mutant form of Fmi,
which only has the extracellular domain including cadherin repeats without the 7 TM and
the cytoplasmic domains, leads to any defects in epiboly or/and CE during gastrulation.
Furthermore, it will be also intriguing to access cell adhesion activity of cells with
compromised Fmi function in the cell aggregation assays as done in Montero et al., 2005.

5.4. S um m ary
In this chapter, I describe the cloning o f zebrafish flamingo (fmi) genes and the
characterisation of the expression pattern of the fm i genes during zebrafish embryogenesis,
especially during gastrulation. To examine possible roles o f fm i genes during zebrafish
gastrulation, I have used various approaches: a morpholino approach, a dominant negative
approach with an in vivo imaging assay, transplantation assays, co-localization tests and
different studies of protein localization, fm i genes are required for proper gastrulation
movements and may act together with Wnt/Fz/Dsh in regulating CE but in a contextdependent manner. Taken together all the results, Fmi appears to have two functions: cell
adhesion and signalling. Future research in this field will involve to study the mechanisms
by which Fmi regulates epiboly and CE and to understand how its functions is related to
different forms o f Fmi in time and in space during gastrulation.

A ddendum
The regions of zebrafish fm ila and fm il that were used as probes for in situ hybridisations
analyses correspond to the C-terminus region of flamingo gene as seen in Figure 5.1. In
more detail the riboprobe generated for zebrafish fm ila comprises the laminin A globular
domains, cysteine rich regions, 7 transmembrane domains and the cytoplasmic tail, which
is 3730 base pairs long. The riboprobe for zebrafish fmi2 comprises the cysteine regions,
the 7 transmembrane domains and the cytoplasmic tail that is 3844 base pairs long.
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Additionally, fm ila and fm i2 probes used for in situ hybridisation studies in this chapter
might contain regions o f sufficient sequence identity to potentially cause cross
hybridisation between them although all the washes used in screening the zebrafish gastrula
libraries were done with high stringency. By using Blast analysis of the two sequences I
have obtained results o f 73 to 74% of identity within the 7 transmembrane domain
comprising sequences o f 150 to 280 nucleotides, which is relatively high identity. The
cross-hybridisation between riboprobes might be a concern in my studies due to the
similarities o f the expression patterns at early gastrulation stages. To overcome this
problem a more detail analysis should be done at later stages (24 hours post fertilization).

The expression pattern for fm i lb was study in detail by ours collaborators from Hitoshi
Okamoto lab, at early stage of gastrulation and later stages. The same team of collaborators
has been able to prove using Ensemble database centre during the execution of this thesis
that fm ila and fm ilb are both orthologues of Fmil because they belong to distinct linkage
groups or chromosomes; respectively fm ila belongs to chromosome 25 and fm ilb to
chromosome 8.

To determine the efficiency of gene knockdown by morpholinos additional controls should
have been done like for example injection at one cell stage of control morpholinos for 5
prime morpholinos that for example include 4 nucleotides mismatches and confirm if they
gave the same phenotype. Also for splice morpholinos experiments, control RT-PCR
reactions should have been performed in order to assess and quantify the effectiveness of
splicing inhibition.
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CHAPTER 6

G e n e r a l D is c u s s io n a n d f u tu r e d ir e c tio n s
In this thesis I have first analyzed briefly functions of Wnt5 and Wntl 1 ligands and of Fz2
and Fz7 receptors in regulating convergent extension (CE) movements in zebrafish. I
showed that Ppt/W nt5 is required for regulating CE movements in posterior
mesendodermal and ectodermal regions while its function in the anterior mesendoderm is
largely redundant to that o f Slb/Wntl 1 .1 also described preliminary experiments about the
specificity o f the Fz2 and Fz7 receptors to Wnt5 and Wntl 1 ligands. Based on gene
expression analyses, loss o f function and gain of function assays the interactions between
these Wnt ligands and Fz receptors works in a time-concentration-place dependent manner.

Furthermore, I described the isolation and functional characterisation of the zebrafish
homologue o f Drosophila prickle (phi) during gastrulation. I demonstrated that zebrafish
p k l functions together with Slb/Wntl 1 and Ppt/Wnt5 to regulate CE movements from
several experiments. Firstly, abrogation of Pkl function by morpholino leads to defective
convergent extension movements, enhances the silberblick (slb/wntl 1) and (pipetail/wnt5)
phenotypes and suppresses the ability of W ntll to rescue the sib phenotype. Secondly,
gain-of-function of Pkl also inhibits convergent extension movements and enhances the sib
phenotype. Thirdly, consistent with the results in flies (Tree et al., 2002), I found that Pkl
can destabilise Dsh and thereby block the ability of Fz to target Dsh to the cell membrane
by down-regulating levels o f Dsh protein. These results show that Pkl acts downstream of
the non-canonical Wntl 1/Wnt5 pathway to regulate convergent extension cell movements,
but it is unlikely to simply be a linear component of this pathway.

With regard to co-localization or differential localization of Dsh, although I observed that
Pkl inhibits Fz-mediated membrane localization of Dsh in static zebrafish animal pole
cells, other groups described that Dsh and Pk colocalise to the membrane in the presence of
Fz7 in static Xenopus animal pole cells (Veeman et al., 2003; Takeuchi et al, 2003). To
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solve this discrepancy, it will be important to visualize localizations of endogenous PCP
proteins in cells undergoing CE.

Finally, I described the isolation of zebrafish flamingo (fmi) genes and the characterisation
of the expression pattern o f the fm i genes during zebrafish embryogenesis, especially
during gastrulation. In order to examine possible functions of fm i genes during zebrafish
gastrulation, I have done this using various approaches: a morpholino approach, a dominant
negative approach with an in vivo imaging assay, transplantation assays, co-localization
tests and different studies of protein localization. Firstly, abrogation of Flamingo function
by the combination offm ila and fm i2 morpholinos leads to defective convergent extension
movements, enhances the silberblick slb/wntl 1 phenotypes and the ord/fmi2 mutants
defective epiboly phenotypes. The dominant negative approach with a mutant form of Fmi,
Lyn-Fmi, leads me to conclude that possibly Fmi is involved in the regulation of CE
movements by modulating the non-canonical Wnt pathway in a direct or indirect way.
Analyses o f Fmi protein based on over-expression of full-length Fmi fused with Venus
suggest that Fmi could be cleaved to be functional during gastrulation but it is necessary to
have the transmembrane domain to still be operative in gastrulation and it might have a
function in the formation o f filipodia during this stage of development in response to
putative directional cues. Nevertheless, Fmi might act as a context-dependent positive or
negative modulator o f the non-canonical Wnt /PCP signalling, rather than just a
downstream/upstream component of the pathway, as does Pk. My data support the idea that
Fmi might have two distinct functions: cell adhesion function mediated by the extracellular
domain o f cadherin repeats and signalling function mediated by the seven-pass
transmembrane and intracellular domains. These possible roles are consistent with recent
data by (Shima et al, 2004). Future research will be necessary to study more extensively
how Lyn-Fmi specifically blocks its signalling functions through the modulation of the
Wnt/PCP pathway.

Also, it will be important to understand mechanisms by which Fmi can regulate different
gastrulation movements such as epiboly and CE with respect to its cell adhesion and
signaling functions.
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6.1. D ifferen ces a n d sim ila rities b etw een th e v e rte b ra te sy stem and th e
PCP in Drosophila
Genetic data in zebrafish and functional analyses in Xenopus strongly support the idea that
there are several resemblances between the Wnt/Wg signaling pathways controlling
gastrulation movements in vertebrates and those controlling PCP in Drosophila. However,
regardless o f the similarities between these pathways, there are also considerable
divergences in both molecular and cellular contexts with respect to their outcomes.

One of the major differences is that the vertebrate non-canonical pathway includes Wnt
ligands, such as Silberblick (Wntl 1) and Pipetail (Wnt5), whereas no Wnt ligand is known
to be involved in Drosophila PCP signaling (review in Tree et al., 2002). It is very difficult
to prove a negative result and this is a dramatic difference in the way of the two pathways
function. Also, there is not enough evidence that the Wnt proteins implicated in vertebrate
CE act instructively as directional cues but rather they could have a more permissive role
(discussed in section 6. 3 of this chapter).

In zebrafish, several mutants o f the Wnt/PCP pathway, which have defects in CE
movements during gastrulation, have been characterized (Heisenberg et al., 2000; Rauch et
al., 1997, Kilian et al., 2003, Darken et al., 2002; Goto and Keller, 2002; Jessen et al.,
2002; Park and Moon, 2002; Veeman et al., 2003). Nonetheless, in the majority of the cases
studied, the precise cellular mechanism that gives rise to these phenotypes is not fully
understood. It has been speculated that the defects in CE movements in these mutants are
due to a failure of epiblast and hypoblast cells to elongate along their medio-lateral axes,
which is thought to be essential for medio-lateral cell intercalation behavior. It is still
unknown as to whether the lack of medio-lateral cell elongation is just a secondary event of
these cells not being able to move dorsally and intercalate or if the Wnt/PCP pathway
directly controls the orientation o f these cells and cell movement. Moreover, it is not clear
if we can fully compare medio-lateral elongation of cells during vertebrate gastrulation and
the polarization of Drosophila wing cells. As mentioned previously, the formation of a
wing hair at the distal location in the cell is guided by the asymmetric localization of key
regulators of PCP pathway along the cell proximal-distal axis. However, asymmetric
membrane localization o f the homologous proteins in epiblast and hypoblast cells
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undergoing CE movements has not yet been observed. One possible explanation for this
could be that the arrangement o f the tissues in which the Wnt-Fz/PCP pathway works is
different between Drosophila and vertebrates: a single plane versus a three-dimensional
plane for orientation of cells. While wing cells are organized in an epithelium with no space
between single cells, gastrulating cells in Xenopus and zebrafish look more loosely
associated and show massive movements in relation to each other and on the substrate to
which they attach (Keller et al., 2000; Glickman et al. 2003). Even though several
regulators of the PCP pathway are conserved between Drosophila and vertebrates, the roles
of these regulators in Drosophila PCP and vertebrate gastrulation could be quite different
because in vertebrates there is a dynamic cellular assembly that exhibits both epithelial and
mesenchymal features. Embryos are dynamic three- dimensional structures with several
layers o f tissues and with extensive movements, making the analysis very difficult to
perform studies of PCP protein localization as already done in Drosophila. Also, the PCP
pathway regulates the polarity of different structures: the trichomes of the wing, bristles on
the body, and the ommatidia of the compound eye; but always the structure is unipolar. On
the other hand, the non-canonical Wnt pathway in vertebrate gastrulation involves both
unipolar and bipolar cell morphologies (reviewed in Keller, 2002; Myers et al., 2002;
Wallingford et al., 2002).

One of the most important data is that the loss of function of Dsh, Vang/Stbm and Fmi/Stan
homologues results in neural tube closure defects in mouse. Neural tube closure in
vertebrate embryos requires proper CE movements of the neuroectoderm (Wallingford and
Harland, 2001; Goto and Keller, 2002). This indicates that these genes function in a
conserved pathway regulating CE in mammals (Kibar et al., 2001; Murdoch et al., 2001;
Hamblet et al., 2002; Curtin et al., 2003). The mouse homologues of Vang/Stbm and
Fmi/Stan are also necessary for proper polarity of sensory hair cells in the ear (Curtin et al.,
2003; Montcouquiol et al., 2003). The roles and connections of the vertebrate homologues
of the core PCP genes are not completely understood.
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6.2. F u n d am e n tal c h a ra c te ris tic s of th e fu n ctio n of th e PCP p ro tein s
This thesis proves that some genes that have been discovered to regulate cell polarisation
during PCP in Drosophila are conserved in the pathway that regulates convergent extension
during vertebrate gastrulation. The big task now is to find out if there is also a conserved
mechanism of cell polarisation acting in both the PCP and the non canonical Wnt pathway
in vertebrates. If this assumption is true, the main interest is to understand how broadly this
is observed in nature. So far, little is known about how the core PCP proteins function
together to translate a polarity signal into a three-dimensional plane of mesenchymal cells
in vertebrates. Furthermore, it is also not clear if the same proteins act together in all
contexts even in the same organism (Adler, 2002). Still there is necessity to characterize
protein-protein interactions o f these regulators and to reveal when they occur in vivo in
polarising cells in different tissues, as well as to improve the understand of the long-range
signals that control cell polarity in relation to the axes of the tissue, and the downstream
effectors, such as potential transcription factors, that conduct to alterations in cell structure
and movement.

Despite the fact that PCP genes are required for proper cell movements and morphology
during gastrulation (Heisenberg and Tada, 2002), it is still doubtful how these genes
function during gastrulation. They might either instructively establish the pattern of cellular
rearrangements within the embryo or they might act permissively by allowing cells to
interpret any patterning cues. My preferable interpretation is that the PCP genes
permissively act during gastrulation as the sib phenotype can be rescued with ubiquitious
over-expression of wnt 11 or AN-Dsh, which specifically activates the non-canonical
pathway (Heisenberg et al., 2000). Even though these roles are not always easy to
distinguish, as the cellular output might look very similar, they execute different functions.
If a gene is involved in instructively patterning morphogenetic movements, the gene
product itself must confer the patterning information that regulates cell movement and
morphology during gastrulation. On the contrary, genes that function permissively only
have the ability to translate a patterning signal but are not needed to give any patterning
information themselves. More specific experiments, such as specific misexpression of
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candidate genes, will help to make a distinction between these different functional
possibilities. For example, different aspects of the non-canonical Wnt pathway have been
involved with neuronal morphogenesis and neuronal migration. Strabismus/trilobite and
Prickle 1 are necessary for the proper migration of hindbrain facial motor neurons (lessen et
al., 2002, Carreira-Barbosa et al., 2003). In addition, Fmi has a role in dendritic and axonal
outgrowth, which is probably independent of the Wnt/Fz/Dsh pathway (Gao et al., 2000;
Shima et al.2004). Wnt/Fz/Dsh-dependent and independent activities of Fmi, Stbm and Pk
suggest that PCP genes may regulate the behaviour o f large populations of cells in a
Wnt/PCP-dependent way, while they may respond to directional cues to migration or
process outgrowth o f small groups o f cells via a mechanism independent of the non
canonical Wnt pathway.

6.3. R em aining a n d a risin g q u e s tio n s
The place within the gastrula where the key regulators of the Wnt non-canonical pathway
are necessary has not yet been established for most of the genes that regulate convergent
extension movements (Heisenberg and Tada 2002). Even though the expression pattern of
the majority of these genes has been established during gastrulation, this has provided only
a comprehensive picture about the distribution of RNAs coding for those gene products. In
contrast, the endogenous localization of the protein for almost these genes is yet unknown,
especially in zebraflsh. Studies in Drosophila have shown that the asymmetric localization
of PCP proteins, for example, is the crucial step in polarizing cells within the wing
epithelium (Strutt, 2002). The production o f functional antibodies directed against genes
with a morphogenetic function during vertebrate gastrulation will be necessary to visualize
the intra- and intercellular distribution of those proteins. Furthermore, the generation of
transgenic lines in zebrafish carrying GFP-tagged PCP proteins will allow us to visualize
polarized localization o f those proteins in the living embiyo. These approaches will help to
obtain details about the mechanisms by which these genes function during gastrulation.

One of the main challenges is to identify the complete array of direct and indirect outputs
by which a gene can utilize on the co-ordination of gastrulation movements. These genes
functions might be cell autonomous and non-autonomous and might depend on the
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interaction between populations of cells in different germ layers. Studies in Xenopus have
shown that mesodermal cells are necessary for the correct polarization and movement of
ectodermal cells during gastrulation, suggesting that the cellular interactions between the
germ layers are important (Elul and Keller R, 2000). Similarly, in zebraflsh, the YSL
appears to provide a substrate for the movement of hypoblast (mesendodermal) and epiblast
(ectodermal) cells during gastrulation (D'Amico and Cooper, 2001; Ulrich et al., 2003). It
was also shown that the movement o f yolk syncytial cell nuclei during gastrulation is
correlated with the CE movements seen in the overlying hypoblast and epiblast cell layers
during gastrulation, suggesting that cell movements are coordinated between the yolk cell
and germ layers (D'Amico and Cooper, 2001). Tissue specific manipulation of cellular
movement and morphology plus the analysis of its effects on other tissues during
gastrulation will be required to obtain information about the interaction between different
cellular populations during gastrulation.

Given that, the PCP proteins act in a permissive way, what are the directional cues that
inform cells where to move. So far, none of the secreted molecules has yet been identified.
Zebrafish are ideally suited for forward genetics to search for new molecules.
Consequently, it would be feasible to perform enhancer/suppressor screens using sensitized
genetic backgrounds such as slb/wntl 1 and ord/fmi2 taking advantage of the fact that those
homozygous mutants are viable.

How fast all those questions can be answered will depend on the development or adaptation
of new techniques. As many o f these techniques are already available (although not
necessarily in the gastrulation field), one can expect significant progress in understanding
the molecular and cellular mechanisms that regulate zebraflsh gastrulation movements in
the near future.
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