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Abstract

Abstract

PTK?7 is a novel component of the planar cell polarity (PCP) signaling pathway, which regulates
inner ear hair cell polarity and neural tube closure, however, its signaling mechanism is largely
unknown. In Xenopus PTK7 is expressed in the closing neural tube as well as the migrating
neural crest indicating a function in the regulation of these morphogenetic movements. For
neural tube closure this has already been demonstrated, but the role of PTK7 in neural crest
migration is unclear. The aim of this PhD project was to analyze if PTK7 affects neural crest
migration and to characterize how it intersects with the PCP signaling pathway to regulate cell
movements. Analyzing protein co-localization in Xenopus ectodermal explants, demonstrated
that PTK7 recruits dsh to the plasma membrane. Further, co-immunoprecipitation experiments
revealed that PTK7 is a component of the fz7-dsh complex, which is necessary for the fz7-
dependent dsh membrane recruitment and phosphorylation. As our data indicated that the PTK7-
dsh interaction is not direct, tandem mass-spectrometry analysis was employed to identify novel
PTK7 binding partners. In the result, the receptor of activated PKC 1 (RACKI1) was identified.
RACKI1 has a similar expression pattern like PTK7 and binds to PTK7 in immunoprecipitation
experiments. Similar to PTK7, RACKI loss of function disturbs neural tube closure.
Furthermore, loss of function studies demonstrate that RACK1 is required for PTK7-mediated
dsh localization. The analysis of protein-protein interactions and co-localization demonstrates
that RACK1 interacts with PKC61 and the complex with PKC61 and RACK1 mediates PTK7-
dependent dsh membrane recruitment. Loss of function studies demonstrate that PTK7 is
required for neural crest migration. Expressing of the full-length PTK7 and its deletion
constructs under the control of the neural crest-specific slug promoter shows that PTK7 is
specifically required in migrating neural crest cells. Epistasis experiments indicate that PTK7

interacts with dsh to regulate neural crest migration.
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Introduction

1. Introduction

1.1 The neural crest and its derivatives

The neural crest (NC) is a group of cells, induced at the border between the epidermis and neural
plate of a developing embryo. In accordance with their anterior-posterior position within an
embryo the neural crest can be subdivided into cranial and trunk NC. Neural crest cells are
considered to be pluripotent cells, and after being specified they delaminate from the neural tube
and migrate through the whole organism, differentiating in a wide variety of the cell types,
including skin melanocytes, cartilage cells, sensory neurons and glial cells. In addition, the NC
cells are important for the formation of adrenal gland and heart. Here the derivatives of the

neural crest are briefly summarized in Figure 1.1.

Cranial Trunk

Neurons and gla

of cranial gmg!j\(l' 5}‘
"fw / 2

Cartilage and bone

3:(: Pigment cells

==

Sensory neurons and glia

Commtrve luz,sw Sympatho-adrenal cells .

Figure 1.1. The derivatives of trunk and cranial neural crest cells. The cranial neural crest gives rise to the
neurons and glia of the cranial ganglia, cartilage and bone cells as well as connective tissue . The trunk neural crest
differentiates into pigment cells, sensory neurons and ganglia as well as sympatho-adrenal cells. Adapted from
Knecht, 2002

1.2 Neural crest induction
As it was mentioned above, the NC originates at the border between the neural plate and the

surrounding epidermis. Is formation is thereby regulated by a unique combination of signals

coming from both of the tissues as well as from the underlying mesoderm (Fig. 1.2). Indeed,



Introduction
studies of the past decades strongly support this hypothesis (Mancilla and Mayor, 1996; Mayor
et al., 1995; Selleck and Bronner-Fraser, 1996). It was shown, that neural plate borders are
specified by a gradient of bone morphogenetic protein (BMP) established between the epidermis
and the neural plate. At later stages three other types of signaling molecules, derived from the
endomesoderm, namely fibroblast growth factor (FGF), retinoic acid (RA) and Wnt, lead to the
induction of the NC (Fig.1.2) (Barembaum and Bronner-Fraser, 2005; Steventon et al., 2005).
Until now it is not entirely clear, how the cross-talk between BMP, FGF, RA and Wnt signaling
pathways controls the activation of the specific gene cascades responsible for NC formation.
However, according to R. Mayor, several phases can be delineated in this process (reviewed in
(Kuriyama and Mayor, 2008)). At the first step an initial set of genes, called cell specification or
neural plate border specifier genes, is induced at the border of the neural plate. These genes are
expressed in a domain, which is wider than the prospective neural crest and also includes neural
plate and epidermal cells. The expression of the neural plate border specifier genes is primarily
controlled by the BMP gradient established by selective inhibition of BMP in the neural plate
(Marchant et al., 1998; Mayor et al., 1995). The inhibition of the BMP signal occurs via BMP-
binding molecules chordin, noggin and folistatin and additionally by the downregulation of the
BMP expression levels via Wnt signaling (Baker et al., 1999; Fainsod et al., 1994). It is
considered that intermediate BMP levels are required for the NC induction however it is not
sufficient to induce the NC cell specification genes (Marchant et al., 1998; Mayor et al., 1995).
The second group of molecules, namely FGF, RA and Wnt, known to be involved in the
anterior-posterior (AP) patterning of the neural tube, are able to induce the NC-fate in the neural
folds. Therefore, only the combination of BMP, FGF, RA and Wnts is thought to induce the
expression of neural plate border specifier genes (Fig. 1.2) (Delaune et al., 2005; Linker and
Stern, 2004; Sauka-Spengler and Bronner-Fraser, 2008; Steventon et al., 2005).

The group of neural plate border specifier genes includes transcription factors, Msx, DIx, Pax3,
Myec, Zic and AP2-a, which upregulate the expression of another group of genes, named NC
specified or cell survival genes (Sauka-Spengler and Bronner-Fraser, 2008; Steventon et al.,
2005). These genes are expressed in the area of the NC and necessary for NC proliferation and
survival. The transcription factors Snail and Slug were among the first discovered NC specifier
genes. They are necessary for the induction and maintenance of neural crest fate in chick, mouse
and Xenopus embryo (Mayor et al., 1995; Nieto et al., 1994). The Snail/Slug proteins induce
expression of other NC survival genes, including 1d3, FoxD3, the Sox group of genes and Twist
(Fig.1.2) (Aybar and Mayor, 2002; Aybar et al., 2003; Honore et al., 2003; LaBonne and
Bronner-Fraser, 2000; Sauka-Spengler and Bronner-Fraser, 2008). However, Slug/Snail

function is not exclusively restricted to NC maintenance. These transcription factors initiate the
14



Introduction
epithelial-mesenchymal transition (EMT), a process leading to the delamination of NC cells from
the neural tube and migration (Rukstalis and Habener, 2007; Savagner et al., 1997; Tucker,
2004). Interestingly, the signaling mechanisms, controlling epithelial-mesenchymal transition of
the neural crest is very similar to the ones, occurring during malignant transformation and tumor
metastasis. Therefore, investigation of NC induction and migration also helps to shed light on
malignant transformation processes (Kuriyama and Mayor, 2008; Thiery, 2002).

Finally, the last group of genes, involved in the NC formation, is the NC effector or
migration/differentiation genes. This is the most diverse group, which includes transmembrane
signaling molecules, like cadherins, integrins and neuropilins, secreted matrix metalloproteases,
as well as intracellular proteins, like RhoB, involved in cytoskeletal rearrangements. The
function of all those proteins is to promote delamination and migration of the neural crest cells

(Fig. 1.2) (reviewed in (Kuriyama and Mayor, 2008; Sauka-Spengler and Bronner-Fraser, 2008).

15



Introduction

Induction at the barder

Intermediate levels

of BMP
Meural plate border e
Neuroectoderm : “HI\GF\
Non-neura Vv . g g
ecioden l}rl = = \ ‘...__ Pax 3 Zicl
> | \;."_V"’-
S
i Wit FGF
MNetochaond
Endederm
Paraxial mesoderm
| Msxl, Msx2, Pax3, Pax7, Zicl Neural plate border
— specification == =
Pax3) + (Zicl)
@D 1
L-‘-.. .-*'-h Snail FoxD3
g; U Onset of NC specification
{ﬁ "Ll-_ - i Z ._'___-. | :.
o { \ e { e
\ -//
FoxD3, SoxE, Cadé, Cad7, Npl, Eph, ADAMIO [ c-Myc. Id. Snail, 4P-2, 509, FoxD3
ntegring and ather recepton
NC EMT/delamination/migration - =
{ l!_-k!:,'_t Sx,:_x?
A ¥ '
& W Clid Gnal
£ \ - -
[ Call-cycle control/ . ;* - ll
i multipotency maintenance/ | [‘-'""-""‘"'””-" brici
b, : Segregation from neural tube _ Multipotency  ceath

B Myc, Id, Snail, AP-2, FouD3, SoxE

Figure 1.2. Steps of neural crest induction. First, the neural plate border specifier genes are induced by the
intermediate levels of BMP signaling. Then, Wnts together with FGF, secreted by underlying tissues (endo- and
mesoderm), induce the neural crest specifier genes. Finally, the neural crest specifier genes induce the epithelial-
mesenchimal transition and NC migration. Adapted from Bronner-Fraser, 2008

1.3 Neural crest migration

Upon delamination from the neural tube, neural crest cells start to migrate. The NC travels very
long distances by following specific pathways and colonizing nearly every organ in the
developing organism, and therefore they are often called “the explorers of the embryo”. Since the
migration of the neural crest is a complicated process, occurring relatively early during organism
development, it is difficult to study in organisms with internal development, like for example

mouse. Therefore, the major investigations of neural crest migration were carried out in chicken,

zebrafish and Xenopus embryos.
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1.3.1 Xenopus laevis as a model system to study neural crest migration
The main advantages of Xenopus as a model system are the external development and big
embryo size, which makes it an ideal system to perform embryo manipulations, like
microinjections, NC transplantation and explanation, as well as lineage tracing experiments. In
Xenopus embryos the neural crest is formed at stages 15-16, after neural tube closure is
completed. Upon the induction, neural crest cells start to delaminate and migrate. Neural crest
migration starts in the cranial region at late neurula stages and then progresses as a wave along

the embryo, finishing by stage 46 (Collazo et al., 1993; Krotoski et al., 1988; Mayor et al., 1999).

1.3.1.1 The NC migratory pathways in Xenopus embryo

Neural crest migrates on defined pathways and according to the anterior-posterior position, two
segments, named cranial and trunk neural crest, are distinguishes. Each of the neural crest
segments gives rise to distinct cell types. For instance, pigment cells originate predominantly
from the trunk neural crest, while the head cartilage arises from the cranial segments (Mayor et

al., 1999). In Xenopus embryos the migrating cranial NC forms three different branches, namely
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Figure 1.3. Pathways of NC migration in Xenopus laevis embryo. Mandibular neural crest (MNS) is depicted
in red, hyoid (HNS) - in purple and branchial neural crest branch (aBNS — anterior and pBNS — posterior
branchail arches respectively) — in green. The migratory pathways of the trunk neural crest are shown by yellow
arrows. 1 -ventral pathway; 2 — dorsal pathway; 3 — lateral pathway; 4 — pathway around the tail; 5 — enteric
pathway. Adapted from Mayor, 1999

17



Introduction
the mandibular, the hyoid and the branchial branch (Fig. 1.3). The mandibular branch (Fig. 1.3,
in red) is the most caudal and participates in the formation of Meckel’s cartilage as well as
profundus, gasserian and geniculate ganglion, and Schwann cells of related nerves and
ganglionic cell bodies. The cells of the hyoid branch (Fig. 1.3, in purple) migrate to the bottom
of the pharynx and differentiate into the ceratohyal cartilage. In addition, they also participate in
the formation of the otic tissues and the muscles, which connect distinct parts of the cartilage.
Finally, the branchial branches (Fig. 1.3, in green) contribute to the formation of the branchial
arches, giving rise to the cartilage tissues (Mayor et al., 1999; Sadaghiani and Thiebaud, 1987).
The trunk NC follows five different pathways (Fig. 1.3, in yellow): the ventral pathway between
neural tube notochord and somites (Fig. 1.3, 1), the lateral pathway between somites and
epidermis (Fig. 1.3, 3), the pathway around the tail (Fig. 1.3, 4) and finally the dorsal (Fig. 1.3,
2) and enteric pathways (Fig. 1.3, 5) into the dorsal and ventral fin respectively (Collazo et al.,
1993; Krotoski and Bronner-Fraser, 1986; Krotoski et al., 1988). The NC cells following the
ventral pathway contribute to the formation of the root ganglia, supporting cells for peripheral
neurons, chromaffin cells, enteric ganglia, gut pigment cells, pronephric duct and posterior part
of the dorsal aorta. At the same time, the major part of the pigment cells is formed by cells
following the lateral pathway. In the pathway around the tail cells migrate along the dorsal fin
and turn at the tip of the tail towards the ventral part (Fig.1.3). Finally, cells following the dorsal
and enteric migratory pathways participate in the formation of the fin (reviewed in (Mayor et al.,

1999)).

1.3.1.2. Methods to investigate neural crest migration in Xenopus embryo

The methods to study Xenopus NC migration are briefly summarized in Figure 1.4. The most
direct and easiest way to observe neural crest migration is a lineage tracing analysis, which can
be performed by targeted microinjection of labeled substances or fluorescently tagged proteins
into defined parts of the embryo. Alternatively, the microinjection technique can be applied to
address the function of a certain protein in the neural crest migration. For this purpose mRNA of
the protein or a translation blocking morpholino oligonucleotide (MO) can be injected dorsally in
one blastomere at the 2-cell stage, resulting in an effect at one side of the embryo, while the other
side will serve as an internal control (Fig. 1.4 A). Following injection, NC migration defects can
be analyzed by whole mount in situ hybridization (WISH) with neural crest specific antisense
probes (e.g. Slug, Twist, AP-2). This approach also allows observing the effects on specific NC
subpopulations. In this case subpopulation-specific WISH probes can be used. In addition, tissue
specific staining can be performed. For instance, cartilage formation can be visualized by Nile-

blue staining of the embryos at stage 45-50 (Carl et al., 1999; Klymkowsky and Hanken,
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1991).The trunk neural crest can be marked by an antisense probe to gremlin (Hsu et al., 1998) ,
while both cranial and trunk NC can be marked with Twist (Hopwood et al., 1989).
To target the expression of selected proteins specifically to the neural crest, their constructs may
be injected as a plasmid, in which the expression is controlled by the NC-specific Slug-promoter
(Vallin et al., 2001). Finally, to investigate the direct influence of selected molecules on the
migratory behavior of the neural crest, NC cells can be excised from embryos and explanted on
fibronectin coated dishes, where their migration can be observed over a period of several hours
(Fig. 1.4 B, D). Alternatively, cells can be labeled with fluorescent dyes and transplanted into the
wild type embryo, where their migratory behavior can be analyzed in vivo by fluorescent

microscopy (Fig. 1.4B, C) (Borchers et al., 2000).

Figure 1.4. Methods to study NC migration in Xenopus. (A) Schematic representation of the microinjection
experiment followed by the whole mount in situ hybridization. (B) NC transplantation experiment. To perform NC
explants the same region is excised and placed on fibronectin coated dish. (C) The analysis of the migration of
transplanted neural crest by fluoresofcent microscopy. (D) Explanted neural crest cells, migrating on fibronectin.

1.3.2. Signaling pathways controlling neural crest migration
Upon specification neural crest cells undergo an epithelial-mesenchymal transition (EMT), a
process, during which they gain the ability to delaminate from the neural tube and migrate. EMT

results in massive changes of gene expression inside of the NC cells. In particular, the neural
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crest cells change the type of cell adhesion molecules and cell junctions. They start secreting
matrix metalloproteases, which allow them to invade other tissues, and cytoskeletal modulators
to increase their motility (summarized in Figure 1.5). From the other side, the neural crest cells
are guided through the organisms by several distinct signaling cascades, which include
Ephrin/EphR, Slit/Robo, Semaphorin/Neuropilin (summarized in Figure 1.6) and PCP signaling
pathways, which will be described below.

The neural crest cells migrate in a tight space between the epithelial and mesodermal sheets and
during the initial steps of migration they remain in close contact with each other. Their
movements are thought to be regulated by two classes of adhesion molecules: cadherins, which
facilitate the interaction between cells, and integrins, which are responsible for the interaction

with the extracellular matrix (Fig. 1.5 B).

Figure 1.5. The role of cell adhesion molecules and metalloproteases in neural crest development. (A) The
neural crest induction leads to the change from adherent to the gap junctions. The expression of occluding is
downregulated, while connexin 43 expression levels increase in the area of Slug expression. (B) Prior to
migration the neural crest cells need to undergo the changes in cadherin expression. Type I cadherins, like N-
cadherin, are substituted by type II cadherins, like xCadl1,Cad6 and Cad7. (C) Upon the migration NC cells
secret metalloproteases, like ADAM and MMP, which allow them to cross tissue boundaries.Adapted from
Mayor and Kuriyama, 2008

The cadherin proteins are calcium-dependent adhesion molecules, which can be subdivided into
6 types: type 1 and type 2 cadherins, protocadherins, desmosomal and atypical cadherins, and
cadherin-like molecules (Taneyhill, 2008; Tanihara et al., 1994). But only two types of the
cadherins, namely typel and type 2, play a major role in the regulation of neural crest migration.
Type 1 cadherins are usually expressed on epithelial cells and associated with stable cell
assemblies (Chu et al., 2006; Sauka-Spengler and Bronner-Fraser, 2008). When cells undergo
EMT they switch to the expression of type 2 cadherins, which are typical for mesenchymal cells.
The expression of type 2 cadherins results in a decrease of cell adhesiveness and an increase in
cell motility (Chu et al., 2006; Hadeball et al., 1998; Nakagawa and Takeichi, 1998; Sauka-

Spengler and Bronner-Fraser, 2008). In particular, it was shown, that prior to EMT neural crest
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precursors express E-cadherin, which is repressed at the start of EMT (Fig. 1.5). The NC-specific
transcription factors, Snaill and Snail2/Slug, directly bind to the E-cadherin promoter and
repress its expression (Batlle et al., 2000; Cano et al., 2000; Sauka-Spengler and Bronner-Fraser,
2008). Once the NC delamination starts, the expression of N-cadherin and cadherin 6B is
induced. However, in the migrating neural crest cells the expression of both molecules is
downregulated by Slug and FoxD3 transcription factors (Sauka-Spengler and Bronner-Fraser,
2008). Interestingly, the blocking of N-cadherin functions in both chick and mice results in
neural crest migration defects. But the knockdown of cadherin 6B leads to earlier emigration of
neural crest cells in the chick embryo (Cheung et al., 2005; Hatta et al., 1987; Taneyhill, 2008;
Taneyhill et al., 2007). Migrating neural crest cells upregulate the expression of cadherin 7, a
typical type 2 cadherin. This cadherin was shown to promote neural crest cells motility. But
similarly to other cadherins, the overexpression of cadherin 7 leads to clustering of the neural
crest cells and inhibition of their migration (Cheung et al., 2005; Nakagawa and Takeichi, 1995,
1998; Taneyhill, 2008). In Xenopus another cadherin, cadherinl1, is shown to be expressed in
the area of the migrating neural crest cells (Hadeball et al.,, 1998). The neural crest
transplantation experiments revealed that cadherin 11 expression is necessary for neural crest
migration (Borchers et al., 2001). Interestingly, during neural crest migration, cadherin 11 is
cleaved by ADAM metalloproteases (McCusker et al., 2009). Following the cleavage, its
membrane bound cytoplasmic part promotes protrusive activity of cranial neural crest cells via
the interaction with Trio guanidine nucleotide exchange factor (Trio-GEF) (Kashef et al., 2009).
Two other cadherins, cadherin 19 and 20, are also found in the mammalian migrating neural
crest cells. However, their role remains to be elucidated (Taneyhill, 2008).

Integrins are heteromeric transmembrane receptors, which bind both extracellular matrix
proteins and cytoskeletal intracellular components, promoting thus cell migration on the
extracellular matrix. These proteins show interaction with laminin, collagen and fibronectin and
promote cell migration. Integrins can regulate migration processes by switching between two
conformations: low-affinity and high-affinity conformation. In addition cell migration can be
regulated by altering integrins redistribution on the cell surface, their clustering and protein
expression levels. In Xenopus at least 4 integrins, namely a3B1, a5B1, a6p1 and av are expressed
at a suitable place and time to function in the neural crest migration (Joos et al., 1995; Kil et al.,
1996; Lallier et al., 1996; Ransom et al., 1993; Whittaker and DeSimone, 1993). However, so far
only a5B1 integrin was shown to have an influence on neural crest migration on fibronectin
(Alfandari et al., 2003). Additionally, experiments on chick embryos demonstrated the emerging
role of B1 integrin/fibronectin interaction for the cranial NC migration in vitro (Strachan and

Condic, 2003, 2008).
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During their migration neural crest cells need to invade extracellular matrixes (ECM) and cross
tissue borders. To move through the ECM without delay neural crest cells, similarly to metastatic
cells, require proteolytic activity of both membrane bound and secreted matrix
metalloproteases (MMP). However, in contrast to tumor cells, the invasive behavior of neural
crest cells is thought to be tightly regulated by MMP natural inhibitors, the tissue inhibitors of
metalloproteases (TIMPs). Matrix metalloproteases are produced as precursor proteins, pro-
MMPs. To be activated, the pro-MMP needs to undergo the proteolytic cleavage by other
metalloproteases, for instance, the MMP2. Interestingly, both MMP2 and its natural inhibitor
TIMP2 are required for cardiac neural crest migration and their expression is upregulated by
Snail transcription factor (Cai et al., 2000; Cantemir et al., 2004; Erickson et al., 1992; Kuphal et
al., 2005).
Another class of MMPs, a metalloprotease/disintegrin family (ADAM), was also shown to be
crucial for neural crest migration (reviewed in (Kuriyama and Mayor, 2008)). ADAM
metalloproteases are glycoproteins, bound to the cell surface, which act by ECM remodeling as
well as mediating cell adhesion (Sauka-Spengler and Bronner-Fraser, 2008). ADAMI0, for
example, cleaves the extracellular part of CD44, inhibiting thus CD44-mediated matrix adhesion
in the developing cornea. This inhibition allows then the NC cells to invade cornea and to
differentiate into corneal precursors (Huh et al., 2007). In X. laevis, ADAMI3 is expressed in the
area of pre- as well as migratory neural crest cells, where it is thought to facilitate NC
delamination from the neuroepithelium. Subsequently, it can promote further migration of the
NC cells by modulation of the extracellular matrix (Alfandari et al., 2001; Kee et al., 2007).
ADAMI19 also has a function in both NC induction and migration (Neuner et al., 2009). And
another MMP, MMP-2, was shown to play a role in the migration of the enteric neural crest
(Anderson, 2009). In addition, the chemical inhibition of MMP2 and 14 activities blocks
melanophore migration in X./aevis (Tomlinson et al., 2009).
Ephrins and Ephrin receptors (EphR) are transmembrane molecules, acting as a signaling
pair. (Orioli and Klein, 1997; Pasquale, 1997; Tuzi and Gullick, 1994; Zisch and Pasquale,
1997). EphR are receptor tyrosine kinases, which dimerise and autophosphorylate upon ligand
binding (Himanen et al., 2004; Zisch and Pasquale, 1997). Ephrin downstream signaling results
in cytoskeletal remodeling and affects cell motility (Arvanitis and Davy, 2008; Davy and
Soriano, 2007; Kuriyama and Mayor, 2008). In Xenopus EphA4 and EphB1 as well as their
ephrinB2 ligand are expressed in the area of migrating cranial neural crest (Fig. 1.6).
Overexpression of the EphA truncated forms demonstrates, that EphR/ephrin signaling is
necessary for proper NC migration from the third arch as well as for avoiding the intermingling

between the NC cells derived from two different arches (Helbling et al., 1998; Robinson et al.,
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1997; Smith et al., 1997). In addition, the migration of mouse cranial neural crest cells is guided
by the EphA/ephrinB interaction(Mellott and Burke, 2008)(Adams et al., 2001; Davy and
Soriano, 2007; Smith et al., 1997). Mutations of ephrins B1 and B4 in humans were also
associated with the failure of NC migration (Merrill et al., 2006; Twigg et al., 2004).

Figure 1.6. The expreeion of ephrin, semaphorin and slit/robo signaling components during NC migration.
Ephrin B2 and its correspondent receptors EphA4/B1 are expressed in a specific pattern in the area of both cranial
and trunk neural crest, enabling proper NC guidance. Sema3A/3F together with Npn2 are expressed in a conserved
patterns in migrating NC. Slit and Robos are expressed and required for trunkNC migration. Adapted from Kuriyama

and Mayor, 2008.

EphR/ephrin signaling is acting not only in cranial but also in trunk neural crest migration (Fig.
1.6). It was shown, that avian EphB3/ephrin B1 prevents neural crest cells from the invasion of
the posterior part of the somite, thus forcing them to migrate through the anterior part. Ephrin
signaling also controls the choice between dorsoventral and medial pathways of the NC
(Bronner-Fraser et al., 1991; Koblar et al., 2000; Krull et al., 1997; McLennan and Krull, 2002;
Wang and Anderson, 1997). In addition ephrin B1 prevents early migratory NC cells to enter the
dorsoventral pathway, but once they are committed to the melanocyte cell lineage ephrinB1
promotes their migration across the same pathway (Santiago and Erickson, 2002). Thus, Ephrins

serve rather as repelling guidance cues during both cranial and trunk neural crest migration.
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Semaphorins are glycoproteins, which can be either secreted or membrane associated.
According to their structure and amino acid similarity, semaphorins are subdivided into 8
classes: class 1 and 2 is found in invertebrates, class 3-7 - in vertebrates while class 8 is
represented by viral semaphorins. The characteristic feature of all semaphorin proteins is the
presence of a 400 aa “Sema” domain, followed by PSI (plexin semaphorin integrin) domain. In
class 2, 3, 4 and 7 semaphorins the PSI domain is followed by an immunoglobulin-like domain,
whereas class 5 semaphorins have 7 thrombospondin domains instead. Class 2 and 3 as well as
viral semaphorins are secreted, while class 1, 4, 5, 6 and 7 are membrane bound. Individual
semaphorin names are designed by the addition of letter code to the class name (for instance
semaphorin3A or Sema6D4). Semaphorins are predominantly interacting with Plexin and
Neuropilin transmembrane receptors. The interaction between semaphorins and
plexins/neuropilins leads to cytoskeletal reorganizations, caused by the activation of small
Stases, like Rho and Rac (reviewed in (Kruger et al., 2005)).
Semaphorins were initially identified as molecules, involved in neural system development and,
particularly, in axonal guidance (Kolodkin, 1998). However, recent studies add evidence, that
semaphorin/plexin/neuropilin signaling plays an important role in neural crest migration
(Tamagnone and Comoglio, 2004; Yu and Moens, 2005). The expression domains of semaphorin
3F and its neuropilin 2 (Npl2) receptor are conserved within the neural crest area in zebrafish
Xenopus, chick and mice embryo. And their interaction was shown to be important for the proper
migration of both cranial and trunk neural crest cells. (Gammill et al., 2007; Koestner et al.,
2008; Osborne et al., 2005; Schwarz et al., 2009a; Schwarz et al., 2009b; Schwarz et al., 2008).
Sema 3D was also shown to regulate both cranial and trunk NC migration by the proliferation
control. (Berndt and Halloran, 2006).
The particular importance of semaphorin/neuropilin/plexin signaling was demonstrated for the
cardiac NC, which lies between cephalic and trunk neural crest. In many species semaphorins of
group 3, 4 and 6 together with plexins and neuropilins are required for proper cardiac NC
migration (Brown et al., 2001; Gitler et al., 2002; Lepore et al., 2006; Sato et al., 2006; Toyofuku
et al., 2008; Vallejo-Illarramendi et al., 2009), reviewed in (High and Epstein, 2007). In X.laevis
embryo a number of additional semaphorins and the corresponding plexin and neuropilin
receptors are expressed at the right time and place to have function in both cranial and trunk NC
migration (Koestner et al., 2008).
Slit/Robo signaling was originally identified in Drosophila, where it controls axonal guidance.
Slits are secreted proteins which share similar domain structure: 4 leucine repeats, followed by 7-
9 epidermal growth factor-like domains, a laminin G domain and a cyteine-rich domain. Robos

are transmembrane proteins comprised of 5 immunoglobulin-like and 3 fibronectin type-3-like
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domains in the extracellular part, single transmembrane domain and cytoplasmic tail with
unknown function (reviewed in (Dickson and Gilestro, 2006), (Kuriyama and Mayor, 2008)).
Slit/Robo signaling acts primarily in the regulation of trunk neural crest migration (Fig. 1.6).
Robo 1 and 2 are found to be expressed on early migrating neural crest cells and Slit2 inhibits
their migration both in vitro and in vivo. It is thought, that Slit2, which is expressed in the
dermamyotome, prevents the migration of Robol/2-positive cells via the dorsolateral route
before they committed to be pigment cells (Jia et al., 2005). Slit2 also regulates the migration of
cardiac and vagal NC cells and has a function during trigeminal ganglion formation (Calmont et
al., 2009; De Bellard et al., 2003; Shiau et al., 2008).

Interestingly, all previously described pathways, Semaphorins, Slit/Robo and Ephrins, guide the
NC migration by repelling them from certain areas, while no clear chemoattractant cues were
identified for the NC cells so far. Several studies demonstrated, that neural crest cells may be
attracted by glial cell line derived neurotrophic factor (GDNF) and netrin/deleted colon
cancer gene (DCC) signals. However, the data from the in vitro experiments do not fully
support these findings (Jiang et al., 2003; Natarajan et al., 2002; Wells and Ridley, 2005; Young
et al., 2001). Another molecule, thought to serve as NC attractant, was stroma-derived factor 1
(SDF-1). But the recent data also demonstrate that SDF-1 rather increases NC motility, than
regulates its directional migration (Belmadani et al., 2005; Kuriyama and Mayor, 2008). Several
ECM molecules, like fibronectin, collagen or laminin can serve as permissive cues for neural
crest migration. However, their role as directional NC migration cues was not demonstrated so
far (reviewed in (Kuriyama and Mayor, 2008)). Finally, the proteoglycan Syndecan 4 was
shown to have a function in the neural crest migration in both Xenopus and zebrafish embryos.
Syndecan 4 regulates directionality of neural crest migration by activation of the small GTPase
Rac and interacts with planar cell polarity signaling, which will be discussed below (Matthews et
al., 2008b).

Another way to guide the neural crest migration is to simultaneously polarize all cells towards
the same direction of movement. Indeed, the migrating neural crest cells exhibit polarization,
since they migrate as a group of cells, in which lamellipodia and filopodia are formed only at the
leading edge. Since the planar cell polarity (PCP) pathway is known to control morphogenetic
movements of polarized tissues, it becomes more and more the focus of studying directionality
of NC migration (Kuriyama and Mayor, 2008). The molecules, involved in PCP signaling as
well as their possible role in the regulation of neural crest migration will be described in two next

chapters.
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1.4 Planar cell polarity (PCP) is a Wnt signaling pathway, which controls the establishment
of epithelial polarity and morphogenetic movements
The Wnt signaling consists of several conserved pathways, which regulate a wide variety of
cellular processes, including motility, polarity, primary axis formation, cell fate determination,
organogenesis, malignant transformation and stem cell renewal (Komiya and Habas, 2008;
Logan and Nusse, 2004). The abbreviation Wnt is the fusion of the gene names, wingless and
integrated (int-1), which encode the ligands of this pathway in Drosophila and human cells
respectively. Wnt proteins are secreted glycoproteins, which interacts with frizzled receptors.
Currently, 19 different Wnt molecules and 10 frizzled receptors are identified in human, while
Drosophila has 7 Wnt ligands and two different frizzled receptors (Komiya and Habas, 2008;
Montcouquiol et al., 2006). A basic mechanism of the Wnt signaling includes the interaction of a
Wnt lignad with a frizzled receptor, which, in turn, results in the complex formation and
activation of the dishevelled (dsh) protein. At the level of dsh Wnt signaling branches into three
major pathways, the B-cateinin, the Wnt-calcium and the planar cell polarity (PCP) pathways
(Fig. 1.7). Since the B-catenin signaling was discovered first, it is also named canonical Wnt
signaling, while two other pathways are classified as non-canonical Wnt signaling pathways
(Montcouquiol et al., 2006; Veeman et al., 2003a).
The canonical Wnt signaling pathway (Fig. 1.7A) was originally identified from Drosophila
genetic screens, and, subsequently, its signaling components were found in vertebrates. This
pathway has important roles during embryogenesis, particularly in the axis formation, anterior-
posterior patterning, cell fate determination and organogenesislls, as well as in the stem cells
renewal (Angers and Moon, 2009; Komiya and Habas, 2008; Montcouquiol et al., 2006). The
hallmark of this pathway is the accumulation of the stabilized B-catenin (armadillo in
Drosophila) in the nucleus, where it interacts with TCF/LEF family transcription factors and

causes a transcriptional response (Behrens et al., 1996; Hart et al., 1999; Molenaar et al., 1996).
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Figure 1.7. Different branches of Wnt signaling. (A) Canonical Wnt signaling/B-catenin signaling. (B) Calcium
Wnt signaling. (C) Planar cell polarity signaling. B-Cat is B-catenin, dvl is dishevelled, Pk is prickle, celsr is
flamingo, Vangl corresponds to strabismus. Adapted from Montcouquiol, 2006

Without the Wnt signal, B-catenin localizes primarily at the adherent junctions, while the
cytoplasmically localized B-catenin is phosphorylated by glycogen synthase kinase 3 8 (GSK30)
and targeted for proteasomal degradation. During the activation of canonical Wnt signaling a
Wnt forms a complex with a fz receptor and LRP 5/6 co-receptor (arrow in Drosophila),
resulting in the phosphorylation and activation of dsh, which leads to GSK-38 inhibition and
stabilization of the B-catenin (Angers, 2008; Angers and Moon, 2009; Huang and Klein, 2004;
Itoh et al., 1998; Kishida et al., 1999; MacDonald et al., 2009; Perrimon and Mahowald, 1987;
Sussman et al., 1994; Wehrli et al., 2000).
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Although a detailed mechanism of this process is not completely understood, it is known that B-
catenin can be phosphorylated by GSK38 only when this kinase complexes with Axin and APC
(Itoh et al., 1998). Upon Wnt signaling activation Axin is recruited to the plasma membrane and
phosphorylated by LRP6. Next, it, most probably interacts with dsh, than the Axin-GSK-33-APC
complex dissociates and the activated dsh prevents GSK-3B from B-catenin phosphorylation
(Angers and Moon, 2009; Kishida et al., 1999; MacDonald et al., 2009; Smalley et al., 1999). As
a result B-catenin accumulates in the cytoplasm and subsequently translocates to the nucleus with
a help of Ran GTPase (Fagotto et al., 1998; Komiya and Habas, 2008; Montcouquiol et al.,
2006). In the nucleus the B-catenin/TCF-complex promotes the expression of other transcription
factors, like for instance Twin or Siamois, which are responsible for the expression of organizer-
specific genes (De Robertis, 2006; De Robertis and Kuroda, 2004). Thus, the activation of
canonical Wnt signaling results in the stabilization of nuclear B-catenin, which activates

transcriptional responses.

Figure 1.8. Processes, controlled by PCP signaling. (A) Normal polarity of Drosophila wing hair cells. (B) The
polarity is disturbed upon disregulation of the PCP signaling. (C) Normal and (D) affected polarity of mice hair
cells. (E) Normal and (F) affected polarity of the rhabdomeres in ommatidia. (G, H) Polarity of inner ear hair cells
in normal situation and during the disregulation of the PCP signaling. Adapted from Seifert and Mlodzik, 2007

In contrast, non-canonical Wnt-signaling pathways, like the PCP pathway, are B-catenin
independent. The planar cell polarity (PCP) signaling pathway comprises a branch of Wnt
signaling, which is responsible for the establishment of epithelial polarity and morphogenetic
movements (Fig. 1.7 C). The components of the PCP pathway were originally identified in
Drosophila, where they are responsible for the establishment of polarity in the wing hair cells,

the rhabdomeres in the ommatidia, (Figure 1.8, a, b, e, f) as well as hairs on the abdomen and
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notum (Adler, 2002; Klein and Mlodzik, 2005; Lawrence et al., 2004; Mlodzik, 1999; Simons
and Mlodzik, 2008; Strutt, 2003).
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Figure 1.9. The convergent extension movements. (A) During the development vertebrate embryos require CE
movements for gastrulation, neural tube closure as well as to gain an elongated shape. (B) The polarized cells
interdigitation is a driving force of the convergent extension movements. (C) The polarization of cells and local
lamellopodia formation is crucial for this process. During CE movement lamellipodia are stabilized specifically at
the mediolateral cell faces. Lamellipodia formation is driven by the intercellular interactions.It is thought, that PCP
signaling and, particulary, dsh redistribution functions in the local lamellipodia formation. Adapted from
Wallingford, 2004

Later, vertebrate orthologues of Drosophila PCP genes were shown to regulate the polarization
within epithelial sheets and morphogenetic movements. Originally, studies in Xenopus and
zebrafish embryos demonstrated that PCP genes regulate convergent extension movements: a
process during which cells intercalate in between each other, resulting in the narrowing and
extension of the tissue (Figure 1.9). Convergent extension movements occur during both
gastrulation and neural tube closure (Hamblet et al., 2002; Jessen et al., 2002; Kibar et al., 2001;
Marlow et al., 1998; Montcouquiol et al., 2003; Tada and Smith, 2000; Wallingford et al., 2000).
Similar to Drosophila, vertebrate PCP signaling components also establish epithelial polarity,
like the polarization of inner ear hair cells, hair orientation in the mouse skin (Figure 1.8, ¢, d, g,
h) as well as cilia polarization in the Xenopus epidermis (Park et al., 2006; Wang and Nathans,
2007).

Finally, recent studies revealed the emerging role of PCP signaling during cell migration, axonal
guidance and oriented cell divisions during kidney tubules formation (Bacallao and McNeill,

2009; Kuriyama and Mayor, 2008; Simons and Mlodzik, 2008; Simons and Walz, 2006; Singla
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and Reiter, 2006; Wallingford and Habas, 2005). Despite sharing similar fz, wnt and dsh
molecules with canonical Wnt signaling the PCP pathway results rather in cytoskeletal
rearrangements, than transcriptional activity. Currently, it is not entirely clear, how the choice
between different Wnt signaling pathways is made, but each Wnt signaling branch has specific
regulatory molecules in addition to frizzled receptors and dsh protein (Fig. 1.7). In the next

chapter a known PCP regulatory mechanisms will be summarized and discussed in a more detail.

1.5 Molecular mechanisms of PCP signaling

In addition to the standard Wnt signaling components, like fz and dsh, the PCP signaling
contains a variety of specific regulators like prickle, strabismus or flamingo (Fig. 1.7 C). Some
of these regulators are crucial for the PCP activation, while other acts in a tissue specific context.
Therefore, PCP signaling components can be subdivided into the “core” PCP genes and
additional regulators. Furthermore, the PCP pathway is regulated by the upstream signals, and
results in the activation of specific downstream effectors, which lead to the cytoskeleton
remodeling. Thus, the following chapters will summarize the knowledge regarding upstream

PCP activators, “core” genes and downstream effectors as well as its additional modulators.

1.5.1 The “core” PCP genes

In both vertebrates and Drosophila the core PCP cassette includes the following proteins:
Frizzled (Fz), Flamingo (Fmi, Starry night, Stan, Celsr in mouse), Dishevelled (Dsh, Dvl in
mammals), Prickle, Strabismus (Stbm, Van/Gogh or Vang in mouse) and Diego (Dgo, Diversin
and Inversin in vertebrates) in accordance with (Klein and Mlodzik, 2005; Simons and Mlodzik,
2008; Veeman et al., 2003a). Originally Frizzled and disheveled were identified as key
molecules, causing downstream PCP effects, while Flamingo, Prickle, Diego and Strabismus are
thought to be necessary for the proper localization of Fz/Dsh complex and modulation of its
activity (Jenny et al., 2003; Jenny et al., 2005; Strutt, 2003).

Frizzleds are serpentine seven-pass transmembrane receptors, 500-700 amino acid residues in
length. The extracellular part of Fz consists of a highly conserved cyteine-rich domain (CRD),
which binds Wnt ligands, and hydrophilic linker sequence. The cytoplasmic tail of different
frizzleds is very variable with an exception of the KTXXXW consensus sequence, which is
situated just after the last transmembrane domain and necessary for dishevelled (dsh) binding.
Frizzled molecules can act in both canonical and non-canonical/PCP signaling pathways. In PCP
signaling frizzled acts by recruiting dsh to the plasma membrane, and facilitates its interaction
with downstream PCP effectors (Huang and Klein, 2004; Strutt, 2003). Originally, several
frizzleds, including frog Frizzled 7 (xFz7) and mouse Frizzleds 3 and 6, were thought to play a

role exclusively in PCP signaling. In Xenopus Fz7 is expressed in the tissues, which undergo
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convergent extension (CE) movements, and its miss-expression severely affects CE. The mouse
knockouts of Fz3 and Fz6 also exhibit typical PCP defects, including craniorachischisis, a NT
closure defect, where neural tube remains opened from the mid-hindbrain boundary towards the
tail, and disturbed polarity of inner ear hair cells (Djiane et al., 2000; Guo et al., 2004; Vinson
and Adler, 1987; Wang et al., 2006b; Wang et al., 2006c). However, recent studies have
demonstrated that at certain conditions xFz7 can also activate canonical Wnt signaling, while the
miss-expression of other frizzled molecules results in PCP-specific defects (Abu-Elmagd et al.,
2006; Deardorff et al., 1998; Kemp et al., 2007).

Dishevelled is a cytoplasmic regulatory protein, involved in three main Wnt signaling branches
(Fig. 1.7 and 1.10) and thought to serve as a branch point between different Wnt signaling
cascades. Like most PCP genes it was originally identified in Drosophila and subsequently its
homologues were found in vertebrate organisms. Dishevelled is a 500-600 aa protein with a
typical modular structure (Fig. 1.10). At the N-terminus dishevelled has the Dishevelled-Axin
binding (DIX) domain, which functions primarily in canonical wnt signaling, The DIX domain is
followed by the PSD-95-Discs-Large-ZO (PDZ) domain, which is involved in protein-protein
interactions and required for both Wnt canonical, Wnt-Ca®" as well as PCP signaling cascades.
Finally, the DEP domain (Dsh, EGL-10, Plekstrin), situated at the C-terminal part, is required for
activation of the PCP pathway. The DEP domain was also shown to be crucial for the frizzled-
mediated dsh membrane recruitment in response to Wnt treatment. In addition to the distinct
domains, dishevelled proteins share several conserved motifs, which include a basic region and
Ser-Thr-rich stretches between the DIX and PDZ domains, a proline-rich region with a potential
SH3-binding site after the PDZ domain as well as a conserved C-terminal region (Fig. 1.8). Since
dsh was shown to interact with more than 30 different proteins, its primary function is thought to
be a scaffolding of different signaling pathways. However, the detailed mechanisms of dsh

signaling remain to be elucidated (Axelrod et al., 1998; Boutros et al., 1998; Capelluto et al.,
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Figure 1.10. The schematic structure of the dishevelled protein. The dishevelled proteins have three major
domains, namely the DIX, the PDZ and the DEP domains and several conserved motifs, including a basic ser/thr-
rich region, a proline-rich region and a conserved C-terminal region. Adapted from Wallingford, 2005

31



Introduction
2002; Moriguchi et al., 1999; Penton et al., 2002; Rothbacher et al., 2000; Tada and Smith, 2000;
Wallingford et al., 2000; Wong et al., 2003; Wong et al., 2000), reviewed in (Wallingford and
Habas, 2005).
Upon activation of Wnt signaling dsh needs to become activated in order to further transduce the
signal. It is also known, that for PCP signaling the “active” state of dsh is associated with its
membrane recruitment and hyperphosphorylation, which can be detected on the SDS gel by the
appearance of a second higher molecular weight band. However, the detailed mechanisms of this
process remain poorly understood. It is known, that dsh can be phosphorylated upon the co
expression with various frizzleds, for instance frizzled 7, or upon Wnt treatment (Lee et al.,
1999; Rothbacher et al., 2000; Takada et al., 2005; Yanagawa et al., 1995). Several kinases, like
casein kinase 1 and 2, as well as PAR1, were shown to phosphorylate dsh. At the same time
other kinases, like PKC-deltal, do not cause dsh hyperphosphorylation upon co-expression,
however, their loss of function leads to the inhibition of dsh phosphorylation. Therefore, it is
thought, that they are required for dsh phosphorylation, perhaps, by initializing the whole process
(Cong et al., 2004; Kinoshita et al., 2003; Ossipova et al., 2005; Sun et al., 2001; Willert et al.,
1997).
During development dishevelled is involved in various processes, like the establishment of
segmental polarity in Drosophila embryo and vertebrate dorso-ventral axis patterning (Harland
and Gerhart, 1997; Miller et al., 1999; Nusslein-Volhard and Wieschaus, 1980; Perrimon and
Mahowald, 1987; Wallingford and Habas, 2005). But despite the multiple effects of dsh on
development, many studies demonstrated PCP-specific defects during dsh loss-of-function or
miss expression. Thus, it was shown, that dsh’ allele, which harbors a single mutation in the DEP
domain causes polarity defects in the fly wing (Axelrod, 2001; Theisen et al., 1994). In
Drosophila eyes dsh is necessary for normal chirality and overall orientation (Boutros et al.,
1998; Cooper and Bray, 1999; Strutt et al., 2002; Theisen et al., 1994). In vertebrates dsh was
shown to be involved in convergent extension (CE) movements. During CE movements dsh
regulates lamellipodia formation and governs cell movements into the right direction. In this
context the dsh function is relevant for both gastrulation and proper neural tube closure. It was
shown, that the expression of dominant negative dsh constructs (dsh lacking the PDZ or the DEP
domains) or disruption of dvl1/2 genes result in neural tube closure defects in fish, amphibians,
chicken and mouse (Ewald et al., 2004; Hamblet et al., 2002; Kinoshita et al., 2003; Matsui et
al., 2005; Sokol, 1996; Tada and Smith, 2000; Wallingford and Harland, 2002; Wallingford et
al., 2000; Wang et al., 2006a). Moreover, the DVL-mutant mice phenotype is reminiscent of the
human neural tube closure defect, craniorachischisis (Kirillova et al., 2000; Saraga-Babic et al.,

1993). Dsh was shown to be involved in the formation and stability of the lamellipodia, and
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consistent with this finding it also has a function in cell migration, for example of
cardiomyocytes, Chinese hamster ovary (CHO) cells, Saos 2 (osteogenic, sarcoma-derived) cells
as well as the neural crest cells (Carmona-Fontaine et al., 2008; De Calisto et al., 2005; Endo et
al., 2005; Kinoshita et al., 2003; Phillips et al., 2005; Wallingford and Habas, 2005; Wallingford
et al., 2000; Wiggan and Hamel, 2002). Finally, a function of dsh in PCP signaling was also
demonstrated during kidney tube development, where it regulates polarized cell divisions
(reviewed in (Bacallao and McNeill, 2009; Wallingford and Habas, 2005)).

Strabismus and Prickle are the PCP regulators in Drosophila, which antagonize Fz-Dsh
activity. Strabismus (Stbm in Drosophila; Vang, Ltap in mouse) is a four transmembrane
domain protein with conserved serine-heroine rich (STH) motif, implicated into dsh binding.
Prickle (PK) is a cytoplasmic protein with 3 LIM and a PET domain, which physically interact
with both Stbm and dsh (Seifert and Mlodzik, 2007). Prickle is recruited to the plasma
membrane by Stbm, where it interacts with dsh and inhibits fz-mediated dsh membrane
recruitment (Jenny et al., 2003; Jenny et al., 2005; Taylor et al., 1998; Tree et al., 2002; Wolff
and Rubin, 1998). There is also a line of evidences, indicating that prickle can induce the
degradation of dsh, by targeting cytoplasmically localized dsh to the proteasome, while
membrane recruited dsh is protected from the degradation (Carreira-Barbosa et al., 2003). The
opposing localization of Fz-dsh versus Stbm-Pk was nicely demonstrated in Drosophila wing
hair cells, where Fz and dsh accumulates on the distal side, while Stbm-Pk is localized on the
proximal side. The differential localization of these components is also observed in ommatidia
(Bacallao and McNeill, 2009; Simons and Mlodzik, 2008). In vertebrates both Pk and dsh
localize to specific sites of cells during CE movements (Ciruna et al., 2006; Yin et al., 2008) . In
mouse inner ear hair cells Stbm/Vang and dsh also display opposing localization. However,
Vang co-localizes with Fz3 and 6 (Montcouquiol et al., 2003; Wang et al., 2006b), reviewed in
(Simons and Mlodzik, 2008), (Seifert and Mlodzik, 2007). Additionally, during mouse
development, dsh can asymmetrically localize Pk by targeting its degradation in Par6-dependent
manner via Smurf ubiquitine ligases (Narimatsu et al., 2009).

As typical PCP genes, Vang and Pk regulate convergent extension movements in vertebrates. CE
movements in zebrafish are severely affected in Vang (trilobite) and Pk mutants (Carreira-
Barbosa et al., 2003; Jessen et al., 2002; Veeman et al., 2003b). Similarly, in Xenopus both
Strabismus and Prickle are necessary for convergent extension (Goto et al., 2005). In mice the
knockdown of Vang leads to craniorachischisis and disturbed inner ear hair cell polarity, while
the heterozygous mice (loop-tail mice) also demonstrate mild NT closure defects, caused by

affected CE movements (Kibar et al., 2003; Kibar et al., 2001; Montcouquiol et al., 2003).
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The Flamingo (Fmi) protein, which mouse ortholog is named Celsr, is an atypical cadherin with
seven-pass transmembrane features. Fmi is a homophilic binding molecule, and its loss-of-
function in Drosophila results in typical PCP defects. Subsequently, mouse knock-out of
Fmi/Celsr also demonstrates NT closure defects as well as disturbed polarity in the inner ear.
Interestingly, Fmi/Celsr does not show asymmetric localization either in Drosophila or in
vertebrate cells. Therefore it is thought to be required for the stabilization of core PCP
components on the membrane. However, the particular function of Fmi in PCP signaling remains
to be elucidated (Das et al., 2002; Shimada et al., 2001; Usui et al., 1999), reviewed in (Bacallao
and McNeill, 2009; Montcouquiol et al., 2006; Seifert and Mlodzik, 2007; Simons and Mlodzik,
2008).
Finally, Diego (Dgo), together with its vertebrate orthologs diversin/inversin and ankyrin repeat
domain 6 (ankrd6), are cytoplasmic ankyrin repeat domain proteins, which can be recruited to
the membrane by Fz and directly interact with dsh. Dgo is thought to be a positive regulator of
Fz-dsh signaling. It was shown, that dgo competes with Pk for dsh binding, increasing thus a
pool of active dsh on the membrane (Wu et al., 2008). In addition, dgo/diversin in vertebrates
mediates dsh downstream signaling towards the small Rho-like GTPases and c-Jun N-terminal
kinases. Interestingly, the mutation K44M in the DEP domain of vertebrate dsh, which mimics
the classical Drosophila PCP-specific mutation, results in the inhibition of dsh-diversin
interaction (Moeller et al., 2006). On the other hand, diversin can act as a molecular switch
between canonical and PCP signaling. It was shown, particularly, that diversin can target a
cytoplasmic pool of disheveled, which is necessary for canonical wnt signaling, for degradation
(Simons et al., 2005). Moreover, by interacting with several B-catenin upstream regulators,
including CKle and Axin, it promotes B-catenin degradation and inhibition of canonical Wnt
signaling (Schwarz-Romond et al., 2002). At the same time diversin promotes CE movements in
Xenopus and zebrafish embryos and can activate small Rho-GTPases and JNKSs, which indicates
that it functions as a PCP activator (Moeller et al., 2006).
1.5.2 Upstream regulators of the PCP signaling
It is unclear how the Fz/Dsh distribution as well as their activity is established. One hypothesis is
that it is controlled by morphogen gradients. Originally, frizzleds were identified as receptors for
Wnt molecules, therefore Wnts are good candidates to regulate Fz/dsh localization. Wnts
comprise a family of secreted glycoproteins, which can specifically activate different branches of
downstream signaling (Angers and Moon, 2009). The analysis of zebrafish wnt mutants, pipetail
(Wnt5a) and silberblick (Wntll), demonstrated that both Wnt5a and Wntl1 affect convergent
extension movements and activate downstream PCP signaling (Heisenberg et al., 2000; Lele et

al., 2001). In accordance with zebrafish data, the same effects were shown for Xenopus embryos
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as well as for human cell culture (Du et al., 1995; Moon et al., 1993; Tada and Smith, 2000). In
addition, it was also demonstrated, that a Wnt5a gradient is necessary for the proper localization
of Prickle in tissues undergoing CE movements (Veeman et al., 2003b).

Other Wnt ligands, namely Wnt4 and mouse Wnt7a, are also involved in the regulation of PCP
signaling. Wnt4 can affect CE movements (Ungar et al., 1995), while mouse Wnt7a regulates
strereocilia formation and polarity (Dabdoub et al., 2003). Recently it was also shown, that
Wnt9b activates PCP signaling during kidney tubule formation (Karner et al., 2009). In addition,
increasing evidence supports the idea, that different Wnt molecules can act in a context-
dependent manner to activate either canonical or PCP signaling pathways. For instance, Wnt3a
can also activate PCP downstream molecules, like JNK (Endo et al., 2005), while Wnt5a can
lead to B-catenin stabilization upon the co-expression with human Frizzled5 (He et al., 1997).
Surprisingly, the localization of Fz7/dsh in Drosophila wing hair cells was not shown to be
controlled by Wnt/Wg ligands. However, another group of PCP regulators, consisting of large
protocadherins Fat (Ft), Dachsous (Ds) and Four-jointed (Fj), was recently identified in
Drosophila. The dysfunction of any of these components also results in polarity defects and
therefore all three protocadherins seems to establish another PCP signaling system, the FAT-
system (Matakatsu and Blair, 2004; Rawls et al., 2002; Strutt et al., 2004; Zeidler et al., 1999) ,
reviewed in (Bacallao and McNeill, 2009; Simons and Walz, 2006). The components of the FAT
system demonstrate a genetic interaction with Fz/dsh signaling (Yang et al., 2002). Although it is
not entirely clear, how FAT components affect the distribution of Fz-Dsh complex in wing hair
cells and ommatidia, the one hypothesis is that the FAT system is required for proper localization
of Fz7-Dsh and STBM/Pk at least within the wing hair cells. Furthermore, the investigation of
the polarity establishment in the Drosophila abdomen leads to the hypothesis that both pathways
act in parallel to each other (Casal et al., 2006; Lawrence et al., 2004), reviewed in (Lawrence et
al., 2007; Simons and Walz, 2006).

1.5.3 Small GTPases and other PCP downstream targets

Once dsh is properly localized and “activated” it promotes remodeling of the actin cytoskeleton.
Despite the fact that the detailed mechanism of the dsh-induced cytoskeletal remodeling is not
completely understood, it is known that disheveled can affect cytoskeletal reorganization via two
distinct small-GTPase-dependent pathways, namely the Rho- and the Rac-pathways (Fig. 1.11)
(Keller, 2002; Wallingford and Habas, 2005).

35



Introduction

ﬂ ]" “ “Plasma membrane -

[ o A M
'

e

}
}
N ¥

Actin polymerization

Fiure 1.11. In the PCP signaling cascade dsh activates two different classes of small GTPases. (A) During the
Rho-pathway dsh interacts with formin homology domain protein DAAM, which recruits and subsequently activates
Rho small GTPase. The Rho small GTPase, inturn causes the activation of ROCK kinase and remodeling of the actin
cytoskeleton. (B) During the Rac-pathway dsh activates Rac small GTPase and, subsequently, c-Jun-N-terminal
kinases (JNK), which also cause actin remodeling. Adapted from Wallingford, 2005

In the Rho-pathway disheveled interacts with the formin-homology-domain protein DAAM
(disheveled-associated-activator-of-morphogenesis), which mediates the Rho-dsh interaction
(Habas et al., 2001; Matusek et al., 2006). The Rho protein, in turn, activates Rho kinase
(ROCK, Rok), which facilitates cytoskeletal rearrangements, and particularly stress fiber
contraction (Habas et al., 2003; Katoh et al., 2001a; Katoh et al., 2001b; Winter et al., 2001)
(Fig. 1.11, A). Experiments with dominant negative zebrafish Rok2 show, that the Rho-pathway
may be required for proper mediolateral elongation, intercalation and alignment of cells. It is
assumed that the Rho-pathway facilitates shortening and development of lamellipodia traction
and inhibition of lamellipodia formation (Keller, 2002; Marlow et al., 2002). Interestingly, dsh
might regulate cytoskeleton remodeling only via DAAM , because formin-domain proteins can
directly induce cytoskeletal rearrangements (Sagot et al., 2002; Watanabe and Higashida, 2004).

In contrast to Rho, Rac activity is associated with large lamellipodia formation. The Rac
pathway is also activated via dsh and leads to the activation/phosphorylation of c-Jun-N-terminal
kinases (JNK), which mediate cytoskeletal remodeling (Boutros et al., 1998; Habas et al., 2003)
(Fig. 1.11, B). Furthermore, there is an evidence to support the hypothesis, that Rho and Rac
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pathways antagonize each other, forming thereby a polarized cell with Rac promoting the
lamellipodia at the leading edge and Rho inhibiting their formation at cell-cell contacts
(Carmona-Fontaine et al., 2008; Yamaguchi et al., 2001). All PCP downstream effectors,
including Rac, Rho as well as DAAM, Rok and JNK were shown to regulate convergent
extension movements, polarity establishment in Drosophila wings and eyes, as well as cell
migration (Eaton et al., 1996; Fanto et al., 2000; Habas et al., 2003; Habas et al., 2001; Kim and
Han, 2005; Strutt et al., 1997; Tahinci and Symes, 2003). Finally, it was shown that upon
activation of noncanonical Wnt/PCP signaling JNK kinases become not only phosphorylated but
also translocated to the nucleus, where they phosphorylate their downstream target Jun, which
can be used as a readout for PCP activity (Tahinci et al., 2007; Yamanaka et al., 2002).

Another small GTPase, CDC-42, was also shown to function in CE movements. In frog
constitutively active CDC-42 rescues the effect of inhibitory Fz7 isoform and vice versa. CDC-
42 might regulate anterior and posterior filopodia activity and act in PCP as well as Wnt-Ca®"
pathway (Choi and Han, 2002; Djiane et al., 2000; Winklbauer et al., 2001). In Drosophila,
missharpen, a Ste-20-like kinase, was also shown to act downstream of dsh and regulate cell
polarity in the eyes (Boutros et al., 1998; Paricio et al., 1999).

1.5.4 Additional PCP regulators

In addition to key PCP factors and their upstream and downstream effectors, a number of
molecules, which regulate distinct aspects of the PCP signaling, have been identified. This group
consists of different classes of signaling molecules and includes secreted proteins,
transmembrane receptors, kinases and scaffold proteins.

Glypican 4/6, which was identified by mutational analysis in zebrafish as knypek (kny), is a
heparane sulfat poteoglycan, associated with the plasma membrane via GPI-anchor. Knypek was
shown to bind wnt5a, wntl1 as well as frizzled 7 and enhance PCP signaling. In zebrafish and
Xenopus embryos knypek was shown to regulate CE movements (Ohkawara et al.,, 2003;
Topczewski et al., 2001). Interestingly, during gastrulation kny is interacting with canonical wnt-
signaling molecule Dickkopf (Dkk), thereby mediating Dkk function during morphogenetic
movements (Caneparo et al., 2007). In Drosophila no homologues of knypek were identified so
far, therefore it is thought to be a vertebrate-specific PCP modulator (Simons and Mlodzik,
2008). Another protein, which is functionally related to knypek is Down syndrome critical
region protein 5 (Dscr5). The Dscr5 protein is a predicted component of the GPI-N-
acetylglucosaminyltransferase (GPI-GnT) complex, which is involved in glypicans procession.
Dscr5 was shown to regulate convergent extension movements. Furthermore, Dscr5 knockdown
results in the disruption of knypek membrane localization, enhanced Fz7 endocytosis and

increased dsh degradation (Shao et al., 2009).
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Fuzzy is a four-pass transmembrane protein which physically and genetically interacts with a
cytoplasmic adaptor protein inturned (Seifert and Mlodzik, 2007; Simons and Mlodzik, 2008).
In the Drosophila wing fuzzy and inturned are required for the proper localization of Frizzled
and Stbm and their disfunction leads to wing polarity defects (Adler et al., 2004; Collier and
Gubb, 1997; Park et al., 1996b; Yun et al., 1999). In Xenopus embryos fuzzy and inturned loss-
of-function affects convergent extention movements and ciliogenesis (Park et al., 2006). In
Drosophila two other genes, fritz and the multiple wing hair (mwh) protein, demonstrate
genetic interaction with fuzzy and inturned. Fritz is a WD40 coiled protein and mwh is predicted
to be a G-protein-binding-formin-homology domain protein (GBD-FH3). Loss of function of
either fritz or mwh results in the disturbed wing hair cell polarity. However, in vertebrates no
homologues for either of these proteins were identified so far (Adler et al., 2004; Collier et al.,
2005; Seifert and Mlodzik, 2007; Wong and Adler, 1993; Yan et al., 2008).
A number of kinases were also shown to regulate PCP signaling. This group includes casein
kinase 1 ¢ (CKlg)/ discs overgrowth (dco), nemo/nemo-like kinase (NIk) and vertebrate
protein kinase C 6 (PKCd). CKle is a serine-threonine kinase, which acts positively on fz-dsh
signaling. It is known to phosphorylate dsh and regulate its localization. The disruption of the
casein kinase function leads to wing and eye polarity defects in Drosophila as well as CE defects
in vertebrates (Klein et al., 2006; McKay et al., 2001; Seifert and Mlodzik, 2007; Strutt et al.,
2006). Nemo-like kinase is a Ser/Thr-kinase of the MAPK (mitogen-activated protein kinases)
superfamily. It was shown to enhance fz-dsh signaling, by acting on both the B-catenin and the
PCP signaling pathways. However, the detailed mechanism of Nlk function remains to be
elucidated. It was shown that Drosophila nemo is required for polarity establishment in the eye,
while Nlk acts together with Wntl1 to promote convergent extension movements in zebrafish
(Choi and Benzer, 1994; Thorpe and Moon, 2004). Finally, another Ser/Thr kinase, PKC3, was
shown to have a function in Xenopus convergent extension. PKC3 interacts directly with dsh and
is necessary for its Fz7-dependent membrane recruitment and phosporylation. Thus, PKCd also
acts as a positive regulator of PCP signaling (Kinoshita et al., 2003).
Recently, a number of vertebrate-specific PCP regulators have been identified in zebrafish, frog
and mice. Surprisingly, no abundant PCP-defects were demonstrated for their Drosophila
orthologs. For the majority of these proteins their exact function in the PCP signaling remains to
be further elucidated. This group includes Bardet-Biedl syndrome proteins, neurotrophin receptor
related protein and protein tyrosine kinase 7. In addition, orphan receptor ROR2 and receptor
tyrosine kinase Ryk have been shown to affect PCP signaling in vertebrates. The possible
interactions of these proteins with PCP signaling as well as their roles in embryogenesis will be

summarized below.
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First of all, knockout studies in mice revealed that a structurally diverse group of Bardet-Biedl
syndrome (Bbs) proteins, namely Bbs1, 2 and 6, displays PCP-specific defects in the polarity of
inner ear hair cells as well as during the neural tube closure (Ross et al., 2005; Wang and
Nathans, 2007). Another molecule, which demonstrates PCP defects in inner ear epithelium and
neural tube is the cytoplasmic adaptor protein scribble 1 (Scbrl). In addition, scribble
demonstrates genetic interaction with Stbm/Vangl, which provides even stronger evidence for its
PCP function (Montcouquiol et al., 2003; Murdoch et al., 2003; Murdoch et al., 2001).
However, in Drosophila scribble is responsible only for the establishment of the apical-basal
polarity, but not PCP (Bilder and Perrimon, 2000).
The neurotrophin receptor related protein (NRH1) was initially isolated in a screen for
Xenopus posterior neuroectoderm genes. Lately, it was shown, that NRH1 regulates CE
movements and activates small Stases and JNKs. Interestingly, the effect of NRH1 on JNK does
not depend on dsh, which suggests, that NRH1 could act downstream of dsh (Sasai et al., 2004).
Two other molecules, namely receptor ROR2 and non-functional receptor tyrosine kinase Ryk,
which can bind Wnt molecules, were also implicated to have a function in PCP signaling. It was
shown, that Ryk is essential for convergent extension movements in Xenopus. Ryk interacts with
both Wntll and B-arrestin-2 and promotes Wnt-11 stimulated endocytosis of the Fz7-dsh
complex, which leads to activation of noncanonical Wnt signaling (Kim et al., 2008). The
receptor ROR2 was shown to regulate CE movements. It also interacts with Wnt5a and leads to
JNK activation. However, at the same time the Wnt5a/ROR2 pathway is classified as a distinct
branch of noncanonical Wnt signaling. Additionally, the Wnt5a/ROR2 pathway results in
transcriptional activation and causes the expression of paraxial protocadherin (XPAPC)
(Schambony and Wedlich, 2007). XPAPC 1is thought to promote convergence during CE
movements in Xenopus and acts through RhoA, Racl and JNK (Unterseher et al., 2004). During
the gastrulation XPAPC interacts with another CE regulator Sprouty (Spry), a negative inhibitor
of PCP signaling. Upon binding PAPC Spry is inhibited, which leads to PCP activation and
progression of CE movements (Wang et al., 2008). Finally, protein tyrosine kinase 7 is another
newly identified vertebrate PCP signaling regulator (Lu et al., 2004), which will be described in
detail in the next chapter
1.5.5 Protein tyrosine kinase 7 (PTK?7)
Protein tyrosine kinase 7 (PTK7), also called colon carcinoma kinase 4 (CCK4), was originally
isolated from colon carcinoma and is overexpressed primarily in tumors with high metastatic
potential. PTK7 belongs to the family of receptor tyrosine kinases and comprises a
transmembrane molecule with seven immunoglobulin-like domains in the extracellular part and

kinase homology domain in the cytoplasmic tail (Fig. 1.12, A) (Mossie et al., 1995; Park et al.,
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1996a). The PTK7 kinase homology domain demonstrates high conservation among different
species beginning from Hydra to human. However, the DFG triplet, which is necessary for the
catalytic activity, within the kinase domain is mutated in all known PTK7 orthologs. (Boudeau et
al., 2006; Grassot et al., 2006). The experiments with PTK7 in chick (KLG) and Hydra (Lemon)
did not reveal any signs of the catalytic activity (Chou and Hayman, 1991; Miller and Steele,
2000). Interestingly, Drosophila ortholog of PTK7, off-track (Otk), was originally purified with
a kinase activity, but it was not further proven that the kinase activity was specific to Otk (Pulido
et al., 1992). For a long time PTK7 was thought to be an orphan receptor without any known
downstream cascades. But lately it was shown, that Drosophila off-track can interact with
semaphorins and plexins, thus regulating axonal guidance (Winberg et al., 2001). In addition,
Off-track overexpression in Drosophila leads to the activation of JNK kinases (Bakal et al.,
2008).

Knockout studies in mice revealed that, as many other PCP genes, PTK7 is required for proper
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Figure 1.12. PTK7 is a PCP regulator. (A) The schematic structure of PTK7: PTK7 is a transmembrane
molecule, consisting of 7 Ig-like domains (in red) and kinase homology domain (in blue). (B) PTK7 loss of
function results in craniorahischisis (mouse embryonic stage E.9) and disturbed inner ear hair cell polarity (mouse
embryonic stage E. 17.5). (C) The PTK7 loss-of-function, as well as overexpression of the PTK7 deletion mutant
lacking the C-terminal part in Xenopus also causes neural tube closure defects. Adapted from Lu et.al.,2004

neural tube closure and establishment of the inner ear hair cell polarity (Fig. 1.12, B). Moreover,
PTK?7 knockout mice demonstrate genetic interaction with loop-tail/Vangl mice, indicating a role
in the regulation of PCP signaling. In addition, it was shown, that in mice PTK7 regulates cell
motility and CE movements during gastrulation (Yen et al., 2009). The loss of PTK7 function in

Xenopus also leads to neural tube closure defects, caused by improper CE movements.
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Interestingly, the overexpression of xPTK?7 lacking the conserved kinase homology domain leads
to similar defects (Fig. 1.9, C), suggesting that the intracellular part of the PTK7 protein is
involved in the regulation of the PCP signaling (Lu et al., 2004).
1.6 The role of PCP signaling in neural crest migration
Several PCP components, including Wnts, frizzled receptors and dsh, are expressed in the area of
the neural crest (De Calisto et al., 2005; Matthews et al., 2008a; Sisson and Topczewski, 2009).
As PCP signaling has been implicated to regulate the directional migration of certain group of
cells, it is likely that it functions in neural crest migration. Indeed, several studies support this
hypothesis. First, it was shown, that overexpression of dsh mutants, lacking PCP activity,
inhibits the migration of neural crest cells. Second, two Wnt ligands, namely Wntl1 and Wnt11-
R, are expressed in the area of migrating neural crest and inhibition of both affects neural crest
migration, but not NC induction. Moreover, Wntl1 inhibition can be rescued by intracellular
activation of PCP signaling (De Calisto et al., 2005; Matthews et al., 2008a; Sisson and
Topczewski, 2009). Thus these data support a function of PCP signaling in the regulation of NC
migration.
Neural crest cells were shown to possess contact inhibition of locomotion and this phenomenon
seems also to be regulated by PCP signaling (Carmona-Fontaine et al., 2008). Contact inhibition
of locomotion was originally demonstrated for mouse fibroblasts, which reverse their migration
direction upon contact with each other (Abercrombie and Heaysman, 1953, 1954). Similarly,
upon explanation on fibronectin Xenopus neural crest cells start to migrate as a group, in which
leading cells are followed by trailing cells. After a certain period of time, single cells start
leaving the explant and migrate alone. It was shown that when such cells contact other NC cells
they change their direction of migration. Interestingly, in migrating NC cells dsh is
asymmetrically localized and detected in cell-cell contacts, where it co-localizes with Frizzled 7

and Wntl1, as well as in the lamellipodia at the leading edge.
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Figure 1.13. PCP signaling regulates neural crest migration via contact inhibition of locomotion. (A) Duting
neural crest migration dsh together with fz7 and Wntl1 (in red) is localized to cell contacts, where it activates
RhoA (in green). (B) During the establishment of contact between two neural crest cells, dsh is localized to this
area and activates RhoA. The RhoA activation, in turn, causes cytoskeletal rearrangements resulting in changing
the direction of movement. Yellow arrows indicate the direction of movement before the contact, black arrow —
after the contact

When migrating NC cells establish a contact with each other, dsh localizes to cell-cell contacts
and activates Rho, which in turn leads to the cytoskeletal remodeling, causing a change in the
direction of migration. In contrast, cytoplasmic dsh in the lamellipodia activates Rac, which
further promotes lamellipodia formation and, thus, cell migration in the same direction (Fig.
1.13). Moreover, overexpression of the dsh mutant, lacking PCP activity (ADEP dsh) in neural
crest cells affects their contact inhibition of locomotion. Therefore, PCP signaling is thought to

be a pathway, implicated in the directional migration of the neural crest cells (Carmona-Fontaine
et al., 2008).
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1.7 Aims
PTK7 was identified as a PCP regulator, necessary for neural convergent extension and the
establishment of inner ear hair cell polarity, however its intersection with the PCP signaling
pathway remains poorly understood. Thus the first aim of the work is to characterize how PTK7
intersects with PCP signaling. For this purpose a candidate approach will be used to test for
interaction with known PCP partners. This will be done using binding assays as well as
analyzing protein-co/localization in ectodermal explants. To identify novel PTK7 interaction
partners without previous knowledge of their function in PCP signaling, tandem mass-
spectrometry analysis will be employed.
Since PCP signaling controls various types of morphogenetic movements in vertebrates, like the
migration of neural crest cells and in Xenopus laevis embryos PTK7 is expressed in the area of
migrating neural crest, the second aim of this work is to elucidate the role of PTK7 during
Xenopus neural crest migration. Gain- and loss-of-function analysis will be used to elucidate the
function of PTK7 in Xenopus embryos. If phenotypes are observed, then neural crest explants as
well as targeted expression using the neural crest-specific slug promoter in combination with

different PTK7 deletion constructs will be used to further elucidate this function.
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2. Materials
2.1 Model organism
In vivo experiments of the given work were done on Xenopus laevis (Pipidae, Anura) embryos.
The embryos were obtained by in vitro fertilization and staged according to Niewkoop and Faber
(Niewkoop P.D., 1956).Adult frogs were provided by Nasco (Ft. Atkinson, USA).
2.2 Bacteria
The cloning work was done in E.coli strains XL1-Blue (RecAl, endA1, gyrA96, thi-1, hsdR17,
supE44, relAl, lac[F’proAB, ZAMI15, Tnl0(Tet")]® (Stratagene)) and XL10- Gold (endAl
glnV44 recAl thi-1 gyrA96 relAl lac Hte A(mcrA)183 A(mcrCB-hsdSMR-mrr)173 tet®
F'[proAB lacIZAM15 Tn10(Tet® Amy Cm®)]® (Stratagene)).
2.3 Chemicals, solutions, media and buffers
2.3.1 Chemicals
All chemicals, used in the given work, were obtained from the following companies: Roth
(Karlsruhe), Sigma (Munich), Biomol (Hamburg) and Applichem (Darmstadt)
2.3.2 Media and antibiotics
Media were prepared using deionized water (MiliQ) and autoclaved 20 min at 120°C. Antibiotics
were added to the cooled solution.
Luria-Bertani (LB)-Medium: 1% (w/v) Bacto-Trypton (DIFCO), 0.5 % (w/v) yeast
extract (DIFCO), 1% (w/v) NaCl, pH 7,5
LB-Agar: 1,5% (w/v) agar (DIFCO) in liquid LB-medium
Ampicillin: 50 mg/ml in H,O, 500x Stock (Biomol); Kanamycin: 50mg/ ml in H,O, 1000x
Stock (Biomol)
2.3.3 Buffers and Solutions
Alkaline phosphatase buffer (APB): 100 mM Tris-HCI (pH 9.5), 50 mM MgCl,, 100 mM
NaCl, 0.1% Tween-20
Ca’*-Mg**-free medium: 88 mM NaCl, | mM KCI, 2.4 mM NaHCO3, 7.5 mM Tris-HCI (pH
7.6)
Cystein solution: 2% L-Cystein-HCI, pH 7.8
Danylchik’s for Amy (DFA) medium: 53 mM NaCl, 5 mM Na,COs, potassium gluconate 4,5
mM, sodium gluconate 32 mM, MgSO, 1 mM, CaCl, | mM, BSA 0.1%
Ficoll: 10% (w/v) Ficoll PM 400 (Sigma), sterile filtered
Hybridization mix (Hyb-mix): 50% (v/v) Formamid; 5xSSC; 1 mg/ml Torula RNA (Sigma);
100 pg/ml Heparin (Sigma); 1x Denhards; 0.1 % (v/v) Tween-20; 0.1 % (w/v) CHAPS (Sigma)
Injection buffer: 1x MBS, 1% Ficoll
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Laemli running buffer (10x) (Gel running buffer): 250 mM Tris-base, 2.5 M Glycine, 0,1%
SDS
Laemmly loading buffer (4x): Tris-HCI pH 6.8 200 mM, B-merkaptoethanol 400 mM, Glycerol
40%, SDS 4%, Bromphenolblue 0.05%
MAB: 100 mM Maleinic acid; 150 mM NacCl, pH 7.5
MBSH Buffer (1x): 10 mM Hepes (pH 7,4), 88 mM NaCl, 1 mM KCI, 2.4 mM NaHCO3, 0.2
mM MgSQOs, 0.41 mM CaCl,, 0.66 mM KNO;
MEM: 100 mM MOPS, 2 mM EGTA, 1 mM MgSO4
MEMFA: 1x MEM with 3.7% Formaldehyde
Nile blue: 0.01% (w/v) Nile blue in 0.1x MBSH
NOP-buffer (co-immunoprecipitation buffer): 20 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5%
NP-40 substitute (Fluka)
PBS (10x): 8% (w/v) NaCl, 2% (w/v) KCI, 65 mM Na,HPO,4, 18 mM KH,PO,, pH 7. 4
S100-Buffer: 50 mM Tris-HCI (pH 8.0), S0 mM KCI, 0,1 mM EDTA, 5 — 25% Glycerol
SSC: 150 mM NacCl, 15 mM Na-Citrate, pH 7.2-7.4
TAE (Tris/Acetat/EDTA): 40 mM Tris-Acetate (pH 8.5), 2 mM EDTA
TBS/Tween: 20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 0.05% Tween
TE-Buffer: 10 mM Tris-HCI pH8.0, | mM EDTA
Tris-HCI (pH 6.8, 7.5, 8.2, 8.8, or 9.5): 1 M Tris-HCl, pH adjusted with 37% HCl
Western blotting buffer: 3.03 g Tris-base, 14,4g Glycine, 200 ml methanol, 800 ml H,O
X-gal staining solution: 1 mg/ml X-gal, 5 mM KsFe (CN)s, 5 mM K4Fe (CN)g, 2 mM MgCl,
2.3.4 Unclassified chemical substances and reagents
Agarose a-myc beads: A7470-1ML, Sigma;
Bovine fibronectin: F4759-5MG, Sigma;
Complete, EDTA-free Protease Inhibitor Cocktail tabs, Roche Diagnostics;
DNA ladder: Low, Middle, High-Range, MBI Fermentas;
Human chorionic gonadotropin (HCG), Sigma;
NBT and BCIP (NBT: C4oH30Cl2N;¢Os, BCIP: CsHsNO4BrCIP x C7H9N), Roche;
Nonfat Dry Milk (NDM), Sucofin;
Protein A Sepharose beads: CL4B-beads, 17-0780-01, GE Healthcare;
Protein ladder: PageRuler Prestained Protein Ladder #SM0671, MBI Fermentas;
X-gal (5-Bromo-4-chloro-3-indolyl a-D-galactopyranoside), Roche.
2.4 Enzymes and Kits
Big Dye Terminator v1.1 Cycle Sequencing Kit, Applied Biosystems;

DNase I (1 U/ul): MBI Fermentas;
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DreamTaq Polymerase (5 U/ul): MBI Fermentas;
ECL Kit Super Signal Dura West, Pierce;
High Fidelity PCR Enzyme Mix (5 U/ul), MBI Fermentas;
Mlustra™ Plasmid Prep Midi Flow Kit, GE Healthcare;
Ilustra™ Plasmid Prep Mini Spin Kit, GE Healthcare;
Pfu DNA Polymerase (2.5 U/ul), MBI Fermentas;
Proteinase K (20mg/ml), Merck;
Pyrophosphatase (0,1U/ul), Fermentas;
Restriction Endonucleases, MBI Fermentas and New England Biolabs (NEB);
Reverse Transkriptase (50U/ul), Applied Biosystems;
RNA In Vitro Transcription Kit, Stratagene;
RNase A (100U/pul), Sigma;
RNase Out (40 U/ul), Invitrogen;
RNase T1 1000U/ul, MBI Fermentas;
RNeasy Mini Kit, Qiagen,;
Shrimp Alkaline Phosphatase, MBI Fermentas;
SP6, T3 and T7 mMESSAGE mMACHINE Kits, Ambion Inc.;
SP6, T3, T7 RNA Polymerases (20U/ul), Fermentas;
T4 DNA Ligase (1 U/ul), MBI Fermentas;
T4 Polynukleotide Kinase (10 U/ul), MBI Fermentas;
TnT-Coupled Reticulocyte Lysate System, Promega;
Zymoclean Gel DNA Recovery Kit, Zymo Research, Hiss.
2.5 Vectors and DNA Constructs
2.5.1 Vectors
PCS2+ is a multipurpose expression vector originally designed for the work in Xenopus, which
is based on the pBlueskript II KS+ backbone. The vector contains a strong enhancer/promoter
(simian CMV IE94) followed by a polylinker and a simian deficiency virus (SV40)
polyadenlyation site. The presence of the SP6 promoter at the 5° untranslated region allows in
vitro transcription of the messenger RNAs.
PCS2+ with myc tag (pCS2+MT) was generated from pCS2+ by the insertion of the 6X myc
tags (Klisch et al., 2006).
PCS2+ with hemagglutinin tag (pCS2+HA) was generated from the pCS2+ vector by insertion
of the hemagglutinin tag (HA) via the Xbal site (Damianitsch et al., 2009).
Both pCS2+MT and HA share all properties and features of pCS2+.

PCS105 vector is a modified version of the pCS2
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BS I-Sce-II KS (Meganuclease) vector was generated for Xenopus transgenesis (Pan et al.,
20006).
Sce-Slug vector was generated from the BS I-Sce-II KS by the insertion of the minimal slug
promoter (Vallin et al., 2001) via Spel and BamHI restriction sites.
The pCMV-Sport6 vector was designed for cell culture experiments. pGEM-T (Promega) is a
cloning vector.
2.5.2 Constructs
In the present work the following constructs were used for DNA injection into Xenopus embryos,
cell transfection, preparation of mRNA for microinjections and generation of antisense RNA for

whole mount in situ hybridization (Table 2.1).
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Construct
Name

Insert

Accession
number

Vector

Cloning strategy/Reference

Dsh-GFP

Dishevelled
(X laevis)
GFP

U31552

pCS2+

(Yang-Snyder et al., 1996)

Dsh-myc

Dishevelled
(X laevis)

U31552

pCS2+
MT

(Sokol, 1996)

DshADEP-
GFP

Dishevelled
(X.laevis),
lacking the
DEP domain,
GFP

U31552

pCS2+

(Miller et al., 1999)

DshADIX-
GFP

Dishevelled
(X.laevis),
lacking the
DIX domain,
GFP

U31552

pCS2+

(Miller et al., 1999)

DshAPDZ-
GFP

Dishevelled
(X laevis)
lacking the
PDZ domain,
GFP

U31552

pCS2+

(Miller et al., 1999)

Frizzled 7

Frizzled 7
(X laevis)

AJ243323

pCS2+

(Medina et al., 2000)

Frizzled7-
myc

Frizzled 7
(X laevis)

AJ243323

pCS2+
MT

(Winklbauer et al., 2001)

hRACKI1

Receptor of
activated
PKC-1
(RACKI),
human

BC032006

pCMV
Sport6

Obtained from Open Biosystems:
catalogue number IRAT40C14750184,
SO#95799

hRACKI1-
HA

Receptor of
activated
PKC-1
(RACK1),
human

BC032006

pCS2+

Cloned by Ilona Wunderlich

mGFP

GFP with
GAP43
myristilation
signal,
membrane
associated

pCS2+

Provided by Dr. Alexandra Schambony

mRFP

RFP with K-
ras
myristylation
signal,
membrane
associated

pCS2+

Provided by Ying Gog

PKCd1-

PKCd1

AB109739

pCS2

(Sivak et al., 2005)

48




Materials and Methods

GFP (X laevis)
GFP
PTK7 PTK7 AAH60500 | pCMV- | Obtained from RZPD: catalogue number
(X laevis), Sport6 IMAGpP9981099552
MGC68806
PTK7 AE- | PTK7 AAH60500 | pCS2+ Cloned by Ilona Wunderlich
myc (X.laevis), MT
lacking the
extracellular
part
PTK7 AK- | PTK7 AAH60500 | pCS2+ Cloned by Hanna Peradziryi
GFP (X.laevis),
lacking the
kinase
homology
domain, GFP
PTK7 AK- | PTK7 AAH60500 | pCS2+ Amplified from PTK7-MT construct,
myc (X laevis), MT excluding the kinase homology domain,
lacking the with  the following primers: 5’-
kinase CTTGTCGCCAGAGCTGTGTC-3’ (Tm
homology 56°C) and 5’-TCTTCTGGCAGCAAG
domain ACACAAG-3’ (Tm 55°C). Following the
PCR reaction the original DNA template
was destroyed by Dpnl treatment, the
construct was ligated and transformed
into E.coli
PTK7- PTK7 AAH60500 | pCS2+ Cloned by Hanna Peradziryi
GFP (X laevis),
GFP
PTK7-HA | PTK7 AAHG60500 | pCS2+ Was generated from PTK7-MT. The myc
(X.laevis), tag was excised by the digestion with
HA-tag Clal and Xbal and the HA-tag, which
was generated by the annealing of the
primers:  5’-CGATATCCCTACGATG
TTCCAGATTATGCATGATAA and 5’-
CTAGTTGCGTAATCCGGTACATCG
TAAGGGTAGT, was inserted instead.
Prior to the insertion the primers were in
vitro phosphorylated by PNK
(Fermentas).
PTK7-myc | PTK7 AAH60500 | pCS2+ Cloned by Ilona Wunderlich
(X laevis)
Slug Xenopus zinc | AF368041 (Mayor et al., 1995)
finger
transcription
factor Slug-a
Slug-Dsh- | Disheveled, U31552 BSI-Sce- | Generated by restriction-based blunt-
GFP GFP ITKS ended cloning of dsh-GFP (pCS2+) into

the BSI-Sce-II KS vector. Dsh-GFP was
excised from pCS2+ via HindIIl and
Xhol sites, blunted and inserted into
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blunted BSI-Sce-II KS, linearized with
BamHI

Slug- Dishevelled, U31552 BSI-Sce- | Generated by restriction-based blunt-
DshADEP- | lacking the I KS ended cloning of dshADEP-GFP (pCS2+)
GFP DEP domain, into the BSI-Sce-II KS vector.
GFP
Slug- Dishevelled, U31552 BSI-Sce- | Generated by restriction-based blunt-
DshADIX- | lacking the I KS ended cloning of dshADIX-GFP (pCS2+)
GFP DIX domain, into the BSI-Sce-II KS vector.
GFP
Slug- Dishevelled, U31552 BSI-Sce- | Generated by restriction-based blunt-
DshAPDZ- | lacking the I KS ended cloning of dshAPDZ-GFP (pCS2+)
GFP PDZ domain, into the BSI-Sce-II KS vector.
GFP
Slug-GFP | GFP with BSI-Sce- | Cloned by Ilona Wunderlich from the
minimal Slug- ITKS published slug promoter construct(Vallin
promoter et al., 2001)
Slug- PTK7 AAH60500 Cloned by IlonaWunderich
PTKY7
Slug- PTK7, lacking | AAH60500 Cloned by Ilona Wunderlich
PTK7Ak the
cytoplasmic
tail
Sox10 Sox10 (X. AY149116 | pCS2+ (Aoki et al., 2003)
laevis)
xRACK1 | Receptor of BC041541 | pCS105 | obtained from the NIBB/ XDB3
activated PKC http://xenopus.nibb.ac.jp
1 (RACK) clone X1.422i22ex
(X laevis)
xRACKI1- | Receptor of BC041541 | pCS2+ Generated by PCR cloning with the
HA activated PKC HA following primers: forward 5’-GAA
1 (RACK) TTCATGACTGAGCAAATGACACTT
(X.laevis) CAG (with EcoRI restriction site);
reverse  3’-CTCGAGACGAGTGCCA
ATAGTGACCTG (with Xhol restriction
site), inserted into pCS2+-HA vector via
EcoRI and Xhol restriction sites
xTwist Twist, BC123238 | pGEM-T | (Hopwood et al., 1989)
(X laevis)

In order to generate sense RNA for microinjections as well as antisense labeled RNA probes for

whole mount in situ hybridization the constructs were linearized and in vitro transcription was

performed. The enzymes, used for the linearization as well as the polymerases used for in vitro

transcription are listed in Table 2.2.
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Table 2.2 Linearization and in vitro transcription of the DNA constructs

Construct Name

In vitro Transcription

Lin.Enzyme | Pol. direction
Dsh-GFP Notl SP6 sense
Dsh-myc Notl SP6 sense
DshADEP-GFP Notl SP6 sense
DshADIX-GFP Notl SP6 sense
DshAPDZ-GFP Notl SP6 sense
Frizzled 7 Notl SP6 sense
Frizzled7-myc Notl SP6 sense
hRACK1 Notl SP6 sense
hRACKI1-HA Notl SP6 sense
mGFP Notl SP6 sense
mRFP Notl SP6 sense
PKCos1-GFP Notl SP6 sense
PTK?7 SexAl T7 antisense

EcoRV T7 antisense
PTK7 AE-myc Notl SP6 sense
PTK7 AK-GFP Notl SP6 sense
PTK7 AK-myc Notl SP6 sense
PTK7-GFP Notl SP6 sense
PTK7-HA Notl SP6 sense
PTK7-myc Notl SP6 sense
Slug Clal SP6 antisense
Sox10 Clal T7 antisense

Notl SP6 sense
xRACK1 Notl SP6 sense
xRACKI1-HA Notl SP6 sense
xTwist EcoRI T7 antisense
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Materials and Methods

The oligonucleotides used in the following work include DNA primers for cloning, RT-PCR

detection and sequencing, as well as morpholino blocking oligonucleotides. The DNA

oligonucleotides were ordered in the lyophilized form from Sigma Aldrich and subsequently

diluted till 100uM with HPLC-pure water (Roth). The morpholino blocking oligos (MO) were

produced by Gene Tools. Upon arrival the oligos were diluted to a final concentration of 8g/10nl

and stored at -80°C. The MO were dissolved and heated up at 65°C for 5 min prior to the use.

The RT-PCR primer are listed in the Table 2.3, sequencing primers — in the Table 2.4,

morpholino oligonucleotides — in the Table 2.5, while cloning primers are indicated in the Table

2.1 together with the corresponding constructs.

Table 2.3 RT-PCR primers

Gene Forward primer 5°—3’ Tm | Reverse primer 5°—3’ Tm

name °C °C

(X.laevis)

Frizzled 4 | AGATCGCTGACCTTGTT | 53 CTTCACAGAAGGCACATCC 53
GTAC

Frizzled 7 | ATGTCCTCTACAGTCTCG | 52 AAGCCGAACTTGTTCATGAG |52
CTG

Frizzled 8 | AACTGTCCTGCCAAGAG | 50 GTAGTAGTCCATACACAGGGT | 50
ATC GTC

ODC GCCATTGTGAAGACTCT |48 TTCGGGTGATTCCTTGCCAC 48
CTCCATTC

PKCs1 ACATCCTCACATCAGCC |6l ATGACCATCTCTGTCCAACA 61
TAAG

PTK7 CCTGGTCAGCTTCAAGA |50 ATGTAGTGTGGTTCTGCCTC 50
TAG

RACKI1 CGTCACACAAATAGCAA | 60 CGCAGGATACAATGATAGGA | 60
CTACC
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Construct/vector Primer Sequencing primer 5°—3’
name
BS I-Sce-I1 KS T7 TAATACGACTCACTATAGGG
T3 AATTAACCCTCACTAAAGGG
Dishevelled D1 AAAGTGATGTACCATCTGGAT
D2 AGCAGGTTCAGCAGTTCC
D3 CCTCCGGTGTCACTCTTC
D4 TCCGGAGTAGCGGGAGTG
GFP GFPr CAACGAGAAGCGCGATCACATG
pCMV-Sport6 SP6 TTAGGTGACACTATAGAATAC
T7 TAATACGACTCACTATAGGG
pCS2+ SP6 TTAGGTGACACTATAGAATAC
T7p TCTACGTAATACGACTCACTATAG
T3 AATTAACCCTCACTAAAGGG
pGEM-T T7gemtF | TCTACGTAATACGACTCACTATAG
T7gemtR | GCTAGTTATTGCTCAGCGG
PTK7 ABO AGAACTAGGAGTCGATGC
AB1 TTCAGAGATGGGACGCCGTTA
AB2 TGGAGGTGGTATTCAAACCC
AB3 AGGGATGCTGGGAACTACAC
AB4 CCATTGTTCTCTCTGTGGTTG
ABS5 GCATCTGGCTAACAGTCG
AB7 TCCTATTGCCCTTAGTAGTGC
Sce-Slug SlugFw | CCCAAGGAAGAAAGCTCAG
T3 AATTAACCCTCACTAAAGGG
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Table 2.5 Morpholino blocking oligonucleotides

Gene Morpholino sequence 5°—3’ Working Comments/

name concentrations | References

Frizzled GCGGAGTGAGCAGAAATCGGCTGA | 20-40ng/10nl (Abu-Elmagd et al.,

7a MO 2006)

Frizzled CCAACAAGTGATCTCTGGACAG CAG | 20-40ng/10nl (Winklbauer et al.,

76 MO 2001)

PKCs1 TTCCTGCCCCGGATCCTCTCACTGC 20ng/10nl (Kinoshita et al.,

MO 2003)

PTK7 10-20ng/10nl Both  morpholinos

MO2 TGCATCGCGGCCTCTCCCCTCA bind within 5’-

MO3 TTCCTGCCCCGGATCCTCTCACTGC UTR. The higher
knockdown
efficiency in

reached by the

combination of
MOs
PTK7 10-20ng/10nl 5 base pair
SMM2 TGgATCcCGcCCTCTgCCgTCA mismatch
SMM3 TTgCTcCCCCGcATCCTgTCAgTGC morpholinos, which

correspond to PTK7
MO2 and 3, used as

a control to
PTK7MO
RACK1 10-20ng/10nl MOI1 targets CDS,
MO1 CCCGAAGTGTCATTTGCTCAGTCAT starting from the
MO2 CTGAAACCGCTCCACCGACTAAGGA translation start
(ATG); MO2

targets 5’-UTR

Standard | CCTCTTACCTCAGTTACAATTTATA 10-40ng/10nl
MO
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2.7 Antibodies
The antibodies used in the following work, as well as their working concentrations are
summarized in the Table 2.6.

Table 2.6 Antibodies and their working dilutions

Name Produced purpose dilution Company/cat. number
in
a-actin mouse WB 1:10000 Millipore,C4
o-GFP mouse WB 1:2000 Roche, 11814460001
a-GFP rabbit IF 1:1000 Abcam, AB290
a-goat-HRP donkey WB 1:5000 Santa Cruz, SC-2020
o-HA mouse IF 1:150 Covance, MMS-101P
IP 1:150
WB 1:1000
a-mouse-Alexa 488 | goat IF 1:200 Invtrogene, A11029
a-mouse-Alexa 596 | goat IF 1:200 Invitrogen,
a-mouse-Cy5 goat IF 1:200 Abcam, AB6563
a-mouse-HRP goat WB 1:10000 Santa Cruz Biotechnology,
sc-2005
o-myc mouse IF 1:500 Sigma, 9E10
IP 1:500
WB 1:5000
o-myc goat WB 1:3000 Abcam, ab19234
a-myc-Cy3 IF 1:150 Sigma, C6594
a-pJNK mouse IF 1:25 Santa Cruz Biotechnology,
WB 1:1000 G-7
a-rabbit-HRP goat WB 1:10000 Dianova
a-rabbit-FITC goat IF 1:200 Sigma, F7367
a-S6 mouse WB 1:3000 Ref. Patrick K. Arthur
a-B1Integrin mouse IF 1:100 DSHB, 1C8

2.8 Laboratory equipment and software
Microinjection

Microinjector 5242, Eppendorf; Needle puller, Leitz
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Equipment for the work with DNA/Protein
Cooling centrifuge: Biofuge Fresco, Heraeus
Documentation of agarose gels: Chemi Doc, BioRad, supplied with SONY Video Graphic
Printer, UP-895CE
Electrophoresis/Western Blotting chamber: Mini Protean Tetra Cell with Power Pac Basic Power
Supply, BioRad
Mass spectrometry: linear ion trap mass spectrometer 4000 Qtrap; Applied Biosystems’ coupled
to an Agilent 1100 nanochromatography system
Nanodrop: ND-1000 Spectrophotometer, Coleman Technologies Inc.
PCR-machines: UNOII Thermo block, Biometra, Gottingen; TRIO Thermo block, Biometra,
Gottingen
Sequencing machine: ABI 3100 Automated Capillary DNA Sequencer, ABI-Prism
Spectrophotometer: Ultrospec 1100 pro, Ammersham
Table centrifuge: Eppendorf centrifuge 5415D
Ultracentrifuge: Optima™ Ultracentrifuge, Optima
Water Bath: GFL 1092, GFL
X-ray films: SupeRX, Fuji Medical X-ray film, 100NIF 18x14, Fujifilm; High performance
chemiluminiscent film, Hyperfilm", Ammersham
Optics
Fluorescent microscope: Imager M1, UV-lamp: HXP120, Carl Zeiss, Microlmaging
Fluorescent microscope: Lumar V12 SteReo, UV-lamp: HBO100, Carl Zeiss, Microlmaging
Fluorescent microscope: SZX12, UV-lamp: U-RFL-T, Olympus
Laser scanning confocal microscope: LSM510 META, Carl Zeiss, Microlmaging
Stereo Microscope: Steni 2000, Zeiss
Histology
Vibratome, Type 1000, Pelco International;
Software:
Microsoft office 2003-2007
Vector NTI (Invitrogen)
SeqMan (DNASTAR Inc., Madison, USA)
BLAST online system (Altschul et al., 1990)
Adobe Photoshop 7 (Adobe systems Europe Ltd., Edinburgh, Scotland).
AxioVision ver.4.7.2, Zeiss

NanoDrop 3.01.1 Coleman Technologies Inc.
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3. Methods
3.1 DNA methods
3.1.1 Plasmid DNA preparations
Isolation of plasmid DNA in analytical amounts was performed using Illustra™ Plasmid Prep
Mini Spin Kit, GE Healthcare, while for the isolation of plasmid DNA in preparative amount
Mlustra™ Plasmid Prep Midi Flow Kit, GE Healthcare, was employed. The DNA isolation was
carried out according to the manufacturer’s instruction with an exception of the final elution,
where HPLC-pure water was used.
3.1.2 DNA concentration measurement
DNA quantification was performed by measurement of the absorption values at 260 nm (ODy¢0)
using the NanoDrop. The DNA concentration in a given sample was calculated according to the
following ratio: ODygp =1 corresponds to 50 pg of dsDNA. In addition the purity of the DNA
sample was estimated by OD,60/OD,go for protein contamination (optimal values: 1.6-1.8) and
OD»60/OD33 for salt contamination (optimal values: higher than 2, 0).
3.1.3 Agarose-gel electrophoresis
DNA or RNA fragments were size-separated in a horizontal electrical field being embedded into
agarose-matrix. Depending on the expected sizes of DNA/RNA fragments, 0.7 to 2 % (w/v)
agarose gels were prepared in TAE buffer. Gels always contained 0.5 pg/ml ethidium bromine to
visualize nucleic acids. Before loading samples into gel slots, nucleic acids were mixed with 5/1
(v/v) of DNA loading dye (6x, Ambion). The electrophoresis was run in the standard TAE-
running buffer at 100-121 V in a house made horizontal electrophoresis chamber (Sharp et al.,
1973). After the electrophoresis, DNA bands were visualized with UV-transilluminator
(Herolab) and documented with ChemiDoc video documentation system (EASY view). The
DNA fragments were sized according to the standard DNA ladder run in parallel (High, Middle
or Low Range, Fermentas)
3.1.4 DNA restriction digest
For the analytical or preparative digest of plasmid DNA, 0.5-1 pg of the DNA sample was
incubated with 2-10 U of a chosen enzyme in the corresponding buffer. The total reaction
volume was varied from 10 to 50 pl, and the digest was performed for 1-12 h at 37°C
3.1.5 Purification of the DNA fragments from agarose gel or restriction digest mixture
The isolation of the DNA fragments from agarose gels was performed with the use of Zymoclean
Gel Band DNA Recovery Kit (Zymogen) according to the manufacture’s instruction.
DNA from restriction digest mixture was purified with the Zymoclean Gel Band DNA Recovery

Kit (Zymogen) according to the manufacture’s instruction, with an exception, that initial agarose
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dilution step was substituted with addition of 3 volumes of MDB buffer to 1 volume of DNA
mixture.

3.1.6 Polymerase chain reaction (PCR)

To amplify desired DNA fragments, a standard PCR reaction was used, which contains the
following components: 1x PCR buffer, supplemented with 2mM MgCl,/MgSQO, (corresponding
to the polymerase used); 0.2 mM each dNTPs; 0.2 mM each primer; 1-100 ng DNA template;
0.5-1 U DreamTaq or 2 U Pfu polymerase or 2U High Fidelity;

The initial DNA denaturation step was performed for 2min at 95 °C, and all subsequent DNA
denaturation steps - at 94°C, annealing temperatures were calculated with a help of VectorNTI
for each given pair of primers. The elongation steps of the fragments less that 1000bp were done
with the DreamTaq at 72°C, while the fragments more than 1000bp were amplified with either
the High Fidelity or Pfu Polymerase with the elongation carried at 68°C (Mullis et al., 1986).
3.1.7 DNA-sequencing and sequence analysis

To carry out the sequence analysis of the selected constructs the ABI 3100 Automated Capillary
DNA Sequencer was used (Sanger et al., 1977).

The protocol for sequencing with the Big Dye Terminator Kit (Applied Biosystems) is given
below. The Reaction Mix contains 200ng plasmid DNA, 1 pl sequencing primer (10uM),
BigDyeSeq Buffer 2 ul, Ready Reaction Premix 1.5 pl. The reaction components were mixed in
a thin-walled PCR tube, and the volume was adjusted till 10ul with HPLC-pure water (Roth).
The sequencing PCR was performed under the following conditions: 96 °C 2 min; 26X (96 °C
30 sec, 50 °C 20 sec, 60 °C 4 min); 12 °C. Following the PCR the labeled DNA fragments were
purified according to the following protocol: 10ul of PCR reaction were mixed with 1 ul of 3 M
sodium acetate (pH 5), 1 pl of 125 mM EDTA and 50 pl of 100% ethanol. The sample was
incubated in 1.5 ml Eppendorf tube at room temp for 5 min and subsequently centrifuged at
room temperature for 20 min at maximal speed. The supernatant was discarded and the pellet
was washed with 200 ul of 70% ethanol. Thereafter the pellet was dried and diluted in 15ul of
HiDi mix.

Sequence reactions were run and documented in the in-house sequencing lab (A. Nolte). The
analysis of the received sequence computer files was done by Vector NTI (Invitrogen) software.
3.1.8 Molecular cloning

3.1.8.1 PCR-based cloning

During the PCR based cloning a fragment was amplified from either cDNA or another template.
The obtained product was separated by horizontal agarose gel electrophoresis and band of the
correspondent size were excised from the gel and purified. If the further cloning procedure

included the insertion of the fragment via restriction sites, then the same sites were inserted into
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the PCR primers. After the purification, both an insert and a vector were digested with
correspondent restriction enzymes, gel-purified and ligated (see below).When blunt-end cloning
was performed, the purified fragment was subjected to the ligation directly after PCR.
3.1.8.2 Restriction-based cloning
Restriction-based cloning includes the excision of the given gene from one and insertion into a
different vector with the help of restriction endonucleases. The restriction digest was set up, as
described above and the obtained fragment was gel-purified and ligated into the correspondent
vector. When the restriction sites of the insert did not coincide with the restriction sites of the
vector, a blunt-ended cloning was applied. For this purpose endonucleases were heat-inactivated
for 10 min at 65°C and then 0.5U of the Klenow Fragment (Fermentas) together with 1mM
dNTP are added to the mixture and the reaction is carried out for 10 min at room temperature to
create “blunt”-ends. The blunt ended construct was purified via agarose gel and ligated into the
correspondent vector.
3.1.8.3. Ligation into an expression vector
The purified DNA fragments were subjected to ligation according to the following scheme:

T4-Ligase (Fermentas) 1 U, 1x Ligation buffer (Fermentas), insert and vector in 5 to 1 ratio
(w/w) for the “sticky-end” and 8 to 1 ratio for the “blunt-end” ligation, HPLC-pure water till the
final volume of 10 or 20 pl. As a rule, 25 to 50 ng of vector DNA was used per one ligation
reaction (Sambrook J., 1989). The ligation was performed for 2h at 22°C or for 12h at 16°C.
The ligated constructs were transfected into the bacteria either by chemical transformation or
electroporation.

3.1.8.4 Chemical transformation

100 pl of house-made chemically competent cells were thawed on ice, mixed with 1-2 pl of the
ligation mix, incubated for 20 min on ice, heat-shocked for 90 sec at 42°C, then left for 2 min on
ice, followed by the incubation at 37°C for 50 min with 700 pl of LB-medium. Finally, the cells
were placed on LB-agar plates with the appropriate selectivity antibiotic. Colonies were grown
overnight at 37°C (Mandel and Higa, 1970).

3.1.8.5 Transformation by electroporation

40 pl of electrocompetent cells were thawed on ice, mixed with 1-2 ul of the ligation mix,
transferred into an electroporation cuvette and incubated for 1 min on ice. After application of an
electrical pulse of 1.8 kV and 25 pF, the transformation reaction was mixed by pipeting with 0.5
ml of LB-medium, preincubated for 30 min and then plated on LB-agar-plates with the

appropriate selectivity antibiotic. Colonies were grown ON at 37°C (Dower et al., 1988).
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3.1.8.6 Verification of the a DNA fragment integration
To verify the integration of the insert DNA fragment into a vector of interest a PCR with the
colony material as a template was used (colony-PCR). The colony-PCR was carried out under
the conditions indicated above, with an exception, that 0.1-0.2ul of the bacterial colony were
used instead of the NA template. For the detection primers either the vector specific, or inserted
specific or the combination of the insert and vector specific primers were used.
3.2 RNA methods
In order to avoid the RNA degradation by RNAses, the work with RNA samples was performed
exclusively with RN Ase-free water (Ambion or HPLC-pure).
3.2.1 Total RNA isolation
One Xenopus laevis embryo or 20 animal caps were collected and homogenized in 200ul or
100pl of caps lysis buffer, supplemented with Proteinase K (20ul Proteinase K for 1 ml of the
buffer) respectively. The homogenate was incubated at 42°C for 30min. Subsequently, 200pul
(100 for animal caps) Phenol/Chloroform/isoamylalchohol were added, and the mixture was
vortexed and centrifuged for 3min (16000g). The aqueous top layer, which contains nucleic
acids, was transferred to new tube containing: 20ul (10ul for animal caps) 3M sodium acetate,
pHS5.2; 2ul (1ul for animal caps) Glycogen (20pug/ul); 500ul (250ul for animal caps) ethanol.
Nucleic acids were precipitated by centrifugation for 15 min at 16000g, and the pellet was
washed with 70% ethanol, dried and resuspended in 15ul H,O. To digest genomic DNA 10ul
DNAse solution, containing 2.5ul 10x DNAse buffer, 0.4ul DNase, 1.25ul 20mM DTT, 0.5ul
RNAseOut, 5,4ul water, was added and incubated at 37°C for 30 min. Subsequently, 75ul H,O
and 100ul Phenol/Chlorophorm were added, vortexed and centrifuged at 16000g for 3 min to
extract RNA. The aqueous phase was transferred into new tube and mixed with 10ul 3M sodium
acetate and 250ul ethanol. RNA was precipitated by centrifugation at 16000g for 15 min, the
supernatant was carefully discarded and the pellet was washed with 70% ethanol, dried and
resuspended it in 20ul water (10ul for animal caps).
3.2.2 Reverse transcription and RT-PCR
20ul RNA (10pl for animal caps) was mixed with 2ul of random hexamers (1pl for animal caps),
incubated at 65°C for 4 min. and cooled on ice. In parallel, an RT-Mix, containing 4ul 5x
Colorless Dream(Go)Taq buffer, 1ul 20mM DTT, 0.5ul RNAseOut, 1ul 10 mM dNTP, 1,5ul
water and 1pl MuLV RT (added after the —RT is pipetted), was prepared. 11ul of RNA with
hexameres was pipeted in a tube labeled “-RT” and supplemented with 8ul RT-Mix and 1ul of
water. Subsequently 1ul MuLV per reaction was added to the remaining RT-Mix and 9ul of the

RT-Mix was mixed with 11ul of the sample. The mixture was incubated at 42°C for 30min to
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synthesize the cDNA. The PCR reaction was set up according to the standard protocol (described
above) in the volume of 25ul, with 1ul of the prepared cDNA per reaction.

3.2.3 In vitro transcription

3.2.3.1. In vitro transcription of the dioxigenin-labelled antisense RNA for the whole mount
in situ hybridization (WISH)

For the synthesis of a digoxigenin-labelled antisense WISH RNA probe the following reaction
mixture was set up:

5 ul of a 5x transcription buffer

1 pl each 10 mM rATP, rCTP, rGTP 0.64 pul 10 mM rUTP

0.36 pl digoxigenin-rUTP (Boehringer)

1 ul0.75 M DTT

0.5 pl RNAseOut,

200 ng linearized plasmid (the DNA template)

1 ul corresponding polymerase (T3, T7 or Sp6)

RNAse-free water to the final volume of 25 pl

The reaction was carried out for 2h at 37°C, and then the DNA template was destroyed by
incubation with 1ul of the DNase for 15min at 37°C. The obtained WISH probe was purified
from the reaction mixture with RNeasy Mini Kit (Quiagen) according to manufacturer’s
instructions.

3.2.3.2. In vitro transcription of the capped-mRNA for microinjections

The synthesis of mRNA for microinjections was done with Sp6, T7 or T3 mMESSAGE
mMACHINE Kits (Ambion) according to manufacturer’s instructions. The reaction was set up
in a volume of 20ul and 0.5-1pg of the linear DNA was used for 1 reaction. The in vitro
transcription was carried out for 2h at 37°C, and subsequently the template was destroyed by 15
min DNase treatment. The mRNA was purified with RNeasy Mini Kit (Qiagene).

3.2.4 RNA analysis and concentration measurement

The RNA samples, both DIG-labelled and capped-mRNA, were analyzed on the 1% agarose gel
supplemented with 0.5% ethidium bromide.

The concentration of the total RNA and capped-mRNA was measured on the NanoDrop, by
using the following ratio: OD»p=1 corresponds to 40pug of the RNA. Similar to DNA, the RNA
purity was analyzed by measurement of OD,g/OD5gp and OD,g9/ ODy3¢ ratios. At the same time,

the amount of DIG-labeled RNA was estimated visually on an agarose gel.
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3.3. Protein methods

Materials and Methods

3.3.1 Protein electrophoresis under the denaturating conditions (SDS-PAGE)

The proteins of different sizes were separated and analyzed by SDS polyacrylamid gel

electrophoresis (Laemmli, 1970). Gels of the different acrylamide percentages (%AA) were

applied for analysis of the proteins, with distinct molecular weights, according to the Table 3.1

Table 3.1. The correlation between protein sizes

and percentage of the correspondent acrylamide gel

Protein size, kDa %AA
36-205 5%
24-205 7.5%
14-205 10%
14-66 12.5%
10-45 15%

The gels were poured as indicated in Table 3.2 and 3.3

Table 3.2 Separating gel

For 10 ml 5% 7.5% 10% 12.5% 15%
AA 30% 1.67ml 2.5ml 3.33ml 4.16 ml Sml
H,O 4.38ml 3.55ml 2.72ml 1.89 ml 1.05ml
Final concentration | Stock For 10 ml
Tris-HCI pH 8.8 375 mM IM 3.75ml
SDS 0.1% 10% 100pl
TEMED 0.08% 100% 8ul
Ammonium persulfate | 0.1% 10% 100pul
Table 3.3 Stacking gel
Substance Final concentration Stock For 5 ml
H,O 3.4 ml
AA 5% 30% 0.83 ml
Tris-HCI pH6.8 130 mM IM 0.63 ml
SDS 0.1% 10% 50ul
TEMED 0.1% 100% 5ul
Ammonium persulfate | 0.1% 10% 50ul
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The protein samples were diluted 1:3 with 4x Laemmli loading buffer, boiled for 5 min at 95°C
and applied on the gel. The gel run was performed in the BioRad gel chambers in 1X Laemmli
running buffer. At the level of the concentrating gels the voltage of 50V was applied, and once

the bromphenol-blue front reaches the separating gel, the voltage was changed to 150V.

3.3.2 Western blotting

Proteins were separated by SDS-PAGE of the appropriate percentage (Laemmli, 1970) and
transferred to a nitrocellulose membrane (0.45 um, Schleicher & Schuell) in the BioRad Transfer
chamber using the wet blotting method (Sambrook J., 1989). The wet blotting was carried out in
ice-cold WB buffer for 60.70 min at 100-110V.

After the transfer, the membrane was blocked with a PBS solution supplied with 3% NDM, 0.1%
Tween 20. Subsequently incubation with an appropriate primary antibody was carried out
overnight at 4°C in the same solution. Next morning the membrane was washed 3 times for 5-7
min each with PBS/0.1% Tween 20 and the secondary antibodies were applied for 1-2 h at the
room temperature. Then, the membrane was washed again with PBS/0.1%Tween 20 3 times for
10 min and the correspondent proteins were detected with the help of ECL Kit Super Signal Dura
West Kit (Pierce) and X-ray detection film (Ammersham).

3.3.3 In vitro transcription-translation assay

To investigate protein-protein interaction studies as well as the effects of morpholino blocking
oligonucleotides, selected constructs were expressed in vitro via TNT® Coupled Reticulocyte
Lysate System (Promega) according to the manufacturer’s user manual (12.5-25 pl reactions).
The proteins were subsequently separated by a standard 12% SDS-PAGE and analyzed by
western blotting or autoradiography on the phosphoimager (Ammersham Biosciences).

3.3.4 Co-Immunoprecipitation

Protein-protein interactions were analyzed by co-immunoprecipitation (Co-IP), performed either
in Xenopus lysates or after the in vitro translation (TNT).

The Co-IP from the Xenopus lysates was performed as follows:

50 embryos were homogenized with a pipet tip and, subsequently, with a syringe in 500ul of
NOP-buffer, supplemented with protease inhibitors (Roche), ImM NaF and ImM -
glycerolphosphate. The homogenate was centrifuged at 16000g for 20 min in a cooling
centrifuge and the supernatant (Co-IP SN) without yolk was taken to perform an
immunoprecipitation. All further C-IP steps were done at 4°C. The supernatant was incubated for
1.5 h with the relevant antibody and subsequently 1h with 20ul protein A sepharose beads
(Ammersham). Alternatively, 10-15ul of the a-myc-coupled agarose beads can be used instead

of antibody-protein-sepharose step. The beads were then precipitated by the low-speed
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centrifugation (2000g), washed 4-6 times with NOP buffer, dissolved in 10ul Laemmli loading
buffer and analyzed by SDS-PAGE.

The Co-IP from TNT lysate was performed according to the same protocol with an exception
that Co-IP SN was obtained by direct dilution of 1 volume of the TNT reaction with 9 volumes
of the NOP-buffer, supplemented with the protease inhibitors.

The amounts of the constructs used for the Co-IP were as follows:

Fz7-Dsh-PTK Co-IP from Xenopus lysates (amount of the RNA injected):Fz7-MT 100 pg, Dsh-
MT 100 pg, PTK7-HA 500 pg; co-IP with a-myc antibodies or a-myc-coupled beads (Sigma).
PTK7-RACKI1 Co-IP from Xenopus lysates (RNA injected): AEPTK7-MT 500pg, RACK1-HA
300pg; Co-IP with a-HA antibodies

PTK7-RACK1 Co-IP from TNT (DNA amount per reaction): PTK7-MT 1ug, RACK1-HA 1pug;
Co-IP with a-myc-coupled beads.

3.3.5 Investigation of the PTK7-dsh complex by glycerol gradient density centrifugation

For glycerol gradient density centrifugation 20 stage 10.5-11 Xenopus embryos, injected with
500 pg MT-PTK7 and 100pg MT-Dsh, were homogenized in 200 ul hypotonic lyses buffer,
containing 5% glycerol, 50 mM Tris pH 8, 50 mM KCI, 0.1 mM EDTA and protease inhibitor
cocktail (Roche) supplemented with 0.1 mM PMSF. The homogenate was centrifuged two times
for 7 min and 200 ul of the supernatant was loaded on a 5-60% glycerol gradient established in a
2 ml tube. The samples were centrifuged in TLS 55 rotor (Beckmann) at a speed of 50,000 rpm
(214,200 g) for 4 hours at 4°C and split into ten 200 pl fractions. The proteins were precipitated
with 1 ml ice cold aceton overnight at -20°C and then centrifuged for 20 min at 13000 rpm at
4°C. The pellets were washed with 70% ethanol, dissolved in SDS-gel loading buffer (50 mM
Tris pH 6.8, 100 mM DTT, 2% SDS, 10% Glycerol and 0,1% bromphenol blue) and analyzed
using an SDS polyacrylamid gel.

3.3.6 Identification of PTK7-binding partners by tandem mass-spectrometry

500 pg myc-tagged full length PTK7 RNA or 300 pg RNA coding for the kinase deletion mutant
of PTK7 (AkPTK7) were injected into the animal pole of one-cell stage embryos. Uninjected
embryos were used as a control. At stage 16, 50 embryos were lyzed in 500ul NOP buffer (20
mM Tris pH 7.5, 150 mM NaCl, 0.5% NP40, supplemented with protease inhibitors (Roche), 1
mM beta-glycerol phosphate and 1 mM NaF). All steps were performed at 4°C. Lysates were
centrifuged 2 times for 10 min at 16000 g to remove yolk proteins. Supernatants were incubated
with anti-myc antibodies (Sigma, 9E10, concentration 1:500) for 1,5 hours and subsequently
with Protein A sepharose beads (Ammersham) for 1h. Sepharose beads were washed five times
with NOP buffer, diluted with 15 pl 4x Laemmli buffer (Invitrogen) supplemented with DTT.

For mass spectrometric analysis of PTK7-associated proteins, precipitated proteins were
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separated by SDS-PAGE using a precast 10-15% gradient gel (Invitrogen) and stained with
Coomassie Blue. Single lanes were cut into 23 pieces of similar size, and subjected to in-gel
tryptic cleavage (Shevchenko et al., 1996). The extracted proteins were analyzed by HPLC-
coupled ESI-MS/MS, carried out under standard conditions on a linear ion trap mass
spectrometer (4000 Qtrap; Applied Biosystems) coupled to an Agilent 1100
nanochromatography system. Peptide fragment spectra were searched against the NCBI Xenopus
data base using MASCOT as a search engine. After generation of the protein list, identified in
the pull-down, the proteins found in the control lane were substracted from the proteins found in
PTK7-containing lane. Only the protein hits with a score above 20 were considered as real.

3.4 Xenopus laevis embryos injections and manipulations

3.4.1 Preparation of Xenopus laevis testis

The testis was taken out from a narcotisized decapitated male frog, washed with and stored in the
I1x MBSH buffer at 4°C

3.4.2 Embryo injections and culture

Embryos were obtained from Xenopus laevis female frogs by HCG induced egg-laying (800 -
1000 U HCG approximately 12 hours before egg-laying). Spawns were in vitro fertilized with
minced testis in 0.1 X MBS, dejellied with 1.5-2 % cyteine hydrochloride, pH 8.2 and cultured in
0.1 X MBS at 12.5-18°C. Albino embryos were stained with Nile Blue for 10 min prior to
injections to distinguish better between animal and vegetal poles, as well as different stages of
development. Injections were performed in the injection buffer on a cold plate (13.5°C). The
mRNA and morpholino oligonucleotides were injected animally to the prospective ectodermal
tissues. For the different purposes 1-, 2-, 4- or 8-cell injections were done. The injection volume
varies from 5 to 10nl. Injected embryos were kept for at least 1 hour in the injection buffer at
18°C and then transferred into 0.1x MBSH. The staging of embryos was done according to
Niewkoop and Faber (1956). In order to analyze how the neural crest migration is affected in the
whole embryo, the embryos were injected animally into one blastomere at 2-cell stage together
with 100 ng B-galactosidase or GFP as a lineage tracer. To observe the neural tube defects the
embryos were injected animally at 1-cell stage or in the animally into the dorsal blastomere at 8-
cell stage, with GFP as a lineage tracer

The following constructs and MO were used for the WISH analysis and NT defect observation:
3.4.3 Animal cap assay

For the investigation of intracellular localization of the selected proteins the animal cap assay
was employed (Wallingford and Harland, 2001). The RNA encoding the tagged protein
constructs or morpholino blocking oligonucleotides was injected animally at one-cell stage. The

embryos were grown till stage 8-9 and ectodermal explants (animal caps) were prepared as
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described by Wallingford and Harland (Wallingford and Harland, 2001) with the modification
that caps were cultured in 0.8 x MBS. At stage 10.5-14 animal caps were fixed using MEMFA
and processed for immunostaining.

3.4.4 Cranial neural crest (CNC) explants

The neural crest explants were dOne as described previously (Borchers, 2001). In brief, the
embryos were grown till the neurula (stage 16-17). Then with a help of forceps the vitellin
membrane as well as the epithelial tissue covering the area of the CNC were removed and with a
help of an eyebrow-knife the neural crest cells were removed and placed on the fibronectin dish
with a mesodermal side at the bottom in DFA medium. The neural crest migration was observed
for the next 6h on the Imager M1 Zeiss microscope. Alternatively, the NC explants were fixed,
immunostained (see below) and analyze by LSM confocal imaging. The fibronectin dishes were
made as follows: frozen bovine fibronectin (Sigma) in the concentration of 1 mg/ml was thawed
at 30°C and diluted till 10pg/ml with freshly made 1X PBS. The fibronectin solution was applied
on the plastic Petry dishes (Falcon 35 1008) for 1-2h at 37°C. Finally, the fibronectin solution
was replaced with DFA and the dishes can be used for the CNC explantation.

3.5. Immunostaining and Whole-mount in situ hybridization (WISH)

3.5.1 Immunostaining of the animal caps (AC)

Upon the MEMFA fixation the AC were washed 3 times with PBS containing 0.1% Tween20
(PTw) and stained according to the following protocol:

Blocking with 10% fetal calf serum (FCS, Difco) in PTw — 1h at room temperature

Rinse with PTw — 1 time

Application of the primary antibodies (a-GFP, a-HA, a-pJNK, a-Blintegrin), diluted in PTw —
for 2-3h at room temperature or at 4°C overnight

Wash with PTw — 7 min, 3 times

Application of the secondary antibodies (o-myc-Cy3, o-rabbit-FIC, a-mouse-Alexa488, o-
mouse-Cy5)

Wash with PTw — 7 min, 3 times

DAPI stain — optional: for the DAPI stain the AC should be rinsed with PBS and incubated in
1ug/ml DAPI PBS solution for 7-10 min, and washed 2 times with PBS.

Upon the immunostaining protein localization was analyzed by laser scanning microscopy on
LSM 510Meta, Zeiss.

In addition, the immunostaining with a-pJNK antibodies the PTw should be substituted by
TBST (20mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% Tween 20), and the incubation with the
primary antibodies should be done in PTw with 10% FCS
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3.5.2 Immunostaining of the gelatin-albumin sections
Vibratome sectioning (Hollemann et al., 1999): embryos were embedded in gelatin-albumin
(GA), which was polymerized by mixing 2 ml of GA with 125 pul of 25% glutaraldehyde. 50 pm
vibratome sections were made using a Leica VT1000S Vibratome. Sectioned tissue samples
were immunostained according to the same procedure as animal caps. GA and mowiol were
made as follows: Gelatin/albumin: 4.88 mg/ml gelatin, 0.3 g/ml bovine serum albumin, 0.2
mg/ml sucrose in PBS. The gelatin was dissolved by heating the solution to 60°C. Albumin and
sucrose were added, filtered with a 0.45 um filter (Satorius) and stored at -20°C. Mowiol: 5 g
Mowiol was stirred overnight in 20 ml PBS. After addition of 10 ml glycerol, the solution was
stirred again overnight. Not dissolved Mowiol was collected by centrifugation for 30 min at
20,000 g. The supernatant was pH adjusted to pH~7.0 (using pH stripes) and stored at -20°C.
3.5.3 Whole mount in situ hybridization (WISH)
To determine the expression pattern of the selected genes, whole mount in sifu hybridization
was employed. By this method the gene specific RNA can be visualized by the hybridization
with the labeled antisense probe, which could be recognized by specific antibody, coupled with
alkaline phosphatase.
In the cases, when a change of gene expression needs to be observed, the injected side was
labeled with B-galactosidase and the X-gal staining was performed prior to the in situ.
Embryo fixation and X-gal staining
To be directly analyzed by WISH the embryos were fixed in 1x MEMFA solution for 1 h at
room temperature and stored in 100% ethanol. In cases, when X-gal stain was required, the
following protocol was used:
MEMFA fixation: 20 min at room temperature
Wash with PBS: 3x, 10 min
Application of the X-gal staining solution: 20-30 min at room temperature
Wash with PBS: 3x, 5 min
MEMFA fixation: 40 min at room temperature
Store embryos in 100% ethanol
Rehydration of embryos

Prior to in situ embryos were rehydrated, as it is described in the Table 3.4
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Table 3.4. Rehydration of embryos

Solution Incubation time
100% ethanol Smin
75% ethanol in water Smin
50% ethanol in water Smin
25% ethanol in PTw Smin
PTw Smin

Proteinase K treatment

Materials and Methods

To make embryos accessible for RNA probes, they were treated with proteinase K (10png/ml) in

PTw. And the proteinase K incubation time was chosen depending on the embryo stage (Table

3.5).

Table 3.5 Proteinase K treatment
Stage Incubation time | Temperature

(min)

9-10.5 6-8 RT
14-16 8-10 RT
20-25 15-18 RT
36 22-25 RT
40 17-20 37°C
42-43 27-30 37°C
46 32-35 37°C

Acetylation and refixation

Following the proteinase K treatment the embryos undergo acetylation (Table 3.6) and

refixation.

Table 3.6 Acetylation

Buffer Incubation time
IM Triethanol amine HCI (TEA), pH 7.0 2X Smin

IM TEA with 0.3% acetic anhydride 5 min

IM TEA with 0.6% acetic anhydride 5 min

PTw 5 min
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Materials and Methods
Upon the acetylation, embryos were fixed for 20 min in 4% formaldehyde in PTW and washed 5
times with PTw subsequently after the fixation
Hybridization
After the last washing step, 1ml PTw was left in the tubes and 250 ul Hyb-Mix were added. The
solution was replaced immediately by 500 pl fresh Hyb-Mix and incubated for 10 minutes at
60°C. Hyb-Mix was exchanged again (1ml Hyb-Mix was added) and embryos were incubated 4-
5h at 60°C. After incubation, the Hyb-Mix was replaced with the desired RNA probe, diluted in

Hyb-Mix solution. The hybridization took place overnight at 60°C and mild shaking.

Washing

To remove unspecific bound RNA probes, the samples were washed and digested with RNAse A
(10 pg/ml) and RNAse T1 (10 U/ml) (Table 3.7).
Table 3.7 Washing and RNAse treatment

Solution Incubation temperature (°C) | Incubation time (min)
Hyb Mix 60 10
2x SSC 60 3x 15
RNAses solution in 2x SSC | 37 60
2x SSC RT 5
0.2x SSC 60 2x 30
MAB RT 2x 15
Antibody incubation

Prior to incubation with the Sheep AP-coupled anti-Dig antibody (sigma), embryos were
incubated in blocking solution, containing MAB, BMB and horse serum to block unspecific
binding sites according to the scheme, indicated in Table 3.8.

Table 3.8 Blocking and antibody incubation

Solution Incubation temperature | Incubation time (min)
°O)

MAB/2%BMB RT 10

MAB/2%BMB/20% Horse | RT 30

serum

MAB/2%BMB/20% Horse | RT 240

serum

1:5000 a-DIG antibodies

MAB RT 3x 10

MAB 4 overnight
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Staining reaction and bleaching

Materials and Methods

Alkaline phosphatase, coupled to antibodies, performs a reaction, in which its substrates BCIP

(5-Bromo-4-chloro-3-indolyl phosphate) and NBT (Nitro blue tetrazolium chloride) were

oxidized to a blue precipitate, gives a strong staining specifically in the regions, where the RNA

probe is present. The staining reaction was performed as follows (Table 3.9).

Table 3.9. Coloring reaction

Solution Incubation time (min)

MAB 5x 5 min

APB 3x Smin

APB with NBT/BCIP Up to three days (until stained)

Upon the staining embryos were fixed in MEMFA, washed with PTw, documented and stored in

100% ethanol. Pigmented embryos undergo bleaching procedure (Table 3.10)

Table 3.10. Bleaching of embryos

Solution Incubation time (min)

2xSSC 3x 5 min

2xSSC with 50% formamide, 1% H,O,, | 30min — until bleached, the solution
On the light should be replaced each 15 min
MEMFA 30 min

PTw 3x 5 min
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Results
4. Results
4.1 PTK7 functions in PCP signaling by recruiting dsh to the plasma membrane
PTK7 was identified as a regulator of planar cell polarity, necessary for proper neural tube
closure and establishment of inner ear hair cell polarity. The genetic interaction with Vangl2
suggests that PTK7 is an integral part of the PCP signaling cascade (Lu et al., 2004). However, it
is not clear how PTK7 intersects with PCP signaling. One possibility could be that PTK7 signals
via dsh, a main PCP regulator, which similarly to PTK7 regulates neural convergent extension

and inner ear hair cell polarity (Wallingford and Habas, 2005).

4.1.1 PTKY7 recruits dsh to the plasma membrane via its kinase homology domain

A prerequisite for the PTK7-dsh interaction is the co-localization of both proteins at the plasma
membrane. To analyze whether this is the case, the Xenopus animal cap assay was employed.
Animal caps are ectodermal explants of blastula stage Xenopus embryos that allow to analyze the
intracellular localization of overexpressed tagged proteins. Previously, the animal cap assay was
used to demonstrate the interaction and co-localization of dsh with {z7 at the plasma membrane
(Medina and Steinbeisser, 2000). The animal cap assay shows, that GFP-tagged dsh is
predominantly localized in the cytoplasm of animal cap cells (Fig. 4.1 A, G), but is translocated
to the plasma membrane if myc-tagged fz7 is co-expressed (Fig. 4.1 C, G). To examine whether
PTKT translocates dsh to the plasma membrane, myc-tagged PTK7 was co-expressed with GFP-
tagged dsh. Like fz7, PTK7 can recruit dsh-GFP from the cytoplasm to the membrane (Fig. 4.1
E, G). Interestingly, the deletion mutant of PTK7 (PTK7Ak), lacking the kinase homology
domain, was not able to recruit dsh to the plasma membrane (Fig. 4.1F). To estimate the
efficiency of the PTK7-dependend dsh membrane recruitment, the experiment was repeated
several times (6 times for PTK7 and dsh and 4 times for PTK7Ak and dsh) and the number of
cells, which demonstrate PTK7-dsh co-localization at the plasma membrane, was estimated (Fig.
4.1 G). Frizzled 7 recruits dsh to the membrane in 94% of cells, PTK7 co-localizes with dsh on
the plasma membrane in 70% of cells, while the membrane recruitment of dsh by PTK7Ak is
observed only in 6% of the animal cap cells. Thus, PTK7 can recruit dsh to the plasma

membrane and requires the kinase homology domain for this function.
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Figure 4.1. PTK7 recruits dsh to the plasma membrane. GFP-tagged dsh (green, left), co-expressed myc-tagged
protein (red, middle) and merged pictures (right) are shown. (A) GFP-tagged dsh is localized to the cytoplasm of
animal caps injected with 100 pg dsh-GFP RNA. (B) Myc-tagged fz7 is predominantly membrane localized in
animal caps injected with 100 pg fz7-myc RNA. (C) Co-injection of 100 pg dsh-GFP and 100 pg fz7-myc RNA
leads to membrane recruitment of dsh. (D) PTK7 is membrane localized in animal caps injected with 500 pg myc-
tagged PTK7 RNA. (E) Animal caps co-injected with 100 pg dsh-GFP RNA and 500 pg PTK7-myc RNA show
membrane-recruitment of dsh. (F) Animal caps injected with 250 pg RNA coding for a PTK7 mutant lacking the
conserved kinase domain (AkKPTK7) and 100 pg dsh-GFP RNA do not show membrane localization of dsh. (G)
Graph summarizing the percentage of cells with membrane-localized dsh. For the co-localization assays using PTK7
or fz7, only cells in which these proteins were membrane localized were analyzed. To determine the number of cells
with dsh localized in the cytoplasm, DAPI co-staining was used. The total number of cells is indicated above each
column.

To further confirm the complex formation between PTK7 and dsh in a biochemical assay, we
used glycerol gradient density centrifugation (Fig. 4.2). This method allows proteins separation
according to their molecular weight and protein complex formation can be detected as a shift to
higher molecular weight fractions. Indeed, the dsh protein tailed into higher density fractions in

the presence of full length PTK7, but not the kinase deletion mutant (Fig. 4.2). Thus, both animal
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cap assay and glycerol gradient density centrifugation indicate a complex formation between dsh

and PTK7.

4.1.2 PDZ domain of dsh is required for the co-localization with PTK7

12 3 4 56 7 8 9 10 fractions

el an @D es ~ = |PTK7

C —

AKPTK7
y dsh

- | AKPTK7
SPOOERDS®~ - AF

short exposure time

Figure 4.2. PTK7 and dsh co-localization is detected by glycerol-gradient centrifugation. The figure represents
one of three independent experiments, showing the same result. Dsh (A) shifts to higher molecular weight fractions
(9,10) if PTK7 is co-expressed (B), indicating complex formation. By contrast, AkPTK7 fails to shift dsh (C, D).
The image in (D) represents the same western blot as in (C), but taken at a lower exposure time, to distinguish
between AKPTK?7 and dsh protein bands. For the glycerol gradient ultracentrifugation 100 pg of myc-tagged dsh,
500 pg of myc-tagged PTK7 and 250 pg of AkKPTK7 were injected animally at the one cell stage.

To identify which dsh domains are necessary for the interaction with PTK?7, its deletion mutants
were tested for co-localization in ectodermal explants. Dsh contains three different functional
domains, namely the DIX, PDZ and DEP domains, involved in the regulation of canonical and
non-canonical Wnt signaling (Fig. 4.3 A) (Sokol, 1996). To identify which of these domains are
necessary for the PTK7-dependent dsh-translocation, we expressed GFP-tagged deletion mutants
of the DIX, the PDZ and the DEP domain of dsh in animal caps. All mutant dsh proteins were
mainly localized in the cytoplasm, when expressed alone (Fig. 4.3 B, D, F, and H). But upon co-
expression with PTK7 ADIX- as well as ADEP-dsh were transferred to the plasma membrane
(Fig. 4.3 C, G, and H). However, in the case of the membrane localization of the ADIX-dsh was
slightly inhibited, resulting in a residual cytoplasmic staining in the animal cap cells that was not
observed in ADEP-dsh injected caps. Contrary, APDZ-dsh was not translocated to the plasma
membrane in the presence of PTK7 (Fig. 4.3 E, H), indicating that the PDZ domain is required

for complex formation. Similarly, to the previous experiment, the efficiency of PTK7-dependend
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Figure 4.3. The PDZ domain is necessary for PTK7-dependent membrane translocation of dsh. (A) Dsh
protein structure indicating the DIX, PDZ and DEP domain. (B) Animal cap injected with 100 pg ADIX-GFP
RNA showing cytoplasmic protein localization. (C) Co-injection of 500 pg PTK7-myc RNA results in the
translocation of ADIX-dsh-GFP to the membrane. (D) Animal caps injected with 100 pg APDZ-GFP RNA show
only cytoplasmic localization of the protein. (E) No significant change in the localization of APDZ-dsh-GFP is
observed upon the co-expression with PTK7-myc RNA. (F) Animal caps injected with 100 pg ADEP-GFP RNA
express the protein in the cytoplasm, whereas co-injection of 100 pg PTK7-myc RNA leads to its membrane
recruitment (G). (H) Graph summarizing the percentage of cells with membrane-localized dsh. Only the cells
with membrane expression of PTK7 were analyzed for dsh localization in 4 independent experiments. The total
number of cells is indicated on each column.

membrane recruitment of dsh deletion mutants was estimated by counting the number of cel

s,

showing the co-localization of both proteins at the plasma membrane (Fig. 4.3 H). Thus, these

data indicate that the PDZ domain of dsh is required for the PTK7-mediated dsh localization.
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4.1.3 PTK7 is a part of a fz7/dsh complex
The ability of PTK7 to recruit dsh to the plasma membrane suggests an interaction between the
two proteins. Therefore, the binding of PTK7 and dsh was analyzed by co-immunoprecipitation
experiments in both in vitro transcription system and Xenopus embryo lysates. Differently tagged
constructs, namely GFP-dsh, myc-dsh, PTK7-HA, PTK7-MT and PTK7 kinase domain
(CtPTK7-HA) were immunoprecipitated with either a-HA or a-myc antibodies. However,
independent of the strategy, no significant binding between PTK7 and dsh was detected in any of
the experiments (data not shown). Therefore, it was suspected, that additional molecules should
be required to mediate the PTK7-dsh interaction. Frizzled 7, which is a PCP signaling molecule,

able to recruit dsh to the plasma membrane, can serve as a likely candidate to mediate the PTK7-

HA-PTK7 | + + + +
myc-dsh | + + +
myc-fz7 | + + +
IP (a-myc) | S
( ye) PTK7
JRE— - WB: a-HA
WB: a-myc
-
- - - -
- —a

Figure 4.4. Fz7 and dsh are both required to co-precipitate PTK7. Embryos were injected with 1ng PTK7-HA,
0.2ng dsh-myc and 0.2 ng fz7-myc RNA and their combinations. Protein complexes were precipitated using o-myc
antibodies (IP). Immunoprecipitated HA-tagged PTK7 protein was detected by western blotting using a-HA
antibody (upper panel). The middle panel shows the PTK7 input detected by western blotting (WB) using anti-HA
antibodies. The lower panel shows the dsh/fz inputs detected by anti-myc antibodies.

dsh interaction. To test whether PTK7 forms a complex with dsh and fz7, co-
immunoprecipitation from the Xenopus embryo lysates expressing HA-tagged PTK7 with either
myc-tagged dsh or myc-tagged fz7, or a combination of the two was performed (Fig. 4.4). HA-
tagged PTK7 was co-precipitated with myc tagged Fz7 together with dsh, indicating that PTK7 is
part of fz7-dsh complex. Interestingly, in cell culture experiments Frizzled 7 alone was sufficient

for the precipitation of PTK7. Moreover, pull-down experiments using human AkPTK7 and
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Xenopus Fz7 expressed in MCF7 cell lysates show that the extracellular domain of PTK?7 is
required for complex formation with fz7 (Martina Podleschny, unpublished data).
4.1.4 PTK7 loss of function affects fz7-mediated dsh membrane recruitment and

hyperphosphorylation
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Figure 4.5. PTK?7 is required for fz7-mediated dsh membrane recruitment. GFP-tagged dsh is shown in green,
myc-tagged fz7 in red, HA-tagged PTK7 in blue. (A) GFP-tagged dsh is localized at the plasma membrane in animal
cap cells, injected with 100 pg dsh-GFP RNA, 100 pg fz7-myc RNA and 20 ng control MO. (B) GFP-tagged dsh is
not recruited to the plasma membrane in animal caps injected with 100 pg dsh-GFP and 100 pg fz7-myc RNA and
20 ng PTK7 MO. (C) Co-injection of 100 pg wild-type PTK7 RNA lacking the MO binding site rescues dsh-
localization of animal caps injected with 100 pg dsh-GFP RNA, 100 pg fz7-myc RNA and 20 ng PTK7 MO. (D-E)
Graphs summarizing the percentage of cells with simultaneously membrane-localized dsh and fz7 and fz7 alone.
The total number of cells is indicated on each column and equal for the both experiments

If PTK7 complexes with fz7, it could have an influence on the fz7-mediated dsh membrane
recruitment. To test whether this is the case, we analyzed how loss of PTK7 function affects {z7-
dsh co-localization in animal caps, which endogenously express PTK7 (Fig. 4.7 A). As
demonstrated before, in the presence of control morpholino oligonucleotides (MOs), fz7 recruits
GFP-tagged dsh to the plasma membrane (Fig. 4.5 A, D). At the same time, loss of PTK7
function inhibits fz7-dsh co-localization at the plasma membrane (Fig. 4.5 B, D). This effect
could be rescued by co-expression of PTK7-HA lacking the MO binding site (Fig. 4.5 C, D). The
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effect of PTK7 loss of function was estimated in 10 independent experiments by counting the
number of the cells, showing Fz7-Dsh co-localization at the plasma membrane (Fig. 4.5 D).
Since fz7 did not localize to the plasma membrane in all analyzed cells, the percentage of cells,
showing membrane localization of fz7 was analyzed. Interestingly, in addition to the disturbance
of fz7-dependend dsh membrane recruitment PTK7 loss of function has also an effect on
Frizzled7 membrane localization itself (Fig. 4.5 E), indicating that it functions by stabilizing fz7-

dsh complex at the plasma membrane.

Since it was previously shown that fz7-mediated dsh membrane translocation correlates with dsh
hyperphosphorylation (Rothbacher et al., 2000), we examined whether PTK7 loss of function
affects dsh phosphorylation. The expression of either myc-tagged dsh or myc-tagged dsh with
PTK7 in Xenopus ectodermal explants shows a single band in western blots using o-myc
antibodies. An additional high molecular weight band representing hyperphosphorylated dsh was
detected only in lysates with dsh, fz7 and control MO (Fig. 4.6). Interestingly, this fz7-mediated
hyperphosphorylation of dsh is inhibited by the PTK7 MO, indicating an emerging role of PTK7
in this process. Thus, PTK7 is a part of the fz7-dsh complex, which is required for its
stabilization at the plasma membrane and fz7-mediated dsh hyperphosphorylation.

dsh| + + + - +
fz7 + o+ +
PTK7 +
co Mo +
PTK7 Mo +
dsh = pume s T 552 e

Figure 4.6. PTK7 is required for fz7-mediated dsh hyperphosphorylarion. MT-dsh was overexpressed in animal
caps and detected with o-myc antibodies. Dsh-MT shows a single band (indicated as a lower band), when
overexpressed alone or in combination with PTK7. Co-expression with Fz7 results in the appearance of the second
higher molecular weight band (indicated as a higher band), which corresponds to dsh hyperphosphorylation . The co-
injection of 20 ng control MO does not significantly affect dsh phosphorylation, while 20 ng PTK7 MO blocks it. For
the experiment Xenopus embryos were injected animally at the one cell stage with 100 pg myc-tagged dsh, 100 pg Fz7
and 500 pg PTK7 RNA. At the bladstula stage the ectodermal explants were excised and cultivated till stage 11. The
hyperphosphorylation of dsh was analyzed by western blot with a-myc antibodies.
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4.1.5 Fz7 loss of function does not affect the PTK7-mediated dsh membrane recruitment
Since PTK7 is a part of the Fz7-dsh complex, it would be interesting to test, whether loss of Fz7
function affects PTK7-dependent dsh membrane recruitment. Similar to PTK7, endogenous Fz7
is expressed in animal caps (Fig. 4.7 A). To knock down the Fz7 function, two morpholinos
directed against known Fz7 isoforms (Fz7a and Fz7b) were used (Djiane et al., 2000;
Winklbauer et al., 2001). However, the analysis of animal caps expressing MT-PTK7 together
with GFP-Dsh in the presence of both morpholinos in high amounts (40ng) does not show any
significant differences in PTK7-dsh membrane co-localization (Fig. 4.7 B, D) in comparison
with control samples (Fig. 4.7 C, D). Thus, these data indicate that PTK7-dsh interaction is not
mediated exclusively via frizzled 7. Since two other frizzled family molecules, namely frizzled 4
and 8, are expressed in animal cap cells (Fig. 4.7 A), they could also stabilize the PTK7-dsh
complex at the plasma membrane. Alternatively, PTK7-mediated dsh recruitment may be
mediated by additional mechanisms. Therefore, in the further work we attempted to identify

novel PTK7-binding proteins, which could facilitate PTK7-dsh interaction.
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Figure 4.7. Loss of fz7 function does not affect the PTK7-dsh co-localization. (A) Animal caps express
PTK?7 as well as several members of frizzled the family: fz4, fz8 and fz7; AC - RT-PCR of the animal caps,
E — of the whole embryo at the corresponding stage. (B) Animal cap cells, showing the PTK7-dsh co-
localization in the presence of the control MO and (C) the combination of fzZ7aMO and fz7bMO. (D)
Summary of three independent experiments, demonstrating the percentage of cells, where PTK7 recruits dsh
to the plasma membrane.
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4.1.6 RACKI1 is a novel PTK7-binding partner, identified by tandem mass-spectrometry
To identify new PTK7 binding partners tandem mass-spectrometry analysis was employed. For
this purpose myc-tagged PTK7 together with its binding partners was precipitated from Xenopus
embryos at the stage 16, when neural crest cells start to migrate. The proteins were separated by
SDS-PAGE, which was cut in 23 slices and the content of the each slice was analyzed by tandem
mass-spectrometry. In parallel, a pull-down from control embryos was performed, and the
proteins identified in the control lane were subtracted from the list of potential PTK7-interacting
partners. Finally, to select proteins, which could interact with PTK7 with higher probability, the
threshold score of 20 was applied to the protein hits. Among 32 potential binding partners (data
not shown), we found receptor of activated PKC 1 (RACK1), which has a score of 203.

A B
RACK1-HA  + + RACK1-HA  + +
AEPTK7-myc + o+ WB AEPTK7-myc + o+ WB
PTK7 RACK1 - - ]a-HA
RACK1 PTK7 - - ]o'.-myc
o-myc-IP
RACK1*‘-.‘ '.]a-HA
I | b .]a-myc

lysate l lysate l

Figure 4.8. RACKI1 interacts with PTK7. (A) RACKI co-precipitates a deletion mutant of PTK7 lacking the
extracellular domain (AEPTK?7) from Xenopus embryo lysates. IP: immunoprecipitation, WB: Western blot. (B) In
vitro translated myc-tagged AEPTK?7 protein precipitates HA-tagged RACK1 protein.

RACKI is a conserved scaffold protein, which consists of 7 tryptophane-aspartate domains
(WD40-domains). It is involved in variety of cellular processes, including adhesion, migration,
cell survival and protein translation (McCahill et al., 2002; Nilsson et al., 2004; Sklan et al.,
2006). The RACKI1 protein was originally identified by its ability to bind PKC and facilitate its
interaction with downstream signaling components (Mochly-Rosen et al., 1991). Since the
proteins of the PKC family have been implicated in the regulation of PCP signaling and,
particularly, dsh membrane recruitment (Kinoshita et al., 2003), RACK1 was further analyzed to
investigate whether it acts as a potential mediator of the PTK7-dsh interaction.
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To verify PTK7-RACK1 interaction, HA-tagged RACK1 and myc-tagged PTK7, lacking the
extracellular part (AEPTK7-MT), were overexpressed both in vitro and in Xenopus embryos and
co-immunoprecipitation experiments were performed. In Xenopus lysates, HA-tagged RACK1
precipitates AEPTK7-MT if the immunoprecipitation is performed with a-HA antibodies (Fig.
4.8 A). Furthermore, in vitro translated AEPTK7-MT precipitates in vitro translated RACKI-
HA, if precipitated with a-myc-coupled agarose beads (Fig. 4.8 B). The fact that co-precipitation
was demonstrated with in vitro translated proteins suggests direct interaction between RACKI
and PTK7.
4.1.7 Similar to PTK7, RACKI1 regulates neural tube closure
If the RACK1-PTK?7 interaction has a biological relevance than both molecules should regulate
similar developmental processes. So far the role of RACKI in development has not been
characterized. However, the expression pattern of RACK1 in Xenopus embryo was published
and it shows overlap with the one of PTK7 (Kwon et al., 2001; Lu et al., 2004). In particular,
both proteins are expressed in the area of the neural tube and PTK7 was already shown to
regulate neural tube closure (Lu et al., 2004). To test whether RACK1 has a function in neural
tube closure two translation blocking morpholino oligonucleotides were designed (Fig. 4.9 A).
The morpholinos efficiencies were tested in the in vitro translation system (Fig. 4.9 B) as well as
in Xenopus embryo lysates (Fig. 4.9 C). MO1 binds at the beginning of the RACK1 coding
sequence and thus, can be rescued with a human homolog of RACK1, while MO2 targets the 5°-
UTR and the rescue can be performed with a Xenopus RACKI1 construct, lacking the MO
binding site (Fig. 4.9).
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RACK1 5‘-UTR and CDS RACK1 MO2
5'-CTTCAGGCCTTGTGTCAGCCATCTGCCTCCA

GCTCATCACAGCC(ATG)ACTGAGCAAATGACACTICGGGGGACCC-3’
3-TACTGACTCGTTTACTGTGAAGCCC-5°

RACK1IMO1
RACKIMO1 | + +
RACK1MO2 + +
Standard MO + +
XRACK1+5°UTR + + +
XRACK1CDS + + o+

s e | 535 RACK1

RACK1MO1 - +
Standard MO - + WE:
xRACK1-HA - ~
hRACK1-HA + +
— - gu o-HA

s —— e | 0-actin

Figure 4.9. RACKI1 morpholino oligonucleotides. (A) The RACK1 MO targets the ATG (highlighted in blue)
and RACKI1 MO2 the 5'UTR (highlighted in green) of the Xenopus RACKI gene (Gene bank accession number
BC041541). (B) Both MO inhibited in vitro translation of full length RACK1 containing the 5'UTR (xRACK1), the
translation of an HA-tagged RACKI1 construct lacking the 5' UTR (xRACK1-HA) is inhibited by MOI1, but not
MO2, the translation of hRACK1 remains unaffected and standard MO does not influence protein translation. The
radioactive translated RACK]1 proteins (S*> RACK1) are shown. (C) RACK1 MOI inhibits the translation of x-
RACK-HA, but not hRACKI1-HA in Xenopus lysates
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The animal injections of either MO1 or MO2 result in neural tube closure defects, resembling

PTK?7 loss of function phenotype (Fig. 4.10 A-C). The effects of both morpholinos can be

effectively rescued by co-injection of RACKI1 constructs, lacking morpholino binding sites (Fig.
4.10 B and C).

To exclude the mesodermal influence on the neural tube closure, animal injections at 8-cell stage

were performed. During this type of injections the constructs are targeted primarily to the neural

tissues. Subsequently, the injection of RACK MOI1 together with GFP as a lineage tracer also

results in neural tube closure defects (Fig. 4.11).
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Figure 4.10. RACK1 loss of function phenotype. (A) The injection of either 20ng of RACK1 MOI1 or 20 ng of
MO?2 results in neural tube closure defects, while embryos injected with 20 ng control MO (CoMO) display
closed neural tubes. (B) Graph summarizing the percentage of neural tube closure defects in three independent
experiments. The embryos were injected animally with 20 ng RACK1 MO1, 20 ng RACK1 MO1 plus 300pg of
hRACKI or 20ng control MO at neurula stages (st. 16-17) neural tube closure defects were analyzed. (C) Graph,
summarizing three independent experiments, where the neural tube defects caused by the injection of RACK1
MO2. 20ng RACK1 MO2 was injected and its effect was recued by co-injection of 300 pg Xenopus RACKI1. The
injection of control MO did not cause major neural tube closure defects. The third repetition of the RACK1 MO2
injections was done by Peter Werner.
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Figure 4.11. Targeted injection of RACK1 MOI1 also results in neural tube closure defects. (A) The RNA
injections were performed at the 8-cell stage into the dorsal animal blastomere, which result in the targeting to
prospective neural tissues. (B) Two independent experiments, demonstrating the effect of RACK1 MO injected in
different concentrations. (C) RACKI1 MOI1 was co-injected with GFP as a lineage tracer and causes NT closure
defects, while control Mo injected embryos did not display any significant neural tube closure abnormalities.

To test whether RACK1 gain of function influences NT closure, animal injections at the one-cell

stage (P.Werner, unpublished) as well as targeted injections at 8-cell stage were performed.

Indeed, RACK1 overexpression also results in the certain amount of NT closure defects,

however the results have high variations between five tested batches of embryos (data not

shown).
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4.1.8 PTKY7 recruits RACKI1 to the plasma membrane in animal cap cells
As PTK7 and RACKI1 demonstrate physical interaction and both have a function in NT closure,
RACKI1 may mediate the PTK7-dependent dsh membrane recruitment. If this hypothesis is
correct, then, similarly to dsh, RACK1 should co-localize with PTK7 at the plasma membrane.
Therefore PTK7-RACKI1 co-localization was analyzed by confocal microscopy in ectodermal
explants (animal caps) of blastula stage Xenopus embryos. HA-tagged RACKI1 is expressed in
the cytoplasm of animal caps (Fig. 4.12 A), but is recruited to the plasma membrane upon co-
expression of GFP-tagged PTK7 (Fig. 4.12 B, D). Subsequently, a kinase deletion mutant of
PTK7 (AkPTK?7), which does not recruit dsh, failed to translocate RACKI1 to the plasma
membrane (Fig. 4.12 C, D). Thus, these data show that PTK7 recruits RACK1 to the plasma
membrane and that the kinase homology domain of PTK7 is necessary for this function.
Furthermore, this supports the hypothesis that RACKI1 functions in the PTK7-mediated

membrane localization of dsh.
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Figure 4.12. PTK7 recruits RACKI1 to the plasma membrane. Animal caps expressing tagged proteins were
analyzed by confocal microscopy. HA-tagged RACKI1 (red) is shown on the left, the GFP-tagged PTK7 constructs
(green) in the middle and the overlay on the right. (A) RACKI is localized in tlie cytoplasm of animal caps injected
with 250 pg RACK1-HA RNA. (B) Co-expression of 500 pg PTK7-GFP recruiis RACKI1 to the plasma membrane.
(C) Deletion of the kinase domain abolishes membrane recruitment of RACK 1. Embryos were co-injected with 250 pg
RACKI1-HA RNA and 500 pg AKkPTK7-GFP. (D) Graph summarizing the percentage of cells with membrane-
localized RACK1. The number of cells analyzed from 10 independent experiments is indicated for each column. The
p-value of RACKI1 recruitment to the membrane by PTK7 in Student’s t-test is less than 0.001.
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4.1.9 RACKI1 is required for PTK7-mediated dsh membrane recruitment
To further prove the hypothesis that RACK1 mediates the PTK7-dsh interaction, it was
investigated how the loss of RACKI1 function affects the PTK7-dsh co-localization. This was
analyzed in animal cap cells, which endogenously express RACK1 as confirmed by RT-PCR
(data not shown) as well as RACK1 expression pattern (Kwon et al., 2001). In animal cap cells
cytoplasmically localized GFP-tagged dsh (Fig. 4.13 A) is recruited to the plasma membrane in
the presence of PTK7 and control MO (Fig. 4.13 B, E). In contrast, co-injection of the RACK1
MO significantly inhibit PTK7-mediated dsh membrane recruitment (Fig. 4.13 C, E), indicating
that RACKI1 is required for this process. Identical results are observed for the RACK1 MO, the
RACKI1 MO2 and the combination of these MOs (Fig. 4.13 E). Moreover, this effect is
considered to be specific to the loss of RACKI1 function, since PTK7-dsh membrane co-
localization can be rescued by RACKI1 constructs lacking the MO binding site (Fig. 4.13 D, E).
Thus, RACK1 is required for the PTK7-mediated dsh membrane recruitment. However, dsh does
not demonstrate any binding to RACKI1 in the co-immunoprecipitation experiments of the in
vitro translated proteins (data not shown). Therefore, other proteins could be required to mediate

RACK1 dsh interaction.
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Figure 4.13. RACKI1 is required for the PTK7-mediated dsh membrane localization. (A) Animal caps injected
with 100 pg dsh-GFP RNA express dsh mainly in the cytoplasm. (B) PTK7 translocates dsh to the plasma membrane
in animal caps co-injected with 20 ng control MO and 500 pg PTK7 RNA. (C) Co-injection of 20 ng RACK1 MOI1
abolishes membrane localization of dsh in caps injected with 100 pg dsh-GFP and 500 pg PTK7, which can be rescued
by co-injection of 300 pg hRACKI. (E) Graph summarizing the percentage of cells with membrane-localized dsh. The
number of cells analyzed in a total of 13 independent experiments is indicated for each column. The p-value for the
RACK1 morpholino injections vs standard were estimated in homoscedatic t-test as lower than 0.01, for the rescue
experiments — lower than 0.05
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4.1.10 RACKT1 is required for the interaction between PTK7 and PKCo1
In human tissue culture RACK1 was shown to bind PKCd (Lopez-Bergami et al.,
2005),.Subsequently, in Xenopus PKCd directly binds dsh and is essential for dsh function in a
non-canonical Wnt signaling pathways and regulation of convergent extension movements
(Kinoshita et al., 2003). Thus, RACK1 can link PTK7 to dsh via PKCd. The interaction between
RACKI1 and PKCdl in Xenopus embryo lysates was additionally verified by the co-
immunoprecipitation of HA-tagged RACK1 and GFP-tagged PKCd1 (Fig. 4.14 A). In the result,
RACKI1 was shown to bind PKCé1, supporting the hypothesis that PKC6 may be necessary for
the regulation of the dsh membrane localization by PTK7. However, if this is true, than PKCo1
should, similar to dsh, co-localize with PTK7 at the plasma membrane in a RACK1-dependent
manner. The PTK7-dependent PKC61 membrane recruitment as well as the requirement of
RACKI1 for this process was tested in animal caps. GFP-tagged PKCd is expressed in the
cytoplasm of animal caps, and is recruited to the plasma membrane by co-expression of myc-
tagged PTK7 in the presence of standard MO (Fig. 4.14 B, C, and F). However, co-injection of
the RACK1 MO abolishes PKC31 membrane translocation in the presence of PTK7 (Fig. 4.14
D, F). In accordance with the previous experiments, similar effects were observed for the
injection of MO1, MO2 and their combination (Fig. 4.14 F). Additionally, to prove the RACK1-
specificity of the observed effects, rescue experiments with both human and Xenopus RACK1
constructs were performed (Fig. 4.14 E, F).
Finally, to prove that RACKI mediates the PTK7-dsh interaction via PKCd, we tested how
PKC51 loss of function affects the co-localization of PTK7 and dsh in the animal cap assay.
Similarly to previous experiments, in the presence of control MO PTK?7 recruits dsh to the
plasma membrane, while membrane localization of dsh significantly decreases in the presence of

PKC51 MO (Fig. 4.15).

89



Results

PKCS-GFFP PTK7-myc overla

A
XRACK1-HA + o+
xPKC31-GFP + + B
PKC31 - = -GFP

O 00

RACK1~ . e e ..
a-HA-IP

Z/ILOW

PKC31-wmm ' a-HA
RACK1—. R . GFp

. . ! |
& i sl
. Py .
¥ -
5

: o 4+
=2
lysate JU%
I >3
—
F
90%
80% 591 339
70%
60% L
50% 0
40% 479 Z? 213
30% 317
20%
10% -
0%
PKC61] + + + + + + + +
PTK7 + + + + + + +
CoMO +
RACK1MO1 + + + +
RACK1MO2 + + + +
hRACK1 + +
XRACK1 +

Figure 4.14. PKC5b1 is recruited to the plasma membrane by PTK7via RACKI1. (A) HA-tagged RACKI1
precipitates myc-tagged PKCd1 from Xenopus lysates injected with 300 pg RACK1-HA RNA and 500 pg PKC51-
GFP RNA. (B-E) Animal cap localization assay showing co-localization of PTK7 with PKC3. GFP-tagged PKCd1
(green) is shown on the left, myc-tagged PTK7 (red) in the middle and the overlay on the right. (B) GFP-tagged
PKC31 is localized in the cytoplasm of animal caps injected with 250 pg PKC61-GFP RNA. (C) Co-expression of
myc-tagged PTK7 recruits GFP-tagged PKC61 to the plasma membrane in animal caps injected with 700 pg PTK7-
myc and 250 pg PKC31-GFP RNA and 20 ng of control MO. (E) Co-injection of either 20ng RACK1 MO1, or MO2
or their combination affects the PTK7-mediated PKCS membrane recruitment. (F) Graph summarizing the percentage
of membrane-recruited PKCS1 from 12 independent experiments. The p-value between control MO and RACK1 MOs
injections was lower, than 0.001 in Student’s t-test, while in the rescue experiments the p-value did not exceed 0.05.
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Figure 4.15. PKCol1 is required for PTK7-dsh co-localization. (A) Upon co-expression with PTK7 (500 pg
mRNA) dsh-GFP (100 pg mRNA ) translocates to the plasma membrane in the presence of 20 ng control MO. (B)
The co-injection of 20 ng PKC381 MO inhibits PTK7-mediated dsh membrane recruitment. (C) Graph demonstrating
the percentage of membrane localized dsh from one experiment. Error bars show the standard deviation between 12
evaluated pictures, the p-value for CoMO vs PKC MO is lower than 0.001 in the Student’s t-test.

4.1.11 RACK1 is not required for the fz7-mediated dsh localization

Since dsh can be recruited to the membrane by members of the frizzled receptor family,
particularly frizzled 7, we analyzed if the fz7-mediated dsh localization is also affected by
RACKI. Protein localization in animal caps demonstrates that myc-tagged fz7 recruits GFP-
tagged dsh to the plasma membrane in the presence of a control MO (Fig. 4.16 A). But RACK1
is not required for the fz7-mediated dsh localization, because neither RACK1 MO1 nor RACK1
MO2 nor the combination of MO1 and 2 (Fig. 4.16 B, C) disturb the recruitment of dsh by fz7.
Conversely, RACK1 loss of function does not have any effect on the fz7-dependent
hyperphosphorylation of dsh. Upon the expression in both animal caps and embryos, myc-tagged
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dsh is detected as a single band in Western blots using a-myc-antibodies, while co-injection of
fz7 leads to the formation of a second high molecular weight band, which corresponds to
hyperphosphorylated dsh. Co-injection of either RACK1 MO1 or the combination of the MOs
does not affect the dsh phosphorylation status. The same effects were observed in the whole
embryo, where co expression of dsh and fz7 results in a triple band, corresponding to
dsh-GFP
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Figure 4.16. RACKI1 does not affect the fz7-dependent dsh membrane recruitment and phosphorylation. (A)
Co-expression of fz7 (100 pg) and dsh (100 pg) leads to dsh membrane recruitment in the presence of control MO, as
well as in the presence of RACK1 MOI, MO2 and the combination of the MOs (B). (C) Graph summarizing the
percentage of cells with membrane-localized dsh. (D) Upon the co-expression with fz7, myc-tagged dsh forms a
higher molecular weight band, which corresponds to hyperphosphorylated dsh in the presence of the control MO or the
RACKI1 MO.

phosphorylated dsh (Fig. 4.16 D). Thus, fz7-mediated membrane localization and
hyperphosphorylation of dsh are not RACK1-dependent.

4.1.12 Both PTK7 and RACKI1 can activate JNK phosphorylation

To test whether PTK7 and RACK1 can affect downstream PCP signaling events, we tested how
the phosphorylation of c-Jun N-terminal kinases (JNK) is influenced by these molecules in
animal caps. Previous work demonstrated that JNKs can be phosphorylated and translocated to
the nucleus during the activation of PCP signaling (Tahinci et al., 2007; Yamanaka et al., 2002).
And the overexpression of several PCP regulators, including dsh, can induce JNK
phosphorylation. The activation of JNK was analyzed in the animal caps stained with a-phosho-

JNK antibodies and DAPI to mark the nucleus. The increase in JNK activity was estimated by
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counting the cells, where a-phospho-JNK stain co-localizes with DAPI (Fig. 4.17, A-B, and

E).Similarly to dsh, overexpression of either RACK1 or PTK7 in animal caps increases JNK

phosphorylation.(Fig. 25 C-E). Moreover, PTK7 loss of function inhibits JNK phosphorylation,

induced by dsh, which indicates that dsh should form a complex with PTK7 to activate JNK.

(Fig. 25 E). Subsequently, loss of RACKI function inhibits JNK phosphorylation, caused by
PTK7-dsh co expression (Fig. 25 E), supporting the hypothesis of RACK1 mediating PTK7-dsh

signaling.
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Figure 4.17. Both RACK1 and PTK?7 act upstream of dsh to activate JNK phosphorylation. A-D Animal caps,
stained with a-phospho—JNK antibodies. (A) Control caps do not demonstrate high levels of JNK phosphorylation.
Overexpression of dsh (B), PTK7 (C) or RACK1 (D) leads to phosphorylation of JNK. (E) Graph summarizing the
percentage of cells with pJNK detected the in nucleus: overexpression of AKPTK7 or co-injection of either PTK7-MO

or RACKI1-MO inhibits dsh-dependent JNK-activation. The graph on the left summarizes the results of three
independent experiments. The graph on the right shows one out of two independent experiments.
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4.2. The function of PTK7 in neural crest migration
4.2.1 PTKY7 is expressed in the area of the pre-migratory and migratory neural crest cells
To further elucidate the in vivo function of PTK7 whole mount in situ hybridization (WISH)
analysis of Xenopus embryos was performed at different developmental stages. In addition to the
neural tube, where it has been already shown to have a function (Lu et al., 2004), PTK7 is
expressed in the area of the neural fold, pre-migratory and migrating neural crest cells (Fig. 4.18
A, B,C respectively, the mentioned areas are indicated with white arrow). Since recent data
demonstrate an emerging role of PCP signaling in neural crest migration, the function of PTK7

in the NC migration was further addressed in the current work.

Figure 4.18. In Xenopus laevis embryo PTK?7 is expressed in the area of pre-migratory and migrating
neural crest. (A) At early neurula stages PTK?7 is detected in the neural tube and prospective neural crest area. At
late neurula (B) and tadpole stages (C) PTK7 is expressed in the neural tube and the neural crest. White arrows
indicate the neural crest area.

4.2.2 PTK7 loss of function, but not the overexpression leads to defects in neural crest
migration.

To investigate whether PTK7 has a function in neural crest development, its loss of function
phenotype was analyzed. For this purpose Xenopus laevis embryos were injected with PTK7 MO
and GFP RNA or B-galactosidase RNA as a lineage tracer into one blastomere at the two-cell
stage and neural crest migration was analyzed by WISH at both neurula and tadpole stages with
different NC-specific markers. The injection of the PTK7 MO inhibited neural crest migration
both at neurula and tadpole stages. The WISH analysis of the PTK7MO-injected embryos
showed, that twist-positive neural crest cells are induced, however they fail to migrate (Fig. 4.19
A). At the same time the induction and migration of twist-positive cells in the coMO-injected

embryos was "™

in (Fig. 4.19 B). At tadpole stages, a few migrating neural crest cells are
observed in the embryos injected with PTK7 MO, however, their number and migration distance
are reduced compared to the control (Fig. 4.19 C, D). Similar migration defects were also seen

with other neural crest markers such as AP-2 and Sox10 (shown by Annette Borchers), whereas
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the expression of the midbrain-hindbrain marker engrailed is not affected at the same MO
concentrations (Fig. 4.19 D, right embryo). Thus, the PTK7 MO seems to specifically affect
neural crest migration, without causing additional morphological changes.

To verify the specificity of PTK7 loss-of function rescue experiments were performed. For this
purpose, embryos were injected with PTK7 MO in combination with either 100 pg or 1 ng wild-
type PTK7 RNA lacking the MO-binding site. The injection was done in one blastomere at the
two-cell stage using lacZ or GFP RNA as a lineage tracer. Subsequently, the neural crest
migration was analyzed by WISH using twist probe both at neurula and tadpole stages. A total of
three injection experiments, showing a concentration-dependent rescue effect of the PTK7 MO

phenotype by wild-type PTK7 RNA, is summarized on Figure 4.19, 1.
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Figure 4.19. Loss of PTK7 function causes neural crest migration defects. (A-B) Control embryos, co-injected
with a lineage tracer stained for neural crest marker Twist (A) or engrailed (B). Co-injection of control MO does not
cause any effects on neural crest migration both at neurula (C,I) and tadpole stage (G,I). (D) The engrailed-specific
staining did not reveal any major defects in neural tube development. The injection of PTK7-MO leads to neural
crest migration defects on both neurula (E, injected side is marked with arrow) and tadpole (H, injected side marked
with arrow) stages. At the same time neural tube development remains unaffected, which was verified by engrailed-
specific staining (F). (I) Graph, summarizing the percentage of the neural crest defects in three independent
exneriments. as well as the rescue of PTK7 loss of function (also three indenendent exneriments)

To further investigate the PTK7 function during the neural crest development, different
concentrations of myc-tagged and untagged PTK7 RNA were injected in one blastomere at the
two-cell stage and neural crest migration was analyzed at neurula and tadpole stages. In contrast

to loss of PTK7 function, neither neural crest neither induction nor neural crest migration were

affected by overexpression of PTK7 (Fig. 4.20 A-D). To verify the expression of the protein in
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Xenopus embryo, a myc-tagged version of PTK7 was used and its expression was detected by
western blot and immunostaining (Fig. 4.20 E, F). Thus, PTK7 is required for neural crest
migration; however, an excess of the protein seems not to disturb neural crest development.
Although the loss of PTK7 function affects primarily neural crest migration, it is difficult to
exclude the possibility, that PTK7 can have an indirect influence on neural crest development,
for instance by affecting neural tube closure. To prove that PTK7 harbors a specific function in
the migration of neural crest cells further investigations were performed. The role of PTK7 in the
neural crest migration is further tested by three different approaches: neural-crest-specific
overexpression of PTK7 and its dominant negative construct, in vitro migration of explanted

neural crest cells as well as neural crest transplantation experiments (NC transplantations were

done by A. Borchers).
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Figure 4.20. PTK7 overexpression does not affect neural crest migration. (A-C) Embryos were injected with 1
ng PTK7 RNA and 50 pg lacZ RNA in one blastomere at the two-cell stage and analyzed for twist expression by in
situ hybridization at neurula (A) and tadpole stages (B,C). Light blue lacZ staining marks the injected side. Twist-
positive neural crest cells show normal migration at neurula (A) and tadpole stages (B,C). (B) Injected side of a
tadpole stage embryo. (C) Uninjected side. (D) Graph summarizing the percentage of twist-expressing embryos
injected with 50 pg lacZ RNA, 0.5 ng PTK7 RNA, 0.5 ng myc-tagged PTK7 RNA or 1 ng PTK7 RNA at neurula
and tadpole stages. Numbers on the columns indicate the number of injected embryos. (E) Confirmation of PTK7
expression using western blotting (co, uninjected controls) or (F) immunostaining on transverse sections of neurula
stage embryos injected with 0.5 ng myc-tagged PTK7 RNA. In (F), membrane localization can be detected with a
Cy3-coupled myc antibody (left panel). Right panel shows an overlay with the DAPI staining.

4.2.3 Neural crest specific expression of AKPTK?7 inhibits migration

In order to study the function of PTK7 in neural crest migration independently from earlier
developmental defects, and, particularly, neural tube closure; we targeted the expression of PTK7
to neural crest cells. For this purpose, PTK7 constructs, namely full length PTK7 (Fig. 4.21 C,
D) and its kinase deletion mutant (AkPTK?7) (Fig. 4.2 E,F), were expressed under the control of
the neural crest-specific slug promoter, so that only cells, already specified to become neural
crest, are affected. The AkKPTK7 was used an antimorph, since it mimics PTK7 loss of function
phenotype (injection of 50 pg AkPTK7 RNA caused 44% neural crest migration defects, n=122)
and fails to recruit dsh to the plasma membrane (Fig. 4.1 F). In the microinjection the plasmid

DNA, containing the correspondent constructs, was used. This approach results in the neural
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crest specific expression of selected molecules. However, DNA injection leads to mosaic
expression of proteins, resulting in milder effects on NC migration. Therefore, a large numbers
of embryos (around 200-300) was injected for one experiment and the 20-30% of migration
defects were considered as a significant phenotype. The construct, containing GFP under the
control of the Slug-promoter was used as a toxicity control. Plasmids were injected together with
lacZ RNA as a lineage tracer in one blastomere at the two-cell stage and embryos were analyzed
for twist expression at tadpole stages. The results demonstrate that the neural crest-specific
expression of AKPTK?7 significantly inhibited the migration of twist-expressing neural crest cells
(Fig. 4.21 E, F), whereas the expression of GFP or full-length PTK7 rarely affects neural crest
migration (Fig. 4.21 A-D, G).
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Figure 4.21. Neural-crest-specific expression of PTK7 and dsh constructs. Two-cell stage embryos were injected in
one blastomere with plasmids containing a minimal s/ug promoter driving the expression of GFP (A,B), wild-type PTK7
(C,D) or AkPTK7 (E,F) to NC. (A-F) Tadpole stage embryos analyzed by twist in situ hybridization. The injected side
is presented in the right panel (B,D,F). (A,B) Embryo injected with 100 pg s/ug-GFP plasmid. (C,D) Embryo injected
with 100 pg slug-PTK7 plasmid. (E,F) Embryo injected with 100 pg slug- AkPTK7. Arrowhead in F indicates the
inhibition of neural crest migration. (G) Graph summarizing the percentage of neural crest migration defects in five
independent injection experiments. The number of injected embryos is indicated on each column. (H,I) Embryo injected
with 50 pg slug- &DEP. (J-O) Embryo injected with 50 pg slug-PTK7 together with 50 pg slug- ADEP (J,K) or 50 pg
slug-dsh (L,M) or 50 pg slug- APDZ (N,0). (P) Graph summarizing three dsh and PTK7 co-injection experiments. The
number of analyzed embryos is indicated on each column.
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4.2.4 Recruitment of dsh DEP domain by PTK?7 is required for neural crest migration
Since the neural crest specific overexpression of AKPTK7 has an effect on NC migration, we
decided to characterize the genetic interaction of PTK7 and dsh in migrating neural crest cells.
For this purpose the expression of PTK7, as well as of different dsh mutants was targeted to
neural crest cells using the same s/ug promoter system. To equilibrate the expression levels
during the injection of single constructs, slug-GFP was co-injected.
First, it was analyzed, whether the expression of dsh, APDZ dsh or ADEP dsh under the control
of Slug-promoter affects neural crest migration. The APDZ dsh, was chosen because it cannot be
recruited to the plasma membrane by PTK7, and ADEP dsh, because it acts as a dominant
negative dsh towards the PCP activity and affects neural crest migration (De Calisto et al., 2005;
Park et al., 2005). However, single injections of all dsh constructs result in very mild neural crest
migration defects (Fig. 4.21 H, I, P). The same holds true for the neural crest specific co-
expression ofPTK7 together with full length dsh or APDZ dsh (Fig. 4.21 L-P). However, the
combination of s/ug-PTK7 with s/ug-ADEP constructs results in the inhibition of neural crest
migration, comparable to the effect of s/ug-AkPTK7 (Fig. 4.21 J,K,P), which fails to recruit dsh
to the plasma membrane. Thus, although ADEP dsh can be recruited by PTK?7, its lack of PCP

activity inhibits neural crest migration.

4.2.5 PTK7 is necessary for the migration of explanted neural crest cells

To further prove that PTK7 specifically affects the migration of NC cells, an in vitro neural crest
migration assay was employed. GFP-tagged PTK7, AKPTK7 or PTK7-MO together with mRFP
were injected into one blastomere at the two cell stage. The embryos were grown to stage 16-17
and then the cranial neural crest was excised from an embryo with a cat-whisker knife and
explanted on a fibronectin coated dish. During the first 30 min neural crest cells start to migrate
out of the graft, and their migration was analyzed by time-lapse imaging during the next 3-6
hours. The usage of fluorescently tagged constructs allows to observe the migratory behavior of
only those cells, which were targeted by microinjection. The results of the time-lapse series
demonstrate, that NC cells expressing GFP-PTK7 show active migration on fibronectin (Fig.
4.22 A), while the expression of AKPTK7 as well as the injection of PTK7 MO strongly inhibits
neural crest migration (Fig. 4.22 B, C). Interestingly, AKPTK7 expressing cells were still able to
form lamellipodia and start to migrate (Fig. 4.22 B), while PTK7 MO targeted cells show a
round shape and form stress fibers (Fig. 4.22 C).

In addition, the fluorescent imaging of PTK7-GFP expressing neural crest cells reveal the
asymmetric distribution of PTK7 within a cell. Neural crest cells are polarized and start their

migration as a group. The cells, which start migrating first, form big lamellipodia at the leading
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edge and remain in contact with other cells at the trailing part. The analysis of PTK7-GFP
distribution within NC cells demonstrate, that PTK7 is enriched on the membrane at cell-cell
contacts and shows weak diffuse staining in lamellipodia (Fig. 4.22 D, white arrowhead). To
further investigate PTK7 redistribution within migrating neural crest cells we used laser scanning

microscopy.
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Figure 4.22. PTK7 is required for in vitro neural crest migration. (A) Overexpression of GFP-tagged PTK7
(500 pg of the RNA) did not inhibit the migration of neural crest cells on fibronectin. T1 and T2 — points of the
time lapse, approximately 1h in difference. The numbers 1 and 2 indicate the position of the two selected cells at
the beginning of the time-lase, 1’ and 2’ indicate the position of the same cells 1h later, white arrows show the
straight distance, covered by the cells. (B) The kinase deletion mutant of PTK7 inhibits neural crest migration.
Similar to (A) 1 and 2 indicates the position of selected cells and white arrows show their migration disctance.
During the period of 1h no significant migration was observed, however the cells do form lamellipodia. (C) The
injection of 10ng PTK7-MO blocks neural crest migration. The image of PTK7MO explants 2,5h after the
explantation, the cells injected with PTK7-MO and RFP as a lineage tracer display predominantly round shape.
(D) The explants, injected with PTK7MM and RFP as a lineage tracer show migration 2,5h after the explantation.
(E) The fluorescent image of PTK-GFP timelapse (A), the arrowheads indicate PTK7 enrichment in cell contacts
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4.2.6 PTKY7 localizes at cell-cell contacts and possesses homophilic binding
The confocal analysis of fixed immunostained explants also shows, that PTK7 is enriched on the
plasma membrane at cell-cell contacts (Fig. 4.23 A, red arrows). Interestingly, PTK7 localizes to
the membrane not only at initial contacts between cells, but also restored the membrane

localization in newly formed contacts.

a-MT-PTK7 immonostaining overlayed with the explant DIC image

Figure 4.23. PTK7 is enriched at the area of cell-cell contacts. (A) PTK?7 is localized to the cell contacts in
migrating NC cells (red arrows). The localization of myc-tagged PTK7 was analyzed by the laser scanning
microscope after immunostain with a-myc antibodies. (B) Experimental set-up to monitor the co-localization of the
differently tagged PTK7 versions in the ectodermal explants: animal caps expressing either myc-tagged (red) or HA-
tagged (green) versions of PTK7 were cut and fused together. The fusion area was visualized by LSM (C). PTK7
demonstrates the enrichemnet from the both sides of the contact (white arrowheads).

In addition, PTK7 enrichment in cell-cell contacts was further analyzed in animal cap cells. For
this purpose differently tagged versions of PTK7, PTK7-MT and PTK7-HA, were injected
animally into embryos. At blastula stages the ectodermal explants were cut and then PTK-HA
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explants were fused with PTK7-MT explants immediately upon the cutting and stained with
correspondent antibodies (Fig. 4.23 B). The explants fusion area was analyzed by confocal
microscopy, which demonstrates, that PTK7 also increases at the plasma membrane in the
regions, where both PTK7 expressing cells contact each other (marked with white arrow),

compared to regions, where they contact non-expressing cells (Fig 4.23 C).

Structurally, the extracellular part of PTK7 consists of seven immunoglobulin-like domains,
which can also be found in several homophilic binding molecules, like cadherins. To test,
whether PTK7 possesses homophilic binding, co-immunoprecipitation from Xenopus lysates was
performed. MT-PTK7 was co-precipitated with its HA-tagged version, proving a homophilic
binding (Fig. 4.24). The obtained results were refined by co-immunoprecipitation between
different PTK7 deletion mutants. This further demonstrates that the extracellular piece of PTK7
possesses homophilic binding properties (Martina Podleschny, unpublished data). Thus, by
interacting with each other through the extracellular part, PTK7 molecules may cluster at the

points, where two PTK-expressing cells form a contact.

PTK-MT + +
PIK-HA

+ +
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Figure 4.24. PTK7 possess homophilic binding. Differently tagged versions of PTK7, PTK7-MT and PTK7-HA,
were overexpressed in Xenopus embryo (500pg of each RNA was injected at 1-cell-stage). At gastrula stages the
co-immunoprecipitation was performed with a-myc antibodies. HA-tagged PTK7 was detected in the lysate, when
expressed alone and together with MT-PTK7 (Input, upper line). However, upon the co-immunoprecipitation the
HA-tagged PTK7 was only detected in the lane, where the myc-tagged version is present (Beads, lower lane), which
indicates the interaction

4.2.7 PTK7, but not its kinase deletion mutant co-localizes with dsh in migrating neural
crest cells

Since PTK7 forms a complex with dsh and both proteins have a function in neural crest
migration, they should co-localize in migrating neural crest cells. To test whether this is true,
RNAs encoding for MT-PTK7, MTAKPTK7 and GFP-dsh were injected animally in the one-cell

stage embryos and at stage 16-17 the neural crest cells were explanted and upon three hours of
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migration fixed, immunostained and analyzed by confocal microscopy. In parallel, stage 16-17
embryos were embedded in gelatin-albumin, sectioned and immunostained to observe, whether
dsh co-localizes with PTK7 in vivo. In the sections neural crest cells were marked with a-1-

integrin antibodies.

The imaging of explanted NC demonstrated, that PTK7 co-localizes with dsh at the area of cell
contacts, additionally dsh demonstrate a cytoplasmic enrichment in newly formed lamellipodia
(Fig. 4.25 A, lamellipodia are marked with blue arrows, cell contacts — with white arrows).
Surprisingly, a weak signal of MT-PTK7 was also detected in lamellipodia, which may indicate
that PTK?7 is also required for dsh signaling there. However, the specificity of the obtained signal
should be further verified (Fig. 4.25 B, lamellipodia are marked with blue arrows, cell contacts —
with white arrows). As the neural crest explants expressing AKPTK7 together with dsh are
inhibited in their migration, the confocal imaging is not shown for these explants. On sections of
the whole embryo dsh displays membrane localization as well as co-localization with PTK7 in
the neural crest area (Fig. 4.23 C, D). In accordance with the animal caps data, co-expression of
dsh and AkPTK7, as well as dsh with PTK7MO, results in dsh dislocalization from the plasma
membrane (Fig. 4.23 D, E). Thus the kinase homology domain of PTK7 is necessary to recruit

dsh to the plasma membrane in vivo in migrating neural crest cells.
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Figure 4.25. PTK7 co-localizes with dsh in migrating neural crest. (A-B) Migrating neural crest explants, which
overexpress either dsh-GFP or dsh-GFP together with PTK7-MT (100 pg and 500 pg mRNA respectively) were
immunostained and analyzed by confocal microscopy. The dsh protein localizes to cell contacts (white arrow) and
lamellipodia (blue arrow) (A), PTK7 co-localizes with dsh in cell contacts (white arrow), weak stainining for PTK7
was also detected in lamellipodia (blue arrow) (B). (C-F) Sections trough the neural crest are stained for dsh-gfp,
PTK7-MT, DAPI and B1-integrin to label the neural crest cells. Dsh shows primarily membrane localization, when
overexpressed alone (D) or with PTK7-MT (C). The co-injection of PTK7-MO (E) or AKPTK7-MT (F) inhibits dsh
translocation to the plasma membrane.
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4.2.8 PTK7 may be required for contact inhibition of locomotion
It was recently shown, that migrating neural crest cells possess contact inhibition of locomotion,
which is regulated by dsh recruitment to cell contacts and subsequent activation of Rho-GTPase
(Carmona-Fontaine et al., 2008). Since PTK7 is a homophilic binding molecule, which localizes
to cell contacts in migrating neural crest cells and recruits dsh to the plasma membrane, it was
tested, whether PTK?7 is also necessary for contact inhibition of locomotion. For this purpose a
NC explants confrontation assay was employed. The explants from either PTK7MO or control
MO injected embryos were placed in front of control explants and the interaction of migrating
NC cells was observed during the period of several hours. The results demonstrate, that upon
contact with control MO explants, migrating neural crest cells change the direction of migration
(Fig 4.26 A, blue arrows indicate direction of migration before the contact, red arrows — after the
contact). In contrast upon the contact with PTK7 MO cells, the contacting control cell migrates
further on top of the PTK7 MO explants without any changes in the direction of movement (Fig.
34 B). This effect with PTK7 MO explants was observed in three independent experiments. In
addition, the neural crest fate of PTK7 MO explants was verified by WISH using a-Slug probe,
demonstrating that the injection of PTK7MO does not change NC fate (data not shown).

Opm

Figure 4.26. PTK7 mediates contact inhibition of locomotion. (A) The explants injected with control MO and
GFP as a lineage tracer demonstrate contact inhibition of locomotion in the confrontation assay with uninjected
explants. T1 and T2 are different frames of the time-lapse movie. At T1 CoMO explants is in contact with control
explants, however at T2 NC cells start migrating in different direction. (B) The confrontation assay between PTK7-
MO explants (green) and control explants. At the T1 explants are in contact, however, the direction of migration
does not change over time (T2). Blue arrows indicate the direction of lamelloopodia formation/migration before the
contact, red arrows — after the contact.
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4.2.9 RACKI1 can also regulate neural crest migration
RACKI1 was shown to interact and signal downstream of PTK7. At the same time, both proteins
are expressed in the area of pre-migratory and migrating neural crest (Kwon et al., 2001). Since
loss of PTK7 function affects neural crest migration, the depletion of RACK1 should result in
similar effects. However, the injection of RACK1 MOI1 does not demonstrate severe neural crest
migration defects. Furthermore, the presence of either RACK1 MO1 or MO2 in the explanted
neural crest does not show significant inhibition of cell migration. However, preliminary data
shows that the injection of RACK1 MOI and MO2 combination affects the migration of
explanted neural crest (Figure 4.27), indicating that IRACK1 may function during neural crest

migration.

Figure 4.27. RACK1 loss of function affects the migration of explanted neural crest cells. Explants, injected with
20 ng RACK1 MO1, MO?2 or their combination and GFP as a lineage tracer were cultured on fibronectin, where their
migration was observed for 2h. RACK1 MO1 (A) as well as RACK1 MO2 (B) explants migrate in the most of cases,
while the combination of both morpholinos (C) inhibits neural crest migration. The control MO explants (D)
demonstrate no migration defects. The experiment was done once with 10 explants analyzed for each injection. In the
result 90% of control explants, as well as 80% of MO1 or MO?2 injected explants migrate normaly, while in the case
of the explants with the MO1 and MO2 combination the migration was observed in 20% of cases.

Finally, NC explants expressing GPF-tagged PTK7 together with HA-tagged RACK1 were
analyzed by confocal imaging to observe the co-localization of both proteins. GFP-tagged PTK7
was localized in cell contacts, while RACK1-HA was found in the cytoplasm as well as at the
cell contacts, where it co-localizes with PTK7 (Fig. 4.28, white arrows). Interestingly, similar to
dsh, RACK1 was also accumulated in lamellipodia, where these proteins can act together (Fig.

4.28, blue arrows).
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PTK7-GFP RACK1-HA overlay with DIC image
and DAPI

Figure 4.28. RACKI1 co-localizes with PTK7 at cell contacts. (A-B) The NC explants with RACK1-HA (250 pg
of mRNA injected) and PTK7-GFP (500 pg). (A) and (B) corresponds to different time points of migration: in (A)
the cells are migrating as a branch, while in (B) — they migrate rather as single cells. PTK7-GFP is enriched at cell
contacts and RACK1-HA co-localizes with PTK7 at these points (white arrows). Additionally RACK1 is enriched in
lamellipodia (blue arrows)
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5. Discussion
The aim of this project was to characterize the signaling function of PTK7 in neural crest
migration. PTK7 was identified as a regulator of the planar cell polarity signaling, necessary for
neural convergent extension and the establishment of stereocilia orientation (Lu et al., 2004).
Planar cell polarity signaling is a branch of Wnt signaling, which is involved in the regulation of
complex morphogenetic movements in vertebrates (Simons and Mlodzik, 2008). The studies on
the knockout mice showed that PTK7 interacts genetically with Vangll, which points to its
emerging role in the regulation of the PCP signaling (Lu et al., 2004). However, it was not entirely
clear, where exactly PTK7 intersects with PCP signaling cascade. Using a candidate approach it
was demonstrated that PTK7 acts by recruiting dsh to the plasma membrane. And the screening
for the novel PTK7 binding partners revealed that PTK7-dsh interaction is mediated via the
RACKI1 and PKCé. Moreover, PTK7 is a component of the fz7-dsh complex, which is necessary
for the fz7-mediated dsh membrane recruitment and phosphorylation. The analysis of PTK7
expression pattern during Xenopus laevis embryogenesis revealed that, in addition to the neural
tube area, PTK7 is expressed in the pre-migratory and migrating neural crest. Since it has been
already shown, that several PCP components are required for neural crest migration (Bekman and
Henrique, 2002; De Calisto et al., 2005; Goto and Keller, 2002; Nakaya et al., 2004), the second
part of the work was dedicated to analyze the PTK7 function during this process. The analysis of
the PTK7 gain- and loss-of function phenotypes revealed, that PTK7 is required for the neural
crest migration. Moreover, the neural crest specific co-expression of PTK7 with dsh deletion
mutant show, that PTK7-meidated membrane recruitment of the DEP-domain of dsh is crucial for

NC migration.

5.1 PTKY7 functions in PCP signaling

Dsh is a key regulator of Wnt signaling, which, probably, serves as a branching point between
canonical and PCP signaling pathways. The dsh protein is known to interact with more than 30
proteins and the majority of these interactions depend on the activation of distinct Wnt-signaling
pathways. For instance, during the activation of canonical Wnt signaling dsh forms a complex
with axin, while during PCP signaling it interacts with DAAM and activates RhoA etc
(Wallingford and Habas, 2005). In addition, the intracellular localization of dsh shows a
correlation between the activation of different Wnt signaling branches. Thus, during the PCP
activity dsh demonstrates primarily membrane recruitment, while during B-catenin pathway it
locates to the cytoplasm and could be translocated to the nucleus (Itoh et al., 2005; Rothbacher et
al., 2000; Sokol, 1996). Upon the co-expression with PTK7 in animal cap cells, cytoplasmically

localized dsh is recruited to the plasma membrane (Fig. 4.1), thus indicating an interaction
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between these two proteins and, possibly, activation of the PCP signaling. In addition, the
complex formation between PTK7 and dsh was also supported by glycerol gradient density
ultracentrifugation, where dsh tails to the higher fractions in the presence of PTK7 (Fig. 4.2).
However, co-immunoprecipitation experiments did not reveal any PTK7-dsh binding, which
suggests that other molecules are required for PTK7-dsh interaction.

Xenopus Frizzled 7 is another PCP regulator, shown to bind dsh and recruit it to the membrane
(Medina and Steinbeisser, 2000). Since both fz7 and PTK7 were shown to regulate CE movements
and recruit dsh to the membrane, they could interact to regulate PCP signaling (Axelrod et al.,
1998; Medina and Steinbeisser, 2000). Consistently, our immunoprecipitation experiments have
demonstrated that PTK7 can be co-precipitated together with both Fz7 and dsh in Xenopus lysates,
which proves complex formation of these proteins (Fig. 4.4). Interestingly, in MCF7 cells PTK7
as well as its kinase deletion mutant can be pulled down by Frizzled7 alone (M. Podleschny,
unpublished data), which could be explained by a relatively high amount of endogenous dsh,
which is not engaged in any of the signaling cascades, and can therefore stabilize PTK7-Fz7
interaction. Alternatively, since PTK7 was shown bind Wnt molecules (Hanna Peradziryi,
unpublished data), the stability of PTK7-fz7-dsh complex may depend on the presence of
appropriate Wnt proteins. Finally, the Fz7-dsh-PTK7 complex could be stabilized by additional
interaction between PTK7 and dsh, mediated via other downstream components, which will be
discussed below.

Since PTK7 was found to interact with fz7-dsh, we tested how the formation of Fz7-PTK7-dsh
complex is affected by loss of function of either PTK7 or fz7. The injection of PTK7 MO
significantly inhibits FZ7-dsh co-localization on the plasma membrane. Moreover, PTK7 leads to
inhibition of Fz7-dependent dsh hyperphosphorylation (Fig. 4.5 and 4.6), which associates with
dsh membrane recruitment and Wnt signaling activation (Rothbacher et al., 2000). Interestingly,
loss of PTK7 function also affects fz7 membrane localization and this effect can be rescued by co-
injection of PTK7 RNA, lacking the MO binding site (Fig. 4.5, E). Thus, PTK7 may stabilize fz7
at the plasma membrane in the proper conformation to recruit dsh. Contrary to PTK7 loss of
function, the injection of fz7 morpholinos does not significantly affect PTK7-dsh co-localization
at the plasma membrane. This phenomenon could be explained by the fact, that other molecules of
the frizzled family can stabilize the PTK7-dsh complex. In fact, two other frizzleds, fz4 and fz8,
are expressed in animal cap cells (Fig. 4.7 A). And, indeed, PTK7 was shown to bind Fz8 in
MCEF7 cells and mediate Fz8-dependend dsh recruitment and phosphorylation (Hanno Sjuits,
unpublished data). Interestingly, the PDZ domain of dsh is crucial for its PTK7-mediated
membrane recruitment, while the localization of ADEP-dsh and ADIX-dsh did not show

significant differences (Fig. 4.3). These data are controversial to the fz7-mediated dsh membrane
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recruitment, since it was already demonstrated that deletion of the DEP domain is required for fz7-
dependent dsh localization (Axelrod et al., 1998; Pan et al., 2004). This suggests that PTK7 has
additional mechanisms to recruit dsh to the plasma membrane. Since the kinase homology domain
of PTK?7 is required for dsh recruitment, it could dimerise and be phosphorylated by other kinases,
which link dsh to it. The in silico analysis of PTK7 C-terminal with a ProSite online tool revealed
high probability PKC-phosphorylation sites. And since PKCS has a function in the regulation of
PCP signaling and fz7-mediated dsh membrane recruitment, it seemed to be a likely candidate to
link dsh to PTK7. However, the co-immunoprecipitation experiments did not prove direct binding
between PTK7 and PKC3. Therefore a mass-spectrometry analysis was employed to identify

PTK?7 binding partners, which could mediate dsh membrane recruitment.

5.2 RACK1 is a novel PTK7 binding partner, which mediates its dsh membrane recruitment
Among several putative PTK7 interacting proteins we identified the receptor of activated PKC 1
(RACK1). RACKI1 is a scaffold protein, which consists of seven tryptophane-aspartate domains
(WD40 domains) forming a B-propeller-like structure. RACK1 was originally identified as a
protein, which mediates the interaction of the activated PKC with its downstream targets. It is
involved in variety of cell biological processes including the regulation of protein translation,
proliferation as well as cell migration (McCahill et al., 2002; Nilsson et al., 2004; Sklan et al.,
2006). The function of RACK1 during development was not elucidated. However, the expression
pattern of RACK1 Xenopus ortholog was published elsewhere and exhibits almost complete
overlap with PTK7 expression pattern (Kwon et al., 2001). In human tissue culture, RACK1 was
shown to bind PKCd and mediate PKC-dependent JNK phosphorylation (Lopez-Bergami et al.,
2005). PKC9 belongs to the PKC superfamily and has two homologues, PKC61 and PKC382, in
Xenopus. Both of the homologues are implicated in the regulation of PCP signaling via the
interaction with dsh and regulation of its Fz7-dependent recruitment and phosphorylation
(Kinoshita et al., 2003). Since RACK1 interacts with PKCd, which in turn binds dsh, RACK1 is a
likely candidate to link PTK7 with dsh.

Immunoprecipitation experiments with both in vifro translated proteins and Xenopus embryo
lysates confirm the direct nature of the PTK7-RACKI interaction. Moreover, RACK1 also co-
localizes with PTK7 in animal cap cells, where it may mediate dsh recruitment. Conversely, the
PTK?7 kinase deletion mutant, which fails to recruit dsh to the plasma membrane, does not co-
localize with RACKI in the animal cap assay (Fig. 4.8 and 4.12). The experiments in animal cap
cells indeed demonstrate that loss of RACKI1 function affects PTK7-dsh co-localization. Thus

RACKI1 serves as a scaffold protein, possibly, mediating the PTK7-dsh interaction (Fig. 4.13).
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Surprisingly, the co-immunoprecipitation experiments of in vitro translated proteins do not show
RACKI1-dsh binding. Since RACK1 was known to directly bind human PKCd (Lopez-Bergami et
al., 2005), and this interaction is conserved in Xenopus (Fig. 4.14, A), it is likely that PKCd binds
dsh and provides a link between dsh and RACK1/PTK7 (Kinoshita et al., 2003). Furthermore,
PKC5 is also recruited to the membrane by PTK7 in a RACK1-dependent manner (Fig. 4.14) and,
subsequently, loss of PKC31 function affects PTK7-dsh co-localization in animal cap cells (Fig.
4.15). In conclusion, the PTK7-RACK1-dsh interaction is dependent on PKCd and thus the PTK7
intersection with PCP signaling components may be illustrated by the model indicated on the
Figure 5.1. Here, PTK7 interacts with RACK1, which in turn recruits PKCS and dsh to the plasma
membrane. The extracellular part of PTK7 interacts with fz7, stabilizes it on the membrane and
enables dsh recruitment. It could be speculated, that the formation of the Fz7-dsh-PTK7 complex
depends on Wnt activity and PTK7 serves here as a molecule, which stabilizes it and channels dsh

towards the activation of PCP signaling.

Fz7

dsh
RACK1

PTK?7

JNK phosphorylation/
PCP activity

Figure 5.1. The model of PTK?7 intersection with PCP signaling. Via its extracellular part PTK7 recruits
frizzled 7 and stabilizes it on the membrane in a proper conformation to recruit dsh and cause its
hyperphosphorylation. Via its intracellular part, PTK7 additionally recruits dsh via RACK1 and PKC3 to channel it
towards the activation of PCP signaling.
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5.3 The role of PTK7 and RACKI1 in the regulation of PCP downstream effects.
To address how PTK7 and RACKI affect PCP downstream effectors several approaches could be
applied. First, the activity of small GTPases, like Rho and Rac needs to be elucidated. This could
be done by the use of Rho/Rac FRET biosensors or by western blotting analysis with a use of
specific proteins, recognizing activated GTPases. Alternatively, activation of PCP signaling
causes an increase of JNK phosphorylation and their nuclear translocation (Tahinci et al., 2007,
Yamanaka et al., 2002). Finally, the effects of RACK1/PTK7 overexpression and knockdown on
the convergent extension movements need to be analyzed. Overexpression of either PTK7,
RACKI1 or dsh results in an increase of JNK phosphorylation, indicating activation of PCP
signaling (Fig. 4.17, A-D). Conversely, co-expression of PTK7 together with dsh or RACK1 also
results in JNK phosphorylation. At the same time co-injection of either AKPTK7 or PTK7 MO
inhibits dsh-mediated JNK activation (Fig. 4.17, E). Therefore, PTK?7 is likely acting upstream of
dsh during PCP-signaling activation. Moreover, co-injection of the RACKI-MO inhibits
PTK7/dsh-mediated JNK activation, which supports the hypothesis that RACKI1 serves as a
scaffolding protein mediating the PTK7-dsh interaction.
Thus, PTK7 is a novel activator of PCP signaling, which acts by recruiting dsh to the plasma
membrane and, most probably, channels dsh to the activation of the PCP pathway. The function of
PTK?7 in the activation of PCP, but not canonical, Wnt signaling is supported by the number of
facts. First, PTK7 recruits dsh to the plasma membrane via RACK1 and PKCd. And it was shown,
that membrane associated dsh is rather observed during the activation of PCP, than B-catenin
signaling (Axelrod et al., 1998; Park et al., 2005; Wallingford et al., 2000). Also, PTK7 forms a
complex with fz7 and dsh to stabilize it at the plasma membrane. Fz7 is the first Xenopus frizzled,
implicated in the activation of the PCP signaling. The co-localization of Fz7-dsh on the plasma
membrane is a pre-requisite of the PCP activation (Medina et al., 2000; Medina and Steinbeisser,
2000; Park et al., 2005; Rothbacher et al., 2000). Interestingly, PTK7 recruits dsh via its PDZ
domain, which is implicated in the majority of dsh protein interactions (Wallingford and Habas,
2005). Thus, PTK7-mediated activation of PCP signaling may be achieved simply by competition
with the other B-catenin activating molecules for dsh binding. Similar to other PCP molecules,
PTK?7 activates JNK phosphorylation and regulates convergent extension movements, reviewed in
Simons and Mlodzik, 2008. Interestingly, dsh cannot activate JNK in the absence of PTK7. Thus,
as already mentioned above, PTK7 is crucial for dsh dependent activation of PCP signaling.
Finally, overexpression of PTK7 did not activate canonical Wnt signaling either in the luciferase
or in the double axis assay. Moreover, it efficiently inhibits Wnt-mediated activation of the B-
catenin pathway in both of assays (Hanna Peradziryi, unpublished data), which also supports that

PTK?7 has a function rather in the activation of PCP than B-catenin signaling.
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The function of PTK7 in PCP signaling is mediated via RACKI1. This is a first indication of
RACKI1 function in this signaling pathway. Since PTK7 and RACKI1 expression patterns overlap,
it is entirely possible that RACK1 mediates PTK7 function in several developmental processes. So
far it was demonstrated, that similar to PTK7, RACK1 regulates neural convergent extension (Fig.
4.10 and 4.11), which is one of the first indications of RACKI function in vertebrate
embryogenesis. Previously, RACKI1 has been only implicated to have a function in the ovary
development of Drosophila and sword development of the swordtail fish (Kadrmas et al., 2007;
Offen et al., 2009).
As mentioned before, RACKI1 is a scaffold protein with 7 protein-protein interaction domains.
Thus, potentially it can mediate an interaction of several proteins with PTK7. In HEK293 cells
RACK1 mediates an interaction between PKCd and JNK and is necessary for JNK
phosphorylation (Lopez-Bergami et al., 2005). It is possible, that the PTK7-dependent activation
of JNK occurs via the same mechanism, meaning that RACK1 could recruit not only PKC4-dsh to
PTK?7 but also JNK. Since in the PCP pathway the activation of JNK is thought to occur via Racl,
this small GTPase can also be a component of the PTK7-RACKI multiprotein complex
(Wallingford and Habas, 2005). Thus, PTK7 together with RACK1 may form a “scaffolding
platform” for other PCP signaling components, like PKCS, Rac, dsh and JNK, as well as Fz7,
which activates the PCP branch of Wnt signaling. Obviously, to prove this hypothesis a number of
questions should be further clarified. In particular, it is necessary to examine, whether Xenopus
PKCd-dependent INKs phosphorylation requires RACK1. Next, the influences of RACK1/PTK7
on the activity of Rac1/Rho/CDC42 small GTPases as well as cytoskeletal rearrangements need to
be investigated. This could be done by using GTPases FRET biosensors (Itoh et al., 2002; Pertz et
al., 2006). Alternatively, the lysates of either Xenopus embryos or cells with overexpressed or
knock-down PTK7 and RACKI1 can be analyzed for the levels of active GTPases as described
previously. Finally, it would be interesting to observe how PTK7-RACK1-dsh are co-localized
with cytoskeletal components in tissues, undergoing convergent extension.
5.4 The role of PTK7 and RACKI1 in dsh hyperphosphorylation.
Another question, which remains to be further investigated, is the hyperphosphorylation of dsh. To
mediate downstream signaling in both canonical and PCP pathways dsh needs to be “activated” by
phosphorylation. The phosphorylated dsh can be detected as a higher molecular weight band on
the SDS-PAGE and it occurs, when dsh is co expressed with frizzled and Wnt proteins (Lee et al.,
1999; Rothbacher et al., 2000; Takada et al., 2005; Yanagawa et al., 1995). As already mentioned,
several kinases, namely casein kinase € and PAR1 can cause dsh phosphorylation. Surprisingly,
PKCo does not lead to dsh phosphorylation, but, at the same time, it is required for the fz7-

mediated dsh phosphorylation (Cong et al., 2004; Kinoshita et al., 2003; Ossipova et al., 2005;
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Sun et al., 2001; Willert et al., 1997). Similar effect was demonstrated for PTK7, which could
serve as an additional argument that both proteins act together in this process. However, loss of
RACKI1 function does not influence either dsh hyperphosphorylation or its Fz7-dependent
membrane recruitment. At a first glance this may be explained by the fact that the RACK1 MO
did not result in a complete inhibition of the protein expression. And if the expression level of the
protein remains high, the amount of RACKI1 may still be sufficient for its function. In addition,
the function of RACKI1 in this process could be fulfilled by other homologues proteins. But since
the same amounts of RACK1 MO inhibit PTK7-dsh as well as PTK7-PKC localization, this can
hardly be the right explanation. A better explanation may be that RACK1, PKCS and PTK7 have
distinct functions in the regulation of dsh hyperphosphorylation. As it was shown, dsh
phosphorylation correlates with an activation of the Wnt signaling and thus occurs upon Wnt-
frizzled interaction. The hyperphosphorylation of dsh, caused only by co-expression of frizzleds,
can be explained by the action of endogenous Wnts. Since PTK7 can bind frizzled 7 and wnt via
its extracellular part, it can stabilize the signaling complex the membrane in the proper
conformation to recruit dsh and cause its phosphorylation, possibly, via casein kinase €. At the
same time, RACKI acts intracellular by stabilizing the complex between kinase homology domain
of PTK7, PKC9, dsh, and, probably, several other PCP components. The role of PKCd in the dsh
phosphorylation remains to be further identified. Since PKCd can directly bind dsh (Kinoshita et
al., 2003), it could be, that dsh can further be phosphorylated only in the complex with PKCJ.
Alternatively, PKC may be responsible for the “priming” steps in dsh phosphorylation, which
cannot be detected as a shift in molecular weight on the SDS-PAGE. Subsequently, this initial
phosphorylation of dsh may be required for its membrane recruitment and further fz7-dependent

hyperphosphorylation events.

5.5 PTKY7 functions in neural crest migration

Recent studies demonstrated an emerging role of PCP signaling in the regulation of neural crest
migration (De Calisto et al., 2005). PTK7 is a novel regulator of PCP, which is also expressed in
Xenopus neural crest. The present work shows that, similarly to dsh, PTK7 is required for neural
crest migration. In particular, PTK7 loss of function results in the inhibition of NC migration both

in the whole embryo as well as in vitro migration assay.
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Fig. 5.2. The model of PTK?7 role of in neural crest migration. (A) PTK7 recruits dsh to the plasma membrane,
leading to activation of PCP and enabling neural crest migration. The interaction of PTK7 and dsh may involve
RACKI1, PKC$ and fz7 (indicated as?). (B) Deletion of the conserved kinase domain of PTK7, as well as loss of
PTK7 function by injection of tzhe specific MOs, inhibits membrane localization of dsh and, thus, neural crest
migration. (C) ADEP dsh can be recruited to the membrane by PTK7, but lacks PCP activity and therefore blocks
neural crest migration.

The first question to be addressed is whether the inhibition of neural crest migration is a primary
effect of PTK7 loss of function or it is caused by improper neural development in general. PTK7
was previously shown to affect neural tube closure (Lu et al., 2004). And since the induction of
neural crest requires proper formation of the neural tube (Mayor et al., 1999), it could entirely be
possible, that the influence of PTK7 on the neural crest migration may be indirect. To exclude
this, only embryos, which did not display severe neural tube defects, were counted and analyzed
by WISH with NC-specific probes. In addition, neural crest induction in PTK7-MO injected
embryos has been analyzed and the migratory behavior of explanted as well as transplanted neural
crest cells was observed. Finally, overexpression of PTK7 dominant negative version was targeted
specifically to the neural crest with a help of the Slug-promoter.

Although, it was difficult to exclude the role of PTK7 in the induction of the neural crest, since the
injection of higher PTK7-MO concentrations, indeed, partially affects the NC formation, the use
of all above mentioned approaches demonstrate that PTK7 loss of function specifically affects the
migration. First, the injection of lower doses of PTK7-MO does not show an effect on the Slug
and Twist expression at pre-migratory neural crest, while at later stages the migration o the NC is
severely inhibited. Then, the expression of a dominant negative PTK7 version under the control of
the Slug promoter affects NC migration at tadpole, but not at neurula stages, supporting a specific
role of PTK7 in neural crest migration. Finally, the observation of the explanted and transplanted

neural crest allows analyzing the migratory behavior independent from induction events. And,
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indeed PTK7 loss of function severely inhibits migration of both explanted and transplanted
(shown by A. Borchers) neural crest cells. Therefore, PTK7 has a distinct function in two types of
morphogenetic movements, neural convergent extension and neural crest migration.

Since PTK7 functions via dsh recruitment to the plasma membrane in animal cap cells and dsh has
a function in neural crest migration (De Calisto et al., 2005), it was assumed, that PTK7 acts
through dsh to regulate the migration of NC. Indeed, this was demonstrated by the overexpression
of PTK7 with different dsh mutants under the control of the Slug-promoter. First, the
overexpression of PTK7 deletion mutant, which is unable to recruit dsh to the plasma membrane,
AKPTK?7, results in the inhibition of the neural crest migration (Fig. 4.21 E, F). The dislocalization
of dsh from the plasma membrane in neural crest cells upon loss of PTK7 function was
additionally verified by immunostaining of NC sections (Fig. 4.25 F). In addition, the co-
expression of ADEP-dsh and PTK7 also results in the same amount of NC defects (Fig. 4.21). This
can be explained by the fact that ADEP-dsh can be efficiently recruited to the plasma membrane
by PTK7, where it competes with endogenous dsh. However, since it is unable to activate PCP
signaling it results in the same amount of the NC migration defects as AKPTK?7. Surprisingly, the
NC-specific overexpression of ADEP dsh alone results in a minor neural crest defects, which
could be explained by primarily cytoplasmic localization of the dominant negative form. ADEP
dsh can be translocated to the plasma membrane only in the presence of PTK7, since its Fz7-
dependent translocation is blocked. Upon the co-expression of PTK7, the amount of ADEP-dsh at
the plasma membrane increases, causing thus more efficient inhibition of NC migration. Thus,
PTK?7 function in neural crest migration can be demonstrated by the following model (Fig. 5.2):
PTK?7 recruits dsh to the plasma membrane and induce the activation of the PCP signaling via dsh
DEP domain (Fig. 5.2 A). The loss of PTK7 function results in the dsh dislocalization from the
plasma membrane, inhibition of PCP signaling, which subsequently affects NC migration (Fig. 5.2
B), the recruitment of ADEP dsh to the plasma membrane also results in the inhibition of PCP
signaling and neural crest migration defects.

Another question, which remains to be opened in the proposed model, is whether the mechanisms
of dsh membrane recruitment in neural crest cells remain similar to the ones in the animal caps.
Although, the functions of fz7, RACKI1 and PKCS during neural crest migration was not
addressed in detail, all these molecules are expressed at the right time and place to have a function
in NC migration (Kinoshita et al., 2003; Kwon et al., 2001; Medina et al., 2000). In addition, the
loss of RACKI1 function inhibits NC migration in vitro. Therefore, the role of RACKI in the
PTK7-dependent dsh membrane recruitment may also be relevant for its function in the neural
crest. Moreover, the analysis of RACKI1 localization in migrating NC explants shows that it is

enriched in lamellipodia and cell contacts (Fig. 4.28), where it can facilitate dsh function.
119



Discussion
Interestingly, immunostaining the neural crest explants against MT-PTK?7 also reveals its presence
in lamellipodia. This can occur either when PTK?7 is internalized or when its intracellular part is
cleaved and has a separate function in the cytoplasm. Thus, fz7, PTK7, RACK1, PKCd and dsh
may form a PCP signaling complex, which regulates for neural crest migration. However, this
assumption requires further investigations.
Recently it was shown, that during neural crest migration dsh facilitates contact inhibition of
locomotion via its recruitment to cell contacts (Carmona-Fontaine et al., 2008). The phenomenon
of contact inhibition of locomotion was first shown for mouse fibroblasts, migrating in vitro. And
it has a particular importance for the guidance of cell migration and metastasis processes. Thus,
the involvement of PCP signaling in contact inhibition of locomotion of neural rest cells may
reveal general cell migration mechanisms. However, the mechanisms, by which dsh localizes to
cell contacts, remains to be identified. So far it was only demonstrated that other PCP signaling
components, namely Fz7 and Wntl1, co-localize with dsh at cell contacts (Carmona-Fontaine et
al., 2008).
PTK?7 is a homophilic binding molecule and the analysis of PTK7 localization in neural crest
explants demonstrates, that PTK7 is enriched in cell contacts (Fig. 4.22 D, 4.23 A). The
mechanisms of PTK7 enrichment at contacts may be explained by clustering of the molecules,
caused by homophilic binding. Since PTK7 was shown to recruit dsh to the plasma membrane, it
may facilitate dsh-dependent contact inhibition of locomotion. To test whether PTK7 has a role in
contact inhibition of locomotion, a neural crest explants confrontation assay was employed. Upon
the confrontation of PTK7 MO explants with control explants, control neural crest cells do not
change their direction of migration upon the contact with PTK7MO cells. At the same time, upon
the contact with PTK7 MM cells the direction of control NC cells migration changes. This, of
course, can raise a question regarding the change in the NC specification during loss of PTK7
function. However, as it was shown before, PTK7 did not affect slug expression of pre-migratory
NC cells. Additionally, PTK7-MO explants demonstrate the expression of Slug in WISH, which
also supports, that their specification is not affected. The role of PTK7 in dsh-dependent contact
inhibition of locomotion is also supported by the finding that in migrating NC explants PTK7 co-
localizes with dsh at cell contacts (Fig. 4.23 B). Thus, PTK7 may play a key role in the neural
crest migration by participating together with dsh in contact inhibition of locomotion.
This hypothesis, clearly, requires further verification. And, first of all, the downstream PTK7
signaling, and particularly, the activation of Rho and Rac GTPases needs to be elucidated. Dsh
was shown to activate Rho in cell contacts and Rac — in lamellipodia (Carmona-Fontaine et al.,
2008). Therefore, it is extremely important to find, how loss- and gain-of PTK7 function affects

the activity of small GTPases. Next, the detailed analysis of NC specification, caused by loss of
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PTK?7 function, should be performed. Furthermore, it was shown, that NC can invade other types
of tissue, particularly mesoderm or endoderm (Carmona-Fontaine et al., 2008). Since, PTK7
expression is not detected in both tissues, it would be interesting to know how PTK7
overexpression in mesoderm affects neural crest invasion behavior. Finally, the direct function of
PTK?7 in contact inhibition of locomotion has to be verified by analyzing explants migration on

fibronectin additionally coated with PTK7 protein.
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6. Conclusions

The present work analyzed two main questions, namely, how PTK7 intersects with planar cell
polarity signaling and whether it has a function during Xenopus neural crest migration.

In respect to the interaction with PCP signaling it was demonstrated that PTK7 intersects with
PCP signaling at the level of dsh and recruits dsh to the plasma membrane. This function is
dependent on the kinase homology domain of PTK7 and the PDZ domain of dsh. However, since
direct binding between PTK7 and dsh was not demonstrated, other proteins, which could mediate
this interaction, were identified. It was shown, that PTK7 is part of the fz7-dsh complex, required
for its stability at the plasma membrane and fz7-dependent dsh phosphorylation. Furthermore,
tandem mass-spectrometry analysis identified receptor of activated PKC 1 (RACK1) as a novel
PTK7 binding partner. Subsequently, in the animal cap assay RACK1 was shown to be required
for the PTK7-dependent dsh membrane translocation. However, RACK1 requires the interaction
with PKCd to link dsh with PTK?7. In addition, dsh, RACK1 and PTK7 were shown to induce
JNK phosphorylation, which supports their function in PCP signaling. Thus PTK7 regulates PCP
signaling by stabilizing the fz7-dsh complex on the plasma membrane and additionally recruiting
dsh via RACK1 and PKC3.

Next, the influence of PTK7 on Xenopus neural crest migration was shown. The loss of PTK7
function inhibited neural crest migration, while the overexpression did not show any effect. The
PTK?7 function in neural crest migration was also mediated via dsh membrane recruitment and
subsequent PCP activity. This was proven by overexpression of the selected PTK7 and dsh
mutant under the control of Slug promoter, as well as by dsh-PTK7 co-localization in neural
crest samples upon immunostaining of the tagged proteins. However, the role of fz7, PKCS and
RACKI in the formation of the PTK7-dsh complex during the neural crest migration remains to
be further addressed.

Finally, it was demonstrated, that the PTK7 molecule possesses homophilic binding properties,
which could be crucial for its function during NC migration. Migrating neural crest cells exhibit
contact inhibition of locomotion, which is associated with accumulation of dsh and subsequent
RhoA activation in cell contacts. Since PTK7 is a homophilic binding molecule, which
accumulates in the area of cell contacts, it may facilitate contact inhibition of locomotion by
mediating dsh recruitment to this area. This hypothesis was supported by the finding that the
PTK7 MO explants did not possess contact inhibition of locomotion during the explants
confrontation assay. But the further work should be performed in order to prove the specific role

of PTK7 during contact inhibition of locomotion.
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