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Zusammenfassung

Zellmigration ist ein bedeutender Prozess wahrend der Embryonal-Entwicklung und wird
stark von &ulleren Signalen, chemische als auch mechanische, reguliert.
Neuralleistenzellen (NLZ) sind hoch migratorische Zellen, welche sich auf Grund ihrer
Ahnlichkeiten zu Krebszellen hervorragend zur Analyse von Zellmigration eignen. NLZ
werden an der Grenzregion der Neuralfalten induziert und migrieren entlang der
anterioren-posterioren Achse durch den Embryo. Die NLZ besitzen die F&ahigkeit
mesenchymales und ektodermales Gewebe zu durchdringen, um jedoch nicht andere
NLZ zu uberlaufen, setzt der sogenannte Prozess der Kontaktinhibierung der
Lokomotion ein (contact inhibition of locomotion, CIL). CIL beschreibt den Prozess, in
dem aufeinandertreffende Zellen nach dem Zell-Zell-Kontakt ihre Migrationsrichtung
andern. Dabei spielt der nicht-kanonische Wnt Signalweg eine wichtige Rolle. Bei der
Aktivierung des nicht-kanonischen Wnt Signalweges wird das cytoplasmatische Protein
Dishevelled durch den Rezeptor Frizzled an die Membran rekrutiert. Dies fuhrt zur
Aktivierung von kleinen GTPasen und zur Reorganisation des Aktin-Zytoskeletts. Das
Transmembranprotein PTK7 (protein tyrosine kinase 7) ist ein Aktivator des nicht-
kanonischen Wnt Signalweges und in NLZ exprimiert. Diese Arbeit zeigt, dass in
migrierenden NLZ PTK7, vermittelt Gber dessen extrazellulare Domane, an Zell-Zell-
Kontakten akkumuliert. Ein Funktionsverlust von PTK7 in Xenopus flhrt zu einer
Inhibierung der NLZ-migration. In dieser Arbeit konnte gezeigt werden, dass ein
Funktionsverlust von PTK7 zu einer Veranderung der Zellmorphologie von NLZ und
damit Inhibierung der NLZ-migration fiihrt. Uber den PTK7 Signalweg wahrend der NLZ-
migration ist nicht viel bekannt. Wahrend dieser Arbeit konnte jedoch gezeigt werden,
dass eine Uberexpression von Dishevelled den Funktionsverlust von PTK7 wahrend der
NLZ-migration kompensiert. Aul3erdem konnte ein neuer Interaktionspartner identifiziert
werden. Der Rho-Guaninnukleotid-Austauschfaktor Trio interagiert mit PTK7, zudem ko-
lokalisiert Trio mit PTK7 in NLZ und eine Uberexpression von Trio rettet den
Funktionsverlust von PTK7 in der NLZ-migration. Zusammenfassend konnte diese Arbeit

weiteren Aufschluss Uber den PTK7 Signalweg wahrend der NLZ-migration geben.



Abstract

Cell migration is an important process during embryonic development and is strongly
regulated by external signals, both chemical and mechanical. Neural crest (NC) cells are
highly migratory cells, which are ideal for analyzing cell migration due to their high
similarities to cancer cells. NC cells are induced at the border region of the neural folds
and migrate along the anterior-posterior axis through the embryo. The NC cells have the
ability to penetrate mesenchymal and ectodermal tissue but do not penetrate other NC
cells, regulated by a process called contact inhibition of locomotion (CIL). CIL describes
the process in which cells change their migration direction after contact with another cell.
The non-canonical Wnt pathway is important for this process. Upon activation of the non-
canonical Wnt pathway, the Frizzled receptor recruits the cytoplasmic protein
Dishevelled to the membrane. This leads to activation of small GTPases and
reorganization of the actin cytoskeleton. The transmembrane protein PTK7 (protein
tyrosine kinase 7) is an activator of the non-canonical Wnt signaling pathway and
expressed in NC cells. This study shows that in migrating NC cells PTK7, mediated by
its extracellular domain, accumulates at cell-cell contact sites. A loss of function of PTK7
in Xenopus leads to an inhibition of NC cell migration. However, the role of PTK7
signaling during NC cell migration remains to be analyzed. During this study it has been
shown that PTK7 loss of function leads to alteration of NC cell morphology and thereby
inhibition of NC cell migration. This NC cell migration defects can be rescued by
overexpression of Dishevelled. In addition, a new interaction partner was identified. The
Rho guanine nucleotide exchanging factor Trio interacts with PTK7, co-localizes with
PTK7 in NC cells and an overexpression of Trio rescues PTK7 loss of function defects
in NC cell migration. In summary, this work has provided further insight into the PTK7
signaling pathway during NC cell migration.
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1. Introduction

1. Introduction

Cell migration and cell communication play a crucial role during embryonic development
and in adult organisms. Tissue formation during morphogenesis, tissue homeostasis,
wound repair and immune responses all require migration of cells in response to external
signals (Friedl and Gilmour, 2009). Defective cell behavior can lead to various diseases
like an open neural tube (craniorachischisis) and cancer (Kuriyama and Mayor, 2008;
Nikolopoulou et al., 2017). Neural crest (NC) cells are a highly migratory pluripotent cell
population that behave in a similar way to invasive tumor cells and are ideal for analyzing
cell migration (Kuriyama and Mayor, 2008; Mayor and Theveneau, 2013; Szab6 and
Mayor, 2018). NC cells can differentiate into a variety of cell types including neurons,
skeletal and connective tissues, smooth muscle cells and pigment cells (reviewed in
(Dupin et al., 2006; Etchevers et al., 2019; Minoux and Rijli, 2010; Shyamala et al.,
2015)). Due to the possibility to differentiate into a variety of different cell types, the NC
is proposed to be referred to as the fourth germ layer (Hall, 2000; Shyamala et al., 2015).
Defects in NC cell migration cause so called neurocristopathies. Craniofacial and cardiac
defects as well as mental retardation and pigmentation defects are frequent in

neurocristopathies (reviewed in (Etchevers et al., 2019)).

1.1 Neural crest induction and delamination
NC cells are induced at the border region of the neural folds between the neuroepithelium
and the ectoderm along the anterior-posterior axis of the embryo. A combination of BMP
(bone morphogenetic protein), Notch, FGF (fibroblast growth factor) and Wnt signaling
in the neural plate, surrounding epidermis and underlying mesoderm leads to the
activation of a genetic cascade in the neural folds which induces NC cells (reviewed in
(Groves and LaBonne, 2014; Milet and Monsoro-Burqg, 2012; Pla and Monsoro-Burg,
2018; Prasad et al., 2019; Sauka-Spengler and Bronner-Fraser, 2008)). After induction,
NC cells delaminate from the neuroepithelium and migrate in distinct streams within the
embryo. Based on their location in the embryo, NC cells are categorized into
cranial/cephalic, cardiac, vagal, sacral and trunk NC cells (Aybar and Mayor, 2002). In
the following, only the migration of cranial NC cells will be described.
In Xenopus, delamination of NC cells occurs prior to neural tube closure and epithelial-
to-mesenchymal transition (EMT) commences before neural tube closure. Here, EMT is
suggested as partial EMT because EMT is not completed after the onset of migration
(fig. 1) (reviewed in (Alfandari et al., 2010; Taneyhill and Schiffmacher, 2017; Theveneau
et al., 2010)). During EMT, the NC cells are decreasing their cell adhesion, lose their
apical-basal polarity, undergo cytoskeletal rearrangement and gain migratory properties
(fig. 1 B). An important step during EMT in Xenopus is a switch from E- to N-Cadherin
1



1. Introduction

(Scarpa et al., 2015). There is not a complete Cadherin exchange since E-Cadherin
transcripts are still present in migrating NC cells (Huang et al., 2016). Moreover, the
extracellular domain of E-Cadherin seems to be necessary for proper NC cell migration.

Cadherin switch

I
Epithelial =—— |\|esenchymal
EMT

< I CIL
(TO® |RACL [F|RHOA

i [N-Cadherin_——

————, -

\x.

—u

\_‘_@—Aﬂg_/‘ - g -
[ ?% q—b W Y
o o i) ) W Traction & BU

Focal : Extracellular matrix force
adhesion

Fig. 1: Cellular changes during NC delamination. A Schematic section through a Xenopus
embryo during NC delamination (modified after (Szab6 and Mayor, 2018)). B Cadherin
switching in the regulation of EMT and contact inhibition of locomotion (CIL). Switch from E-
Cadherin to N-Cadherin allows NC cells to undergo EMT while gaining a capacity for CIL. E-
Cadherin suppresses EMT by, among others, p120 catenin which polarizes Racl to cell-cell
junctions. N-Cadherin promotes Racl activity towards the leading edge of cells allowing
asymmetric traction stresses for directed migration away from neighboring cells (Stramer and
Mayor, 2017).

Recent findings indicate that EMT of NC cells is initiated by the stiffness of the underlying
mesoderm (Barriga et al., 2018). NC cells detect the stiffness of the mesoderm caused
by the convergent extension movement during gastrulation. The increasing stiffness of
the mesoderm leads to EMT of the NC cells and triggers their migration (Barriga et al.,
2018). This shows that not only molecular but also mechanical interactions between the

NC cells and their environment are essential for NC cell migration.

1.2 Keeping NC cells on track

For collective NC cell migration, cell communication between NC cells and the
surrounding tissues is necessary (fig. 2). While chemoattractions and i repellents keep
NC cells in distinct streams, contact inhibition of locomotion (CIL), where cells change
the direction of migration after contact with another cell (Abercrombie, 1979), and NC
co-attraction promote the dispersion of NC cells but at the same time prevent the
complete dispersion of single NC cells (reviewed in (Shellard and Mayor, 2019; Szab6
and Mayor, 2018)).

The best investigated chemoattractant is the chemokine Sdfl (stromal cell-derived factor
1) secreted by placodal cells (fig. 2 C), which binds to Cxcr4 expressed by the NC cells
(Theveneau et al., 2010). Sdf1/Cxcr4 signaling in NC cells increases the activity of the

small GTPase Racl which stabilizes cell protrusions and promotes migration (Ridley et
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al., 2003; Shellard et al., 2018; Theveneau et al., 2010). However, in order to respond
well to the Sdfl source NC cells have to be in contact with other NC cells. It has been
shown that single cells respond in a less directional manner than a group of NC cells
(Theveneau et al., 2010).

In order to delimit the migration routes of the NC cells, a set of negative regulators need
to be expressed in the prospective NC-free area. Two classes of molecules have been
identified as negative guidance cues: ephrins and their corresponding Eph receptor as
well as class3-semaphorins and their neuropilin/plexin receptors (Kuriyama and Mayor,
2008; Theveneau and Mayor, 2012a; Theveneau and Mayor, 2012b). These molecules
induce the collapse of cell protrusions of the NC cells by inhibiting Racl so that the NC
cells do not migrate towards this area (Bajanca et al., 2019; Gammill et al., 2007;
Koestner et al., 2008). Interestingly, the effect of semaphorins is temporal and at later
stages Sdfl drives NC entry into semaphorin-positive tissue (Bajanca et al., 2019;
Gammill et al., 2007).

m E-cadherin
Connexin

SLE

CIL|—| Rac1
RhoA

I N-cadherin
p120

« a-catenin

B Fz7

® Wnt11

= Dishevelled

- Traction

B Autocrine chemotaxis (coattraction)
[ ]

e ®

e ® o

= CIL
®  Sdf1

Fig. 2: Control of collective NC cell migration. A Contact inhibition of locomotion (CIL)
polarizes colliding cells. B Autocrine chemotaxis helps maintain collectiveness. C The chase-
and-run mechanism between NC cells and placodes directs NC migration and coordinates the
migration between NC cells and placodes. Across the panels, colors differentiate the Racl
(blue) and RhoA (red) activity of NC cells (green) and placodal cells (magenta) (modified after
(Szab6 and Mayor, 2018)).
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As already mentioned, a NC cell responds better to a Sdfl source when it is in contact
with other NC cells, indicating a collective migration behavior of NC cells. Indeed, NC
cells secret the chemokine C3a (complement component factor 3a), and express its
receptor C3aR at the same time, to prevent the complete dispersion of single cells (fig.
2 B) (Carmona-Fontaine et al., 2011). C3a/C3aR signaling activates Racl which
stabilizes cell protrusions so that the dispersed NC cell migrates back to the cell group,
which has a higher concentration of C3a.

If a NC cell than gets in contact with another NC cell, NC cells undergo CIL (fig. 2 A)
(Carmona-Fontaine et al., 2008b). The process of CIL prevents NC cells from invading
each other without losing the ability to penetrate mesenchymal and ectodermal cells and
also promote the dispersion of the NC cells. Four main steps occur during CIL: 1. cell-
cell contact, 2. inhibition of cell protrusion at the site of contact, 3. contraction of
protrusion at cell contact and generation of new protrusion, 4. migration away from
collision. Repolarization and cell separation may not occur in all cases after collision. It
is furthermore affected by the geometry of the collision for example lamellae-to-lamellae
versus lamellae-to-rear (Desai et al., 2013; Stramer and Mayor, 2017).

Taken together, NC cells migrate towards the chemoattractant Sdfl, the area in which
the cells migrate is determined by negative guidance guess in the NC-free areas,
dispersion of the cells is promoted by CIL but to prevent complete cell dispersion, NC
cells secrete the chemokine C3a and its receptor C3aR.

1.3 PCP signaling leads to cell polarization

In order for CIL to take place, the non-canonical Wnt pathway has to be activated at cell-
cell contact sites (Carmona-Fontaine et al., 2008b). The non-c a n o n i c-eatenine r b
independent Wnt pathway is also known as the PCP (planar cell polarity) signaling
pathway. PCP describes the coordinated orientation of cells and cellular structures within
the plane of an epithelium. PCP has been first described in Drosophila where it could be
shown that the planar polarization of epithelial cells is necessary for the orientation of
wing hairs (reviewed in (Klein and Mlodzik, 2005)). The planar polarization plays an
equally important role in tissue polarity and cell movements in vertebrates (Guo et al.,
2004; Heisenberg et al., 2000; Jessen et al., 2002; Mitchell et al., 2009; Wallingford et
al., 2000). Loss of function of core PCP proteins can lead to defects in convergent
extension movement, neural tube closure and disoriented inner ear hair cells (see review
(Wallingford, 2012)). The core PCP proteins are the transmembrane proteins Frizzled
(Fz), VanGogh-like (Vangl) and Flamingo (Fmi) and the cytoplasmic proteins Dishevelled
(Dsh), Prickle (Pk) and Diego (Dgo) (reviewed in (Yang and Mlodzik, 2015)). Further

studies show that Fz, Dsh and Dgo are localized together at one side of a cell while Vangl

4



1. Introduction

and Pk are localized at the opposite sides (fig. 3 A). Fmi is localized at both sides. The
cell polarization is established due to the interaction of the protein complexes in the cell
as well as across the cell membrane. Fmi interacts with Fz and Vangl and is able to form
homodimers across the cell (Chen et al., 2008; Usui et al., 1999). In presence of Fmi, Fz
and Vangl are capable to recruit each other to the cell membrane (fig. 3 A) (Chen et al.,
2008; Wu and Mlodzik, 2008). There is a contradictory view of how this mutual
recruitment takes place (see review (Peng and Axelrod, 2012)). However, stabilization
of PCP complexes across the membrane by Fmi is important to propagate PCP from cell
to cell (Struhl et al., 2012; Strutt, 2001; Strutt and Strutt, 2008; Usui et al., 1999). To
stabilize planar polarization within the cell, an inhibitory feedback loop with Dsh and Pk
takes place. Fz recruits Dsh to the membrane and by the binding of Dsh to Dgo, Dgo is
also localized at the cell membrane with Dsh and Fz (fig. 3 A) (Axelrod, 2001; Axelrod et
al., 1998; Jenny et al., 2005). On the opposite side, Vangl interacts with Pk (Jenny et al.,
2003). Vangl is also able to interact with Dsh but it is proposed that Vangl has a stronger
affinity to interact with Pk than with Dsh (Das et al., 2004; Jenny et al., 2003). Pk is also
able to interact with Dsh and Dgo but the Pk-Dsh interaction is inhibited in presence of
Dgo leading to an intracellular inhibitory feedback loop to establish PCP (fig. 3 A) (Das
et al., 2004; Jenny et al., 2003; Jenny et al., 2005; Tree et al., 2002).

A

[Dix| |pDZz| |DEP| | Dsh

| o |
Dgo Dgo
v

Fmi Fmi Fmi

cytoskeleton changes

Fig. 3: Schematic model of PCP signaling. A Core PCP protein interaction across cells
(modified after (Yang and Mlodzik, 2015)). B Activation of PCP signaling leads to cytoskeleton
changes by activation of the small GTPases RhoA or Racl (based on (Wallingford and Habas,
2005)).

The activation of PCP signaling targets the small GTPases and affects changes in the
cytoskeleton (fig. 3 B) (reviewed in (Braga, 2002)). The Fz receptor recruits Dsh to the
membrane activating the small GTPases (Axelrod et al., 1998; Habas et al., 2003). Dsh
is a scaffold protein and consists of three important domains, the N-terminal DIX, central
PDZ and C-terminal DEP domains (fig. 3 B). It has been shown that the DIX domain
functions in the canonical Wnt pathway and the DEP domain is important for PCP
signaling (reviewed in (Mlodzik, 2015; Sharma et al., 2018)). The PDZ domain can be

5



1. Introduction

part of the canonical pathway as well as the PCP pathway. In the PCP signaling pathway
Dsh can activate the small GTPase RhoAorRacl( Laj 8nek et al .,
2001; Habas et al., 2003). Active RhoA leads to the formation of actin stress fibers
(Paterson et al., 1990; Totsukawa et al., 2000). However, activation of Racl leads to
actin cytoskeleton rearrangements and also to the activation of JNK which causes the
expression of specific genes important for cell polarity and migration (Boutros et al.,
1998; Kjgller and Hall, 1999; Kraynov et al., 2000; Yamanaka et al., 2002).

In migrating NC cells, PCP signaling is activated at cell-cell contact sites, indicated by
the recruitment of Dsh to Fz (Carmona-Fontaine et al., 2008b). Fz/Dsh signaling leads
to an activation of RhoA at the contact area which leads to filopodia collapse (Carmona-
Fontaine et al., 2008b; Theveneau et al., 2010). RhoA-mediated contraction of filopodia
is initiated by inhibition of Racl but also by actomyosin assembly (Kadir et al., 2011;
Moore et al., 2013; Scarpa et al., 2015).

1.4 Small GTPases regulate the actin cytoskeleton

Migrating cells are polarized with a leading edge, in which a lamellipodium, which
consists of branched actin filaments, is formed and a back side with actomyosin stress
fibers (fig. 4). During migration, the actin nucleation in the lamellipodia pushes the cell
membrane forward (Keren et al., 2008; Mogilner, 2009). Orientation of the lamellipodium
is controlled by filopodia. Filopodia are thin, actin-rich structures which function to
reinforce adherence to the extracellular matrix and guide towards chemoattractants
(Bornschlégl, 2013; Johnson et al., 2015; Mattila and Lappalainen, 2008; Miki et al.,
1998).

Lamellipodium
branched and crosslinked
filaments

E

S
i

Filopodium Stress fibers
bundle of parallel filaments antiparallel

contractile structures
. focal adhesion % lamella

Fig. 4: Cellular actin network during cell migration. Schematic representation of the three
main actin structures found in the cell: 1. Lamellipodium: dense, branched network involved
in cell protrusion. 2. Filopodium: a finger-like structure located at the leading edge of the motile
cell. 3. Contractile structure: dynamic structure made of antiparallel and/or mixed-polarity actin
filaments. Zoomed regions highlight the specific actin organization of the different cellular actin
structures (Letort et al.. 2015).
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Filamentous actin (F-actin) networks are highly dynamic structures assembled by
globular actin (G-actin), the actin monomer. F-actin structures are polarized with a
barbed end (or plus end, near the cell membrane) and a pointed end (or minus end).
Elongation occurs at the barbed end, in which the monomer binding protein Profilin binds
to the barbed end and delivers ATP-bond G-actin (fig. 5) (reviewed in (Pollard, 2017;
Skruber et al., 2018)). Profilin is able to exchange ADP for ATP of G-actin to maintain
the reserve of free actin necessary for actin nucleation (reviewed in (Coumans et al.,
2018; Skruber et al.,, 2018)). To inhibit uncontrolled actin polymerization, capping
proteins bind to the barbed ends and block G-actin addition (Isenberg et al., 1980).
Restricting filament length by capping proteins can increase actin branching (Blanchoin
et al., 2000). Actin branching occurs by the Arp2/3 complex, which is activated by WASP
or WAVE complex. The Arp2/3 complex acts as a linker protein and binds to the so called
mother filament (fig. 5). There, the Arp2/3 complex becomes the first subunit of the new
filament (Rouiller et al., 2008). This is followed by association of additional actin
monomers which generates a daughter filament branch. De-polymerization of actin
filaments occurs at the pointed end by the actin-severing proteins of the ADF/cofilin
family. Cofilin in its active (not phosphorylated) state depolymerizes or severs F-actin
near the pointed end leading to increased concentration of ADP-bound G-actin which is
captured by Profilin (fig. 5) (reviewed in (Coumans et al., 2018; Pollard, 2017)). Cofilin
can be inhibited by phosphorylation due to LIM Kinase (LIMK), which leads to actin
stabilization (Dang et al., 2013; Delorme et al., 2007; Pollard and Borisy, 2003).

F-actin can also bind to myosin Il to form actomyosin stress fibers (reviewed in (Vincente-
Manzanares et al., 2009)). In an active (phosphorylated) state, myosin Il filaments bind
to actin and link actin filaments together forming actomyosin stress fibers. Due to its

enzymatic Mg?*-ATPase motor domain (Vincente-Manzanares et al., 2009), myosin I
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Fig. 5: Actin nucleation . F-actin consists of ATP-actin at its barbed ends and ADP-actin at
its pointed end. Cofilin depolymerizes F-actin at the pointed end leading to monomeric ADP-
G-actin. Profilin binds to G-actin and assists nucleotide exchange to ATP-actin and delivers it
to actin barbed ends. There it assembles the F-actin strand. Capping proteins prevent actin
assembly. Arp2/3 binds to filamentous actin to initiate branched actin formation (modified after
(Skruber et al., 2018)).
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As mentioned earlier, Rho GTPases regulate actin cytoskeleton rearrangements. Live-
cell imaging shows that active Racl is localized in forming cell protrusions and photo-
activation of Racl initiates lamellipodia formation (Kraynov et al., 2000; Wu et al., 2009).
Rac1l regulates branched actin filaments by the activation of WAVE and Arp2/3 complex
(fig. 6 A). In addition, Racl is also able to activate LIMK by activation of PAKs (p21-
activated kinase) (Dang et al., 2013; Delorme et al., 2007; Pollard and Borisy, 2003).
Such a Racl activation at the front of a cell leads to actin nucleation, stabilization and
branching which results in lamellipodia formation. Cdc42 shares similar functions with
Racl. Cdc42 is also localized at the front of the cell and leads to inactivation of cofilin by
PAKs and LIMK (reviewed in (Bishop and Hall, 2000). But unlike Rac1, Cdc42 activates
Arp2/3 by activation of WASP (fig. 6 A). Overexpression of Cdc42 and WASP lead to
thin, actin-rich structures (filopodia) (Miki et al., 1998). In conclusion, active Racl and
Cdc42 in the cell leads to protrusion formation by actin elongation and branching.

Racl is able to inhibit RhoA activity by its downstream effector PAK, which
phosphorylates and inactivates RhoA-specific activators (Zenke et al., 2004), leading to

inhibition of RhoA-dependent stress fibers.
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Fig. 6: Down stream effectors of active Racl, Cdc42 and RhoA . A Activated Racl and
Cdc42 leads to actin remodeling resulting in lamellipodia and filopodia formation. B Activation
of RhoA leads to actomyosin stress fibers formation (own illustration).

Active RhoA induces actin assembly and stress fiber formation, which leads to cell
contraction. RhoA promotes actin polymerization by activation of mDia and Profilin (fig.
6 B) (Watanabe et al., 1997). RhoA stabilizes existing actin filaments by Profilin activation
and inhibition of Cofilin. Cofilin is inhibited by activation of LIMK but in contrast to Racl,
RhoA-mediated LIMK activation is arranged by ROCK (Rho-associated kinase) (fig. 6 B)
(Maekawa et al., 1999). ROCK also activates myosin |l directly or by inhibiting the myosin
light chain phosphatase (MLCP), mediating actin stress fiber formation (Bresnick, 1999;
Sellers, 1991; Vincente-Manzanares et al., 2009). Taken together, active RhoA initiates
actomyosin stress fiber formation by stabilizing F-actin and myosin Il binding to F-actin.
RhoA is also capable to suppress Racl activity by activation of Racl-specific inhibitors
(Bryne et al., 2016; Ohta et al., 2006). The mutual inhibition of RhoA and Rac1 results in

active RhoA being at the rear of the cell and active Rac1l at the front of the cell.

Cell blebbing is another form of cell migration, whereby cell uses spherical protrusions
called blebs instead of lamellipodia and filopodia (reviewed in (Fackler and Grosse,
2008)). This form of cell motility is used by amoebae and mammalian tumor cells.
Blebbing starts with dissociation of the membrane from the actin cytoskeleton and flow
of the cytosol into the bleb expanses the blebs. Rapid reformation of actin filaments
under the bleb membrane stops bleb expansion. Myosin accumulates to actin filaments
and the actomyosin network leads to retraction of membrane bleb (Charras and Paluch,
2008; Charras et al., 2006). Rho-ROCK-myosin is important for blebbing dynamics. But
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blebbing by Rho activation can also occur indirectly by activation of Rac GTPase since
Rac and Rho activity is tightly balanced. It was shown that alteration of Rac activity
(suppression or over-activation) can also stimulate membrane blebbing (Ohta et al.,
2006; Schwartz et al., 1998; Vidali et al., 2006).

1.5 Trio T a GEF for Racl and RhoA

Small GTPases have an inactive GDP-bound and an active GTP-bound state (fig. 7). In
their inactive state Rho GTPases are mainly localized in the cytosol and bound to Rho
guanine nucleotide dissociation inhibitors (Rho GDI), which keeps them in the inactive
state and prevents them from re-activation and degradation (DerMardirossian and
Bokoch, 2005). GTPases are activated by Rho guanine nucleotide exchanging factors
(GEFs). GEFs stimulate the release of GDP, allowing GTP to bind. For inactivation,
GTPase activating proteins (GAPSs) catalyze GTP hydrolysis which results in GDP-bound
conformation of GTPases (fig. 7).

Rho Rho
GDP GEF GTP
Inactive Active
’ () v effectors
blologlcal
output

Fig. 7: Small GTPase cycle between inactive GDP - and active GTP -bound state. In the
inactive state, GTPases are bound to GDP, which is exchanged for GTP by GEF. Inactivation
occurs by GTP hydrolysis initiated by GAP. Rho-GDI binds GDP-bound Rho to keep Rho
GTPases in the cytosol and prevents them from degradation (Arnold et al., 2017).

One known Rho-GEF protein is the ~ 340 kDa large protein Trio. Trio was named after
its three enzymatic activity domains, the two Dbl-homology-Pleckstrin-homology (DH-
PH) Rho-GEF units and a C-terminal serine/threonine kinase domain (fig. 8). In addition,
Trio consists of an N-terminal putative lipid-transfer Sec14 motif, several spectrin-like

repeats, two Src-homology 3 (SH3) domains and an immunoglobulin like (Ig) domain
(fig. 8).
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Fig. 8: Structure and function of Rho -GEF Trio. The Trio protein consists of a Sec14 and
spectrin-like repeats at the N-terminus. It expresses two Dbl-homology (DH)- Pleckstrin-
homology (PH) units (GEF). Trio also includes two SH3-domains, an immunoglobulin-like (1g)
domain and a serine/threonine kinase (S/T K) domain. Protein representation of human and
X. laevis Trio and number at the ends indicate number of amino acids. Trio GEF1 domain
leads the activation of Racl activation. The spectrin-like repeats can inhibit the GEF1
catalytical activity. Trio GEF2 domain activates RhoA. RhoA-GTP binds to Trio Ig domain (own
illustration).

Trio functions as a GEF for the small GTPase Racl as well as RhoA. The Trio N-terminal
GEF1 domain activates Racl (Bellanger et al., 1998; Debant et al., 1996; Maier et al.,
2018). Rac1l activation by GEF1 in turn induces JNK activation and actin cytoskeleton
remodeling (Bellanger et al., 1998; Bellanger et al., 2000; Bellanger et al., 2003; Seipel
et al., 1999). Interestingly, the activity of GEF1 is inhibited by binding of the spectrin-like
repeats to the GEF1 domain (Chen et al., 2011). Binding of proteins, e. g. DISC1, to the
spectrin-like repeats can abolish the intramolecular inhibition of GEF1 and activates
Racl (Chen et al., 2011). On the other hand, the C-terminal GEF2 domain activates
RhoA and also leads to actin cytoskeleton remodeling (Backer et al., 2018; Debant et
al., 1996; Seipel et al., 1999). However, Trio does not only activate RhoA but active RhoA
binds to Trio Ig domain and alters Trio localization effecting the cell morphology (Medley
et al., 2000).

Several Trio isoforms have been identified which are largely expressed in the brain and
nervous system whereas full-length Trio can be ubiquitously found (reviewed in (Schmidt
and Debant, 2014; van Rijssel and van Buul, 2012)). Trio is also expressed in Xenopus
NC cells (Kratzer et al., 2019) and recent studies show that Trio is important for NC cell
migration (Kashef et al., 2009; Moore et al., 2013). Trio interacts with the classical
cadherin adhesion molecule Cadherin-11 and acts as a Racl activator to mediate
protrusion activity (Kashef et al., 2009; Li et al., 2011). In addition, Trio interacts with the
polarity protein Par3 (Landin Malt et al., 2019; Moore et al., 2013). In the inner ear hair
cells Par3 activates Racl by Trio and thereby regulating microtubule dynamics (Landin
Malt et al., 2019). In NC cells, Trio activates Racl, which leads to microtubule
polymerization. Interaction of Par3 with Trio leads to Trio inhibition, decrease in Racl

activity and thus to microtubule catastrophe, which leads to CIL respond of migrating NC
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cells (Moore et al., 2013). Since Trio is localized at the cell membrane of NC cells (Moore
et al.,, 2013), it has to be investigated, if Trio possible functions in different signaling
processes in different subcellular areas of migrating NC cells.

1.6 PTK7: Regulator of the Wnt pathway

1.6.1 PTK7 domain structure

Another protein which is differently localized at the membrane of NC cells is the Wnt
receptor protein tyrosine kinase 7 (PTK7) (Podleschny et al., 2015). PTK7 is an
evolutionary conserved transmembrane protein. It was first identified in normal
melanocytes and full-length PTK7 could be first isolated out of colon carcinoma cells
(hence named as colon carcinoma kinase 4, CCK-4) (Lee et al., 1993; Mossie et al.,
1995). Orthologues of PTK7/CCK-4 can be found in mouse, chicken (known as Kinase-
like gene) and Xenopus as well as in the invertebrates Drosophila (known as Off-track)
and Hydra (alias Lemon) (Chou and Hayman, 1991; Jung et al., 2004; Lu et al., 2004,
Miller and Steele, 2000; Mossie et al., 1995; Pulido et al., 1992; Winberg et al., 2001).
However, PTK7 was detected as an upregulated gene in colon carcinoma cells and also
in gastric and esophageal cancer (Kim et al., 2014; Lin et al., 2012; Mossie et al., 1995;
Saha et al.,, 2001; Shin et al.,, 2013). Recent studies show that PTK7 can also be
downregulated in other cancers like lung squamous cell carcinoma and epithelial ovarian
cancer (Kim et al., 2014; Wang et al., 2015a). This suggests that PTK7 may have dual
effects (up- or downregulation), depending on specific tissues or tumors.

PTKY consists of extracellular seven Ig domains, a transmembrane and an intracellular
kinase homology domain (fig. 9) (Mossie et al., 1995; Park et al., 1996). The kinase
domain exhibits the structure of a catalytic domain of tyrosine kinases, however, the DFG
triplet, which is necessary for kinase activity (Moran et al., 1988), is mutated resulting in
a catalytic inactive kinase (Park et al., 1996).

Analysis in human cell lines shows that PTK7 can be cleaved by MT1-MMP (membrane

type-1 matrix metalloproteinase) in Ig7 and also by ADAMs, e.g. ADAM17, between Ig7

<4— ADAM(s)
4— y-secretase

— [4— MT1-MMP
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PTK7 g1 g2 Ig3 ig4 || Ig5 Ig6 Kinase

-
=

1 1043

Fig. 9: Structure of PTK7 protein. PTK7 consists a signal peptide (S), seven
immunoglobulin-like domains (lg), a transmembrane (TM) and an inactive kinase domain.
MT1-MMP, ADAM and 9-secretase approximate cleavage sites are indicated by arrows.
Numbers at the ends display number of amino acids (own illustration).
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and the transmembrane domain (fig. 9) (Golubkov and Strongin, 2012; Golubkov et al.,
2010; Na et al., 2012). Proteolysis leads to a N-terminal soluble PTK7 fragment which
can stimulate RhoA activity and interacts with full-length PTK7. The proteolysis by MT1-
MMP and ADAM is foll owed by t eeretaseresuléngia
a C-terminal PTK7 fragment (Golubkov and Strongin, 2012; Na et al., 2012). The C-
terminal fragment can be degraded in the proteasome but interestingly it can also be
translocated into the cell nucleus and increase gene transcription (Golubkov and
Strongin, 2014; Na et al., 2012).

1.6.2 PTK7 in PCP signaling and NC cell migration

PTKY7 loss of function leads to PCP phenotypes. PTK7 deficient mice shows disoriented
stereociliar bundle orientation and fail to close their neural tube from the midbrain-
hindbrain boundary to the base of the spin (craniorachischisis) (fig. 10 A) (Lu et al., 2004).
Neural tube defects caused by PTK7 loss of function can also be found in zebrafish and
Xenopus (fig. 10 B) (Hayes et al., 2013; Lu et al., 2004). In some human patients, which
show neural tube defects or idiopathic scoliosis, missense variants in one of the Ig
domains of PTK7 could be found (Hayes et al., 2014; Wang et al., 2015b; Wang et al.,
2018). Also overexpression of a PTK7 construct which lacks the kinase domain
( ook P Tdarvlgad to neural tube defects in Xenopus (Lu et al., 2004). This implicates
that the extracellular domain as well as the intracellular kinase homology domain are
important for proper neural tube formation. Recent studies show that PTK7 function is
not only involved in neural tube closure, it is also important for NC cell migration. In
Xenopus, PTK7 is expressed in NC cells and knockdown of PTK7 leads to NC migration
defects (fig. 10 C-E) (Shnitsar and Borchers, 2008). Furthermore, overexpression of
mk P T HIsb leads to defects in NC cell migration (Shnitsar and Borchers, 2008). It is
still not known how PTK7 acts downstream to affect NC cell migration. However, recent
research shows that PTK7 activates PCP signaling by recruiting Dsh to the plasma
membrane (Shnitsar and Borchers, 2008; Wehner et al., 2011). In Xenopus ectodermal
explants PTK7 enables the Dsh membrane localization by interaction of its kinase
homology domain with RACK1 (Receptor of Activated protein Kinase C 1). RACK1 in
turn interacts with PKCU 1 (Protein Kinase C Delta 1) which leads to membrane
recruitment of Dsh (Wehner et al., 2011).

13
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Fig. 10: PTK7 is involved in  PCP signaling. A PTK7 knockout in mice leads to misoriented
stereociliar bundles of outer hair cells (OHC) of the inner ear cells compared to control mouse
and an open neural tube; pillar cells (PC), inner hair cells (IHC). B Also in Xenopus leads a
PTK7 knockdown by morpholino (MO) injection to neural tube closure defects. While embryos
injected with control (co) MO show closed neural tubes (Lu et al., 2004). C PTK7 is expressed
in NC cells (arrow). D NC cell migration can be impaired by injection of PTK7 MO (arrow). E
Also transplanted NC cells with PTK7 knockdown are not able to migrate properly (5 h indicate
time span after transplantation) (Shnitsar and Borchers, 2008).

Recruitment of Dsh to the plasma membrane is a strong evidence for activation of PCP
signaling and the PCP receptor Fz7 is also able to recruit Dsh to the plasma membrane
(Axelrod et al., 1998; Medina and Steinbeisser, 2000). Interestingly, PTK7 interacts with
the receptor Fz7 but the PTK7-mediated Dsh recruitment is independent of Fz, but
recruitment of Dsh by Fz is PTK7-dependent (Peradziryi et al., 2011; Shnitsar and
Borchers, 2008; Wehner et al., 2011). Further evidence of PTK7 as a PCP activator is
the activation of JNK phosphorylation (Martinez et al., 2015; Shnitsar and Borchers,
2008). But further downstream PCP signaling mediated by PTK7 in NC cell migration
has not been investigated yet. However, there is evidence that membrane recruitment of
Dsh leads to the activation of RhoA/ROCK and thereby to the re-organization of the actin
cytoskeleton (Amano et al., 2010; Habas et al., 2001). And indeed, in MDCK (Madin-
Darby canine kidney) epithelial cells PTK7 is localized at cell-cell contacts and there
mediates ROCK2 phosphorylation resulting in the re-organization of the actomyosin
cytoskeleton (Andreeva et al., 2014; Golubkov et al., 2010). It has also been shown that
the soluble form of PTK7 can increase RhoA activity in MDCK cells. However, a recent
study shows that PTK7 promotes Racl and myosin Il activity in the epithelium of the

Wolffian duct (Xu et al., 2018). Moreover, in mouse sensory epithelium and neural plate
14
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cells PTK7 promotes myosin Il localization to align PCP (Lee et al., 2012; Williams et al.,
2014). It has to be investigated if and how PTK7 mediates cytoskeleton organization by
RhoA/Racl signaling in NC cells.

1.7 PTK7 and the canonical Wnt pa thway

1.7.1 The canonical Wnt pathway

Recent studies show that PTK7 activates not only the PCP pathway, it also affects the
canonical Wnt pathway (reviewed in (Berger et al., 2017a)).

The canonical Wnt pathway is evolutionary highly conserved and plays important roles

e.g. in axis specification and tissue homeostasis (reviewed in (Steinhart and Angers,

2018)). In absence of Wnt | i g a-patksin destructibn complex is formed with Axin,

APC (adenomatous polyposis coli), GSK3 (glycogen synthase kinase 3) and CK1 (casein

kinase 1) (fig.11) . The i ni t i a-tatemirestans®ydta bindimgmo Arirf, whizh

is followed by serial phosphorylation by GSK3 and CK1, poly-ubiquitination and final
proteosomal degradation (lkeda et al., 1998; Liu et al., 2002; Winston et al., 1999). In

the cell nucleus, the transcriptional repressor Groucho is associated with LEF/TCF
(lymphoid-enhancing factor/T-cell factor), inhibiting Wnt target gene transcription
(Cavallo et al., 1998; Roose et al., 1998). Wnt binding to Fz and the co-receptor LRP5/6
(low-density lipoprotein receptor-r el at ed protei n) | e a-chenint o i nh
destruct i on compl ex and t her e-datenintinothe aytoplasm @igt mu |l at i
11) . Cy t o pchtens oan randlocate to the nucleus where it displaces Groucho,

binds to LEF/TCF and activates Wnt target gene transcription (Brunner et al., 1997;

Huber et al., 1996; Molenaar et al., 1996). However, there are different opinions how the
b-catenin destruction complex is inhibited (see review (Tortelote et al., 2017)). The

Acl assical model 6 predicts t he dfigsld)oAfterati on
heterodimerization of Fz and LRP, initiated by binding to Wnt proteins, many intracellular

events are induced. The cytosolic protein Dsh gets phosphorylated, is translocated to

the membrane and interacts with Fz (Tauriello et al., 2012; Yanagawa et al., 1995). Dsh

DIX domain interacts with Axin, which leads to the recruitment of the Axin-GSK3 complex

to the membrane (Fiedler et al., 2011; Kishida et al., 1999; Schwarz-Romond et al.,

2007). The Axin-GSK3 complex in turn leads to phosphorylation of LRP, this in turn
provides additional docking sites for Axin (Mao et al., 2001; Tamai et al., 2004; Zeng et

al., 2005; Zeng et al., 2008). Wi t h t he di s s -@aenimdestroction coinplex he b
b-catenin is stabilized in the cytoplasm, gets translocated into the nucleus and acts as a
co-transcription factor for e.g. c-myc, engrailed-2 and siamos (Brannon et al., 1997; He

et al., 1998; McGrew et al., 1999).
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F|g. 11: Canonical Wnt signaling pathway. A In absence of Wnt ligands, the destruction
complex phosphorylates b-catenin which leads to its ubiquitination and proteosomal
degradation. Gene transcription is inactive due to the binding of Groucho/TLE (transducing-
like enhancer) to the transcription factors LEF/TCF. B Binding of Wnt to Frizzled (Fz) and
LRP leads to the dissociation of the destruction complexanda ¢ ¢ u mu | a {cdteaimin thef
cyt op | -aatemn carbtranslocate to the nucleus and act as a co-transcription factor to
initiate gene transcription (modified after (Grainger and Willert, 2018; Kim et al., 2013)).

1.7.2 PTK7 affects the canonical Wnt p athway

As mentioned before PTK7 can interact with Fz7. The interaction of Fz7 and PTK7 not
only activate PCP signaling but also allows PTK7 to bind canonical Wnt but not non-
canonical Wnt proteins (Peradziryi et al., 2011). Co-immunoprecipitations show that
PTKY interacts with the canonical Wnt3a and Wnt8. Previously it could be shown that
PTK7 together with canonical Wnt proteins were endocytosed and so inhibit the
canonical Wnt pathway (Berger et al.,, 2017b). Endocytosis of PTK7 could not be
observed due to non-canonical Wnt treatment. Concluding that PTK7 binds canonical
Wnt proteins to inhibit the canonical Wnt signaling pathway. However, other studies show
conflicting findings of PTK7 in the canonical Wnt pathway. Puppo and colleagues show
that PTK7 interacts wi t -bateffin and that i t i s 1 mpaaterinaranscriptiomal
activity upon Wnt3a stimulation (Puppo et al., 2011). PTK7 also regulates and interacts
with the canonical co-receptor LRP6 and positively influences the canonical signaling
pathway in neural convergent extension cell movements together (Bin-Nun et al., 2014).
Itis suggested that PTK7 is involved in the activation and not the inactivation of canonical

Wnt signaling.

Current investigations show that the composition of the PTK7 co-receptor complex may
modulate different Wnt signaling pathways in different kinds of tissues and organisms.
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PTK7 downstream signaling can lead to the activation of c-jun, AKT, Ras/ERK,
CREBJ/ATF1, SRC and inhibition of JNK signaling (Andreeva et al., 2014; Chen et al.,
2014b; Golubkov and Strongin, 2014; Jin et al., 2014). Furthermore, PTK7 interaction
with other receptors such as Plexin and VEGF receptors support this hypothesis and
suggest that PTK7 is a versatile co-receptor (Peradziryi et al., 2012).

1.8 The PTKY interaction partner Ror2 functions in PCP signaling

Recently it has been shown that PTK7 interacts with another Wnt receptor, Ror2, which
can replace PTKY function in Xenopus development (Martinez et al., 2015; Podleschny
et al., 2015). Ror2 is a transmembrane protein with an extracellular lg domain, a CRD
(Frizzled-like cysteine-rich domain) and a Kringle domain. Intracellular Ror2 consists of
a tyrosine kinase, proline-rich and serine-threonine-rich domains (fig. 12 A)
(Masiakowski and Carroll, 1992). Ror2 binds multiple Wnt proteins via its CRD domain
where the non-canonical Wnt protein Wnt5a seems to be the primary ligand (reviewed
in (Stricker et al., 2017)). Wnt binding to Ror2 can lead to Ror2 dimerization,
phosphorylation and its activation (Liu et al., 2007; Liu et al., 2008a; Yamamoto et al.,
2007). Furthermore, active Ror2 can interact and phosphorylate Dsh leading to activation
of the small GTPases RhoA and Racl resulting in cytoskeletal remodeling (Dai et al.,
2017; Ho et al., 2012; Nishita et al., 2006; Nishita et al., 2010; Witte et al., 2010).
However, the Wnt5a/Ror2 complex inactivates canonical Wnt signaling by competing for
Whnt3a binding to Fz (Grumolato et al., 2010; Mikels and Nusse, 2006; Mikels et al., 2009;
Witte et al., 2010). In addition, Wnt5a/Ror2/Fz leads to the recruitment of Dsh, Axin and
GSK3 to the membrane (fig. 12 B) (Grumolato et al., 2010; Yamamoto et al., 2007).
GSK3 phospharylates and activates Ror2, which results in activation of PCP signaling.
An overexpression of Ror2 in Xenopus results in a shortened anterior-posterior axis,
indicating an important role of Ror2 in convergent extension movements during
gastrulation and neurulation (Hikasa et al., 2002). Ror2 regulates convergent extension
movements by transcriptional regulation of PAPC (paraxial protocadherin) by JNK
activation and modulation of RhoA and Rac1l (Brinkmann et al., 2016; Feike et al., 2010;
Nomachi et al., 2008; Oishi et al., 2003; Schambony and Wedlich, 2007; Schille et al.,
2016; Unterseher et al., 2004).
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o Noncanonical signaling

Fig.12: Ror2 functions in PCP signaling. A Ror2 domain structure, signal peptide (SP),
immunoglobulin domain (IG), Frizzled-like cysteine-rich domain (CRD), Kringle domain (KR),
tyrosine kinase (TK), serine-threonine-rich (ST) part and proline-rich domain (P), (Stricker et
al., 2017). B Wnt5a/Ror2/Fz complexes recruits Dsh, Axin and GSKS3 to the plasma membrane
resulting in phosphorylation of Ror2 and activation of PCP signaling (Grumolato et al., 2010).

In Xenopus, Ror2 is expressed starting from gastrulation to tadpole stages where Ror2
is highly expressed at the neural plate border and in NC cells (Hikasa et al., 2002). Ror2
activates BMP signaling at the neural plate border, which leads to NC cell induction
(Schille et al., 2016). A function of Ror2 in NC cell migration has not been further
investigated but recently it could been shown that Ror2 can substitute PTK7 function in
NC cell migration (Podleschny et al., 2015). This and the interaction of Ror2 and PTK7

can indicate a Ror2/PTK7 receptor complex in NC cell migration.
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1.9 Aims of this study

PTKY is expressed in NC cells and previous findings of our laboratory revealed that PTK7
is localized at NC cell-cell contact sites. During this study, the dynamic localization of
PTK7 in migrating NC cells will be further investigated. Therefore, NC cells
overexpressing different GFP-tagged PTK7 constructs will be observed using live cell
imaging. In addition, due to its localization at cell-cell contacts, it will be examined if PTK7
is able to exhibit homophilic binding.

PTK7 activates the non-canonical Wnt pathway indicated, for example, by the
recruitment of Dishevelled to the plasma membrane in Xenopus ectodermal explants.
However, further downstream PCP signaling mediated by PTK7 in Xenopus is unknown.
Thus, the aim of this study is to investigate further components of the PTK7 signaling
especially during NC cell migration. Therefore, overexpression experiments with known
PCP proteins will be performed in PTK7-morphant embryos and NC cell migration will
be analyzed using in situ hybridization. In addition, co-immunoprecipitation will be
performed to analyze potential PTK7 interaction partners.

PTKY also regulates the canonical Wnt pathway. There are contradictory views whether
PTKY activates or inhibits canonical Wnt pathway. During this study, it will be analyzed
if PTK7 affects canonical Wnt signaling during NC cell migration. For this propose, the
activity of the canonical Wnt pathway will be investigated in explanted NC cells with a
PTK7 knockdown. Furthermore, the canonical Wnt pathway will be inhibited in PTK7-
morphant embryos and NC cell migration will be analyzed by in situ hybridization.
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2. Materials and Methods
2.1 Model Organism

In this study the African clawed frog Xenopus laevis (X. laevis) was used as a model
organism. Adult frogs were obtained from Nasco (Ft. Atkinson, USA).

2.2 Bacteria

The cloning experiments were performed with the Escherichia coli (E. coli) strain XL1-
Blue (RecAl, endAl, gyrA96, thi-1 , hsdR17, SsupE44, VLD, AL, | a
Tnl0(Tetr)]° (Stratagene)).

2.3 Cell lines

The following human cell lines were used in this study:

HEK293, human embryonic kidney cells, ATCC® No (CRL-1573)

2.4 Chemicals, Buffers and Media

All used chemicals were obtained from the following companies: AppliChem
(Darmstadt), Merck (Darmstadt), Roth (Karlsruhe) and Sigma-Aldrich (Munich).
Agarose -Gel: 1% Agarose in TAE

Alkaline phosphatase buffer (APB) : 100 mM Tris (pH 9.5), 50 mM MgCl;, 100 mM
NacCl, 0.1% Tween-20

Cell culture medium for HEK293 cells : VLE-DMEM (Very Low Endotoxin-Du |l becc o 6 s
Modified Medium), 10% (v/v) FCS, 100 U/ml penicillin, 100 pug/ml streptomycin

Cell culture medium for MCF7 cells: RPMI 1640 Medium, 10% (v/v) FCS, 100 U/ml
penicillin, 100 pg/ml streptomycin

Cell culture medium for stable transfected MCF7 cells: cell culture medium for MCF7

cells, 6 pg/ml Blasticidine, 1 pg/ml Hygromycin

Co-IP lysis buf fer (NOP buffer) : 150 mM Tris, 10 mM HEPES (pH 7.4), 2 mM EDTA,
1% (v/v) NP-40, 0.1% SDS Complete Protease inhibitor mix EDTA free (Roche)

Cysteine solution: 2% L-Cysteine, pH 8.0-8.3
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Dani | chi k658 mM NaCf #&rmM NaHCOs, 13.5 mM NaCOs, 4.5 mM K-
Gluconate, 5 mM Bicine, adjusted with HEPES (1 M) to pH 8.3, 1 mM MgSO4, 1 mM
CacCly, sterile filtrate, storage at -20 °C

Danil chi kds f B3rmMA&aG 5 hNDRasCO3, 4.5 mM K-Gluconate, 32 mM
Na-Gluconate, 1 mM MgSO., 1 mM CaCl;, 0.1% BSA, adjusted with bicine (1 M) to pH
8.3 before adding BSA, sterile filtrate, storage at -20 °C

Denhar dt 6 2% RBSA Q% RGP:(polyvinylpyrolidone), 2% Ficoll 400

Hybridization -Mix: 50% Formamide (v/v), 5x SSC, 1 mg/ml Torula RNA, 100 pg/mi
Heparin, 1 x 0.1B6erwdera20 (viv)H0s1% CHAPS (w/v), 10 mM EDTA

Injection buffer: 2% Ficoll® PM 400, 1x MBS

Laemmli sample buffer (6x): 350 mM Tris-HCI (pH 6.8), 9.3% Dithiotreitol, 30%
Glycerin, 10% SDS, 0.02% Bromphenolblue or OrangeG

Laemmli running buffer (10x): 250 mM Tris, 1.92 M Glycerin, 1% SDS

Luria -Bertani (LB) -Medium: 1% (w/v) Bacto-Trypton, 0.5% (w/v) yeast extract, 1% (w/v)
NaCl, pH 7.5

LB-Agar: 1.5% Agar-Agar in liquid LB-Medium

LB-Amp plates: 100 pg/ml Ampicillin in LB-Agar

LB-Kan plates: 50 pg/ml Kanamycin in LB-Agar

MAB (Maleic acid buffer): 150 mM NaCl, 100 mM Maleic acid, pH 7.5

MBS (Modified Barth’s Solution)  (5x): 440 mM NacCl, 12 mM NaHCOs;, 5 mM KCI,
50 mM HEPES (pH 7.4), 4.1 mM MgSO,, 2.05 mM CaCly, 1.65 mM Ca(NOs),, pH 7.4

MEM (10x): 1 M MOPS, 20 mM EGTA, 10 mM MgSQOg, pH 7.4-7.5
MEMFA: 1x MEM, 3.7% (v/v) Formaldehyde
Nile blue dye: 0.5 M Na;HPO,4, 1 M NaH,PO4, 0.01% Nile blue, pH 7.8

PAK washing buffer: 50 mM Tris (pH 7.2), 150 mM NaCl, 5 mM MgCl,, 1% Triton™ X-
100, Complete Protease inhibitor mix EDTA free (Roche)

PBS (10x): 8% (w/v) NaCl, 2% (w/v) KCI, 100 mM NazHPO., 18 mM KH,PO4, pH 7.4
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Penicillin/Streptomycin/PBS  (Pen/Strep/PBS): 100 U/ml Penicillin, 200 pg/ml
Streptomycin, 1x PBS

PTw: 0.1% Tween-20, 1x PBS

Rac-RIPA buffer: 50 mM Tris (pH 7.2), 150 mM NacCl, 5 mM MgCl,, 1% Triton™ X-100,
0.1% SDS, Complete Protease inhibitor mix EDTA free (Roche)

SSC (20x): 3 M NacCl, 0.3 M Na-Citrate

TAE: 40 mM Tris-Acetate (pH 8.0), 1 mM EDTA

TBS: 50 mM Tris-HCI (pH 7.5), 150 mM NaCl

TBST: 0.5% Tween-20, TBS

Transfer buffer: 25 mM Tris, 192 mM Glycine, 20% Ethanol
Triethanolamine: 0.1 M Triethanolamine, pH 7.5

X-Gal staining solution: 1 mg/ml X-Gal, 5 mM KsFe(CN)s, 5 mM KsFe(CN)s, 2 mM
MgCl;, 1x PBS

2.5 Additional chemical , substances and reagents
Anti-Digoxygenin-Antibody (150 U), Roche

DAPI (1 mg/ml), Roth

Dexamethasone, Sigma-Aldrich

Digoxigenin-11-UTP, Roche

DNA Gel Loading Dye (6x), Thermo Scientific

DNA Ladder (FastRuler™, ready-to-use), Thermo Scientific
DTT (Dithiolthreitol), Thermo Scientific

Dynabeads™ Protein G, Invitrogen

Fibronectin (from bovine plasma), F1141-5MG, Sigma Aldrich
Fluorescein-Dextran, Life Technologies

Fluorescent mounting medium, Dako

GelRed® Nucleic Acid Gel Stain, Biotium

Glutathione Sepharose™ 4B, Fisher Scientific

GT P2 S mM) Nerck

H20- (30%), Sigma-Aldrich

Human chorionic gonadotropin, Sigma-Aldrich

JetPEI®, Polyplus

22



2. Materials and Methods

NBT/BCIP stock solution, Sigma-Aldrich

PageRul erE Plus Pr estThermoSdentilcr ot ein Ladder ,
Propidium iodide, Sigma-Aldrich

SpectraE Multicol or Hi ghermiRSciengfie Pr ot ein Ladder

2.6 Enzymes

BamHI (FastDigest®), Thermo Scientific

Clal (FastDigest®), Thermo Scientific

EcoRI (FastDigest®), Thermo Scientific

FastDigest® Buffer (10x), Thermo Scientific

HindlIll (FastDigest®), Thermo Scientific

Notl (FastDigest®), Thermo Scientific

Phusion High-Fidelity DNA Polymerase (2 U/ul), Thermo Scientific
Proteinase K, Merck Millipore

RNase A/T1 Mix, Thermo Scientific

Sacl (FastDigest®), Thermo Scientific

T4 DNA Ligase (5 U/ml), Thermo Scientific

T7 RNA Polymerase (20 U/ ¢ Th@rmo Scientific
DreamTaqg™ DNA Polymerase (5 U/ul), Thermo Scientific
Xbal (FastDigest®), Thermo Scientific

Xhol (FastDigest®), Thermo Scientific

2.7 Kits

GenJet Gel Extraction Kit, Thermo Scientific

GenJet PCR Purification Kit, Thermo Scientific

GenJet Plasmid Miniprep Kit, Thermo Scientific

illustra™ RNAspin Mini RNA Isolation Kit, GE Healthcare

NucleoBond® Xtra Midi Kit, Macherey-Nagel

SP6 MMESSAGE mMACHINE®, Ambion

SuperSignal™ West Dura Extended Duration Substrate, Thermo Fisher Scientific

Zymoclean™ Gel DNA Recovery Kit, Zymo Research

2.8 Software & online tools

Adobe Photoshop and lllustrator CS6, Adobe Systems
Fiji (Schindelin et al., 2012)

IBS, The CUCKOO Workgroup (Liu et al., 2015)
ImageJ (Schneider et al., 2012)

23



2. Materials and Methods

Image Studio™ 5.2, LI-COR® Biotechnology

Leica LAS AF Lite, Leica Microsystems

MATLAB R2017b, MathWorks®

Microsoft Office 2013 and 2016, Microsoft Corporation
SMART, EMBL Heidelberg (Letunic and Bork, 2018)
ZEN Blue, Zeiss

2.9 Vectors and Constructs
2.9.1 Vectors
pPCDNA3.1 is a mammalian expression vector with CMV promotor (Invitrogen).

pCS2+ is an expression vector, which can be used in the Xenopus model system. It
contains a strong promotor/enhancer region (simian CMV IE94), polylinker and SV40
viral polyadenylation signal. The SP6 viral promotor allows in vitro transcription of sense
polyadenylated mRNA for microinjections and the T7 viral promotor can be used for in
vitro transcription of antisense RNA for in situ hybridization (Turner and Weintraub,
1994).

pCS2+eGFP was constructed by amplifying eGFP from the pEGFP-C1 vector and
inserted into Xhol/Xbal sites of pCS2+ (Wehner et al., 2011).

pCS2+Myc was generated from pCS2+ and contains six copies of the Myc epitope tag
(Rupp et al., 1994).

pCS2+HA was modified by insertion of hemagglutinin (HA) epitope into pCS2+ vector.
pBSK+ (Stratagene) and pGEM-T (Promega) are cloning vectors.

pMT.HAtag is an expression vector which encodes an initiator methionine codon
followed by a HA epitope tag sequence immediately upstream of the cloning site

(Serra-Pageés et al., 1995).

pPCR-Script Amp SK(+) is a derivative of pBluescript Il SK(+) vector with an Srfl site
for inserting blunt PCR products (Agilent Technologies).

PUAST is a P element-based expression vector, which is used in the Drosophila model

system (Brand and Perrimon, 1993).
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2.9.2 Expression constructs

Table 1 presents the expression constructs used during this study whereas table 2 and

3 includes information about enzymes for linearization of DNA constructs and RNA

polymerases for in vitro transcription.

Tab. 1: Expression constructs.

with deleted DEP domain

Name Vector Insert Cloning strategy/ Citation
AP-2 pBSK+ X. laevis AP-2U (Winning et al., 1991)
Myc-Dsh pCS2+ X. laevis Dishevelled 2 (Sokol, 1996)

Myc with N-terminal Myc tag
Ds h @D E B pCS2+ X. laevis Dishevelled 2 Gift from D. Gradl

Ds h DI X pCS2+ X. laevis Dishevelled 2
with deleted DIX domain

Gift from D. Gradl

Ds h P D Z pCS2+ X. laevis Dishevelled 2
with deleted PDZ domain

Gift from D. Gradl|

Eos-b- pCS2+ b-Catenin with N- (Holzer et al., 2012)
Catenin terminal mEos FP tag
mEos pCS2+ monomeric Eos FP with | Amplified from Eos-b-
(cloning) no start codon Catenin excluding its start
codon with Eos_Clal_f and
Eos-Xhol r primer and
inserted into Clal/Xhol
restriction sites of the
pCS2+ vector.
H2B-mcherry | pCS2+ Histone 2B with mcherry | (Kashef et al., 2009)
tag
LacZ pCS2+ Bacterial b-galactosidase | (Smith and Harland, 1991)

lifeact-RFP pCDNA3.1 | 17 aa of actin-binding
protein Abp140 with RFP
tag

(Riedl et al., 2008)

mbGFP pCS2+ GFP with GAP43
myristilation signal,

membrane associated

(Moriyoshi et al., 1996)
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mbRFP pCS2+ monomeric RFP fused (Megason and Fraser,
with 2x Lck membrane 2003)
localization signal
sequence
PTK7-GFP pCS2+ Full-length X. laevis (Wehner et al., 2011)
eGFP PTK7 with eGFP tag
PTK7-HA pCS2+ Full-length X. laevis (Shnitsar and Borchers,
PTK7 with HA tag 2008)
PTK7-Myc pCS2+Myc | X. laevis PTK7 with Myc | (Shnitsar and Borchers,
tag 2008)
ok P T-&GHP | pCS2+ X. laevis PTK7 without (Wehner et al., 2011)
eGEP kinase homology
domain, eGFP tag
PE IPTK7- | pCS2+Myc | X. laevis PTK7 lacks Amplified from PTK7-Myc
Myc immunoglobulin domains | by circle PCR using
1to 7 but keeps its primers SP-PTK7_Sacl_rw
signal peptide, with Myc | and  TM-PTK7_Sacl_fw.
tag PCR product was cut with
Sacl, followed by T4
ligation.
PE IPTK7- | pCS2+ X. laevis PTK7 lacks Myc tag was cut out with
GFP immunoglobulin domains | Clal/Xbal, eGFP from
1to 7 but keeps its PTK7-GFP (cut  with
signal peptide, with Clal/Xbal) was ligated in.
eGFP tag
PE IPTK7- | pCS2+Myc | X. laevis PTK7 with Amplified from PTK7-Myc
Myc deleted immunoglobulin | by circle PCR using
domains 3 to 7, with Myc | primers IG2-
tag PTK7 Sacl rw and IG7-
PTK7_Sacl_fw. PCR
product was cut with Sacl,
followed by T4 ligation.
PE IPTK7- | pCS2+ X. laevis PTK7 with Myc tag was cut out with
GFP deleted immunoglobulin | Clal/Xbal and eGFP from
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domains 3 to 7, with
eGFP tag

PTK7-GFP  (cut  with
Clal/Xbal) was ligated in.

cPTK7-HA pCS2+ PTKY cytoplasmic Constructed by I. Shnitsar,
HA domain, started with first | amplified with BamHI and
Met after transmembrane | Clal restriction sites and
domain, with HA tag inserted into pCS2+HA .
cPTK7-GFP | pCS2+ PTKY cytoplasmic cPTK7 was cut of cPTK7-
eGFP domain with eGFP tag HA with BamHI and Xhol
and inserted into
BamHI/Xhol sites  of
pCS2+ eGFP.
PTK7-CYFP | pCS2+ X. laevis PTK7 with c- PTK7 was amplified using
terminal CYFP tag, Primers BamHI-Start-
linked with Myc tag PTK7_f and Xhol-PTK7_r
and inserted into
BamHI/Xhol restriction
sites of Myc-CYFP/pCS2+.
PTK7-NYFP | pCS2+ Full-length PTK7 with PTK7 was generated using
NYFP tag, linked with HA | BamHI-Start-PTK7_f and
tag Xhol-PTk7 _r primer and
ligated into BamHI/Xhol
restriction sites of HA-
NYFP/pCS2+.
PTK7-mEos | pCS2+ Full-length X. laevis PTK7 was amplified using
PTK7 with mEos FP tag | the primers BamHI-Start-
PTK7_f and PTK_no-
st Cla_r and ligated into
BamHI/Clal restriction sites
of mEos/pCS2+.
Ror2-HA pCS2+ Mouse Ror2 with HA tag | (Podleschny et al., 2015)
HA
Tcf 3@C | pCS2+ Xenopus Tcf3A with (Maj et al., 2016)

depleted CtBP binding

domain and a
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glucocorticoid receptor

tag
HA-hTrio pMT. Full-length human Trio (Medley et al., 2003)
HAtag with N-terminal HA tag
GFP-hTrio PpEGFP-N1 | Full-length human Trio (Moore et al., 2013)
with N-terminal eGFP tag
Twist pPGEM-T Full-length X. laevis (Hopwood et al., 1989)
Twist
Venus YFP pUAST Yellow fluorescent Gift from S. Onel
protein with venus
substitution
CYFP-Myc pCS2+ C-terminal venus YFP Generated from venus
(cloning) fragment (aa 158-240) YFP with following primers:
with Myc tag, no stop BamHI-Sta-CYF_f and
codon (for cloning) Xhol-CYFP-MT_r; ligated
into BamHI/Xhol restriction
sites of pCS2+.
Myc-CYFP pCS2+ Myc tag to C-terminal Amplified from venus YFP
(cloning) venus YFP fragment (aa | using the primers Xhol-MT-
158-240), no start codon | CYFP_f and Xbal-Stop-
(for cloning) CYFP_r and inserted into
Xhol/Xbal restriction sites
of pCS2+.
Myc-CYFP pCS2+ Myc tag to C-terminal Generated from venus
(control) venus YFP fragment (aa | YFP with BamHI-ATG-
158-240) with start and MT_f and Xbal-Stop-
stop codon (for control) CYFP_r primer, ligated into
BamHI/Xbal restriction
sites of pCS2+.
NYFP-HA pCS2+ N-terminal venus YFP Amplified from venus YFP
(cloning) fragment (aa 1-157) with | using BamHI-Sta-NYF_f

Myc tag, no stop codon

(for cloning)

and Xhol-NYFP-HA r

primer, ligated into
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BamHI/Xhol
sites of pCS2+.

restriction

1-157) with start and

stop codon (for control)

HA-NYFP pCS2+ HA tag to N-terminal Amplified from venus YFP
(cloning) venus YFP fragment (aa | using the primers Xhol-HA-
1-157), no start codon NYFP_f and Xbal-Stop-
(for cloning) NYFP_r and inserted into
Xhol/Xbal restriction sites

of pCS2+.
HA-NYFP pCS2+ HA tag to N-terminal Generated from venus
(control) venus YFP fragment (aa | YFP using the primer:

BamHI-ATG-HA f and
Xbal-Stop-NYFP_r,

inserted into BamHI/Xbal
restriction sites of pCS2+.

Tab. 2: Linearization of DNA constructs and in vitro transcription for mRNA synthesis

Construct Restriction enzyme Polymerase
Myc-Dsh Notl SP6
Ds h DI X Notl SP6
Dsh@PDZ Notl SP6
Ds hpDEP Notl SP6
H2B-mcherry Notl SP6
LacZ Notl SP6
lifeact-RFP Dralll T7
mbGFP Notl SP6
mbRFP Notl SP6
PTK7-GFP Notl SP6
PTK7-HA Notl SP6
PTK7-Myc Notl SP6
ok P T-GHP Notl SP6
o E TPTK7-Myc Notl SP6
P E IPTK7-GFP Notl SP6
P E JPTK7-Myc Notl SP6
P E IPTK7-GFP Notl SP6
cPTK7-HA Notl SP6
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cPTK7-GFP Notl SP6
PTK7-CYFP Notl SP6
PTK7-NYFP Notl SP6
PTK7-mEos Notl SP6
Ror2-HA Notl SP6
Tcf 3ERC Notl SP6

Tab. 3: Linearization of plasmids and in vitro Transcription of in situ probes

Construct Restriction enzyme Polymerase
AP-2 Hindlll T7
Twist EcoRI T7

2.10 Oligonucleotides

2.10.1 Cloning Primer

Cloning oligonucleotides were purchased from Eurofins Genomics (Ebersberg). The

primer sequenceisgi ven in 56Y36 direction. The enzyme
in underlined bold letters and the HA or Myc overhang are marked in blue letters.

BamHI-ATG-HA_f: tactGGATCCATGTACCCTTACGATGTACCGGA
BamHI-ATG-MT_f: tactGGATCCATGGAACAAAAACTCATCTCAGA
BamHI-Sta-CYF_f: agctGGATCCATGCAGAAGAACGGCATCAAGGT
BamHI-Sta-NYF_f: tactGGATCCATGGTGAGCAAGGGCGAGGA
BamHI-Start-PTK7_f: ttGGATCCATGGGGCCGATTGTGCTC
Eos_Clal_f: CcactATCGAT AGTGCGATTAAGCCAGACAT
Eos-Xhol_r: taccCTCGAGTTATCGTCTGGCATTGTCAGGCA

IG2-PTK7_Sacl_rw atctGAGCTCCAGGGTGAAGTTGCGATT
PTK7_no-st_Cla_r: CCaAtATCGATCCCTTGTGTCTTGCTGCC
SP-PTK7_Sacl_rw ttgcGAGCTCAGTAAATAGGATAGCTGCTCT
TM-PTK7_Sacl_fw taatGAGCTCGCCTGTGACATCAAGCAC
Xbal-Stop-CYFP_r: gaatTCTAGATTACTTGTACAGCTCGTCCATGC
Xbal-Stop-NYFP_r: taatTCTAGATTACTTGTCGGCGGTGATAT

Xhol-CYFP-MT_r: gaatCTCGAG C
TTGTACAGCTCGTCCATGC

Xhol-HA-NYFP_f: tactCTCGAG GTGA
GCAAGGGCGAGGAGCT
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Xhol-MT-CYFP_f:

Xhol-NYFP-HA_r:

Xhol-PTK7 _r:

agctCTCGAG

AGAAGAACGGCATCAAGGT

taatCTCGAG

TCGGCGGTGATATAGAC
ccatCTCGAGCCCTTGTGTCTTGCTGCC

2.10.2 Morpholino oligonucleotides

C

CTTG

Antisense Morpholino oligonucleotides (Morpholinos, MO) were purchased from Gene

Tools, LLC (Philomath, USA). MOs were dissolved in RNase-free water to a

concentration of 80 mg/10 ml and stored at 4 °C. The MOs were heated up at 65 °C for

5 min prior to every use. The sequences of the MOs are presented in table 4. The used

PTK7 MO is a combination of 2 MOs, whi ch
PTKY.
Tab. 4: Antisense Morpholino oligonucleotides
Morpholino Target . o
Sequence 506Y3 Citation
name gene
X. laevis
PTK7 MO2 TGCATCGCGGCCTCTCCCCTCA
PTKY (Wehner et al.,
X. laevis 2011)
PTK7 MO3 TTCCTGCCCCGGATCCTCTCACTGC
PTK7
_ X. laevis (Moore et al.,
Trio MO ) TTTTTTTCAGCTGTAGCTATGCGCA
Trio 2013)
Standard Negative
Control control
) ) CCTCTTACCTCAGTTACAATTTATA
oligo- oligo-
nucleotide nucleotide
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2.11 Antibodies

Antibodies used for immunofluorescence (IF), western blot (WB) and
immunoprecipitation (IP) are listed in table 5.
Tab. 5: Antibodies used during this study.
Dilution
Name Company Antibody type
IF wB IP
. _ Gift from R. Primary rat antibody
U-b-Catenin _ _ 1:50
Rupp agai RCateninb
Primary mouse
- Roche, _
U-GFP monoclonal antibody 1:1000 | 1:1000
11814460001 _
against GFP
. Abcam, Primary rabbit polyclonal
U-GFP _ _ 1:1000 | 1:2000 | 1:250
ab290 antibody against GFP
Primary mouse
Covance, )
U-HA monoclonal antibody 1:500 1:1000 | 1:150
MMS-101P _
against HA
. Abcam, Primary rabbit polyclonal
U-HA _ _ 1:1000 | 1:150
ab9110 antibody against HA
. Abcam, Primary goat polyclonal
U-Myc _ _ 1:250 1:1000 | 1:250
ab19234 antibody against Myc
_ Primary mouse
. Sigma, ]
U-Myc (9E10) monoclonal antibody 1:2000
M5546 _
against C-myc
BD Primary mouse
U-Racl Biosciences, monoclonal antibody to 1:1000
610651 human Racl
Primary mouse
. Santa Cruz, monoclonal antibody
U-RhoA _ 1:500
sc-418 against aa 120-150 of
human RhoA
. Thermo Secondary donkey anti
U-goat Alexa _ _
Fisher goat IgG coupled with 1:400
Fluor® 488 o
Scientific, Alexa Fluor® 488
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A-11055
Thermo
. , Secondary donkey anti
U-rabbit Alexa | Fisher _ / Y _
o rabbit 1IgG coupled with 1:400
Fluor® 488 Scientific,
Alexa Fluor® 488
A-11008
Thermo
- : Secondary donkey anti
U-goat Alexa | Fisher _
L goat IgG coupled with 1:400
Fluor® 594 Scientific,
Alexa Fluor® 594
A-11058
Thermo
o _ . Secondary goat anti
U-rabbit Alexa | Fisher _ _
L rabbit IgG coupled with 1:400
Fluor® 594 Scientific,
Alexa Fluor® 594
A-11012
Thermo
. . Secondary donkey anti
U-rat Alexa Fisher Y y
S rat IgG coupled with 1:400
Fluor® 594 Scientific,
Alexa Fluor® 594
A-21209
. Thermo
U-mouse . Secondary goat anti
Fisher
Alexa Fluor® L mouse IgG coupled with | 1:400
Scientific,
488 Alexa Fluor® 488
A-11005
. Secondary donkey anti
U-goat- LI-COR, 926- _
goat IgG coupled with 1:7500
IRDye®680 68074
IRDye 680CW
. Secondary donkey anti
U-goat- LI-COR, 926- .
goat IgG coupled with 1:7500
IRDye®800 32214
IRDye 800CW
- Secondary donkey anti
U-mouse- LI-COR, 926- )
mouse IgG coupled with 1:7500
IRDye®680 32212
IRDye 680CW
- Secondary donkey anti
U-mouse- LI-COR, 926- )
mouse IgG coupled with 1:7500
IRDye®800 68072

IRDye 800CW
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Secondary goat anti

. Santa Cruz, _
U-mouse-HRP mouse IgG coupled with 1:5000
sc-516102 i )
horseradish peroxidase
- _ _ Secondary donkey anti
U-rabbit- Li-COR, 956- _ _
rabbit IgG coupled with 1:7500
IRDye®680 68073
IRDye 680CW
- ) ) Secondary donkey anti
U-rabbit- Li-COR, 926- _ _
rabbit 1IgG coupled with 1:7500
IRDye®800 32213
IRDye 800CW

2.12 DNA methods

2.12.1 DNA restriction digestion

The restriction digestion of the DNA was performed with restriction endonuclease

enzymes (Thermo Scientific) according tothe manuf act ur e rThesdiggstedot o c o |
DNA were purified with the GenJet PCR Purification Kit or purified after agarose gel
electrophoresis (3.12.2).

2.12.2 Agarose gel electrophoresis

To separate DNA or RNA fragments, standard agarose gel electrophoresis was used. A
1% agarose gel was made, which contained GelRed™ (1:20000) to visualize the DNA
or RNA bands. 1x TAE buffer was used as running buffer. The samples were mixed with
DNA Gel Loading Dye and were loaded on the gel. Additionally, a DNA Ladder (Thermo
Scientific) was loaded on the gel. For purification of desired DNA fragments obtained by
DNA restriction digestion or PCR, the DNA fragment was cut of the agarose gel and
purified with the Zymoclean™ Gel DNA Recovery Kit or with the GenJet Gel Extraction

Kit according to the manufacturerdés protocol

2.12.3 Polymerase chain reaction (PCR)

To amplify DNA fragments a standard PCR reaction was used (Mullis et al., 1986). For
cloning procedure, the Phusion High-Fidelity DNA Polymerase was utilized and the
DreamTag™ DNA Polymerase for analytical DNA amplification. The standard PCR

reactonwer e carried out according to manufacturer
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2.12.4 DNA ligation

For DNA ligation the T4 DNA Ligase was wused af
The total amount of vector DNA was 50-100 ng and the molar ratio of vector and insert

DNA was 1:3. The ligation was performed overnight at 16 °C.

2.12.5 Chemical transformation of bacterial cells

200 pl chemical competent E. coli XL1blue cells were thawed on ice. 5 pl ligation mixture
or 100 ng of plasmid DNA were added to the bacteria and incubated for 30 min on ice.
Afterwards a heat-shock for 60 s at 42 °C was performed. Immediately after the heat-
shock the bacteria were incubated on ice for 2-5 min. 800 ul of pre-warmed LB medium
was added to the cells and then incubated at 37 °C for 40-60 min. 200 ul of the medium
were plated on LB-Amp plates for the selection of transformed cells. The colonies were

grown overnight at 37 °C.

2.12.6 Plasmid DNA preparation

For plasmid DNA preparation 5 ml or 50 ml LB medium with appropriate antibiotic

(100 pg/ml Ampicillin or 50 pg/ml Kanamycin) was inoculated with one E. coli colony.

Bacteria were grown over night at 37 °C and 220 rpm. Isolation of plasmid DNA from

bacteria cultures was performed with the GenJet Plasmid Miniprep Kit or the
NucleoBond® Xt r a Mi di Kit according to the manufact
eluted in 50 pl HO and the concentration was measured using the NanoDrop™ 2000
Spectrophotometer (Thermo Fisher Scientific). Afterwards the DNA was sent for

sequencing to Eurofins GATC (Cologne) according to the manufactu

2.13 RNA methods

2.13.1 In vitro transcription of sense capped mRNA

For microinjections of Xenopus embryos sense capped mRNA was synthesized using

the SP6 MMESSAGE mMMACHINE® Sy st em according to the manuf
The synthesized RNA was purified with the illustra™ RNAspin Mini RNA Isolation Kit

after the manuf act ur ewadeautedim30 pl HoO (RNase-free)andT h e R N
stored at -80 °C. The RNA concentration was measured using the NanoDrop™ 2000
Spectrophotometer and RNA quality was controlled by loading 1 pl RNA on a 1%

agarose gel (3.12.2).

2.13.2 Invitro transcription of lab eled antisense RNA
The following reaction mixture was used for the synthesis of digoxigenin labeled

antisense RNA for whole-mount in situ hybridization:
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5 pl linearized DNA template
2 pl T7 RNA Polymerase

2 ul DTT (0.75 M)

2 pl RNaseOUT

8 pl Digoxigenin-11-UTP

8 pl 5x transcription buffer
13 pl H20 (RNase-free)

The incubation took place at 37 °C for 2.5 h followed by 15 min treatment with 1 pl

TURBO DNase | (Ambion). The synthesized RNA was purified using the illustra™

RNAspin Mini RNA IsolationKi t according to the Theagualiyfohct ur er
the RNA probe was controlled by loading 1 pl of the RNA on a 1% agarose gel (3.12.2).

The RNA probe was stored in hybridization mix at -20 °C.

2.14 Xenopus methods

2.14.1 Preparation of Xenopus laevis testis

The Xenopus male was placed into benzocaine (0.05%) for 15-20 min at room
temperature. Afterwards the frog was decapitated and the testes were removed. The
testes were washed with 1x MBS and stored in fresh 1x MBS at 4 °C.

2.14.2 Xenopus culture and microinjection

X. laevis female frogs were injected into the dorsal lymph sac with 500 units human
chorionic gonadotropin (hCG, Sigma-Aldrich) hormone. Egg collection, in vitro
fertilization, de-jellying and cultivation of embryos were performed as described in (Sive
et al., 2000). Albino embryos were stained with Nile blue dye to distinguish between the
animal and vegetal pole of the embryos and for classification of the developmental
stages. The developmental stages were defined according to (Nieuwkoop and Faber,
1994). Before injection, the embryos were placed in injection buffer. The mRNA or DNA
and MOs were injected animally into one blastomere of one or two-cell stage embryos
or into the dorsal blastomere of eight-cell stage embryos. The injected volume was 10 nl
for one or two-cell or 4 nl for eight-cell injections. After the injection procedure, the
embryos were kept in injection buffer for at least 20 min before they were washed 3 times
with 0.1x MBS and cultured in 0.1x MBS at 14-18 °C. Dexamethasone treatment took
place at stage 13 according to (Maj et al., 2016).
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2.14.3 X-Gal staining and Whole -mount in situ hybridization (WMISH)

To determine the injected side LacZ RNA were co-injected as a lineage tracer. When
Embryos reach the desired developmental stage, the embryos were fixed for 30 min in
MEMFA and washed 3 x 10 min with PTw afterwards. The LacZ staining were performed
as described in (Sive et al., 2000). The LacZ staining was followed by MEMFA fixation
overnight at room temperature and was replaced by EtOH afterwards. To visualize the
NC cells in vivo a WMISH against twist or AP-2 were performed. The WMISH is based
on the Harland Lab protocol (Harland, 1991). For bleaching of pigmented embryos,
embryos were washed 3 x 5 min with 2x SSC and bleached in 1% H20./5%
Formamide/0.5x SSC until the embryos lost their natural pigment. Afterwards, the
embryos were re-fixed for 30 min in MEMFA and washed 3 x 10 min with PTw. The
embryos were documented using a Leica M165FC microscope and a Leica DFC450C

camera. Analyzed embryos were stored in EtOH at 4 °C.

2.14.4 Cranial neural crest explants

Explantation of NC cells was carried out as described in (Borchers et al., 2000; Maj et
al., 2016). The explants were incubated for at least 30 min at 14 °C to ensure adherence
of the cells. Propidium iodide (10 pg/ml) staining was carried out 5 h after explantation.
Time-lapse analysis of NC cell migration or protein localization in NC cells was performed

with spinning disc microscopy (Podleschny et al., 2015).

2.14.5 Immunostaining of ectodermal explants

In addition to the explants used for live cell imaging, NC explants were prepared for
immunostaining. Therefore, NC explants were cultured on fibronectin (10 ug/ml in PBS)
coated chamber slides or cover glass (Maj et al., 2016). The explants were incubated for
at least 3 h at room temperature, if not indicated otherwise, and then fixed. For fixation
the explants were incubated in MEMFA ( fratenin staining) or 4% PFA/PBS for 11 min.
Afterwards, the explants were washed 3 x 10 min with PTw and stained according to the

following protocol:

1 Blocking with 10% fetal bovine serum (FBS) in PTw for 1 h at room temperature
or overnight at 4 °C

Incubation with primary antibody diluted in blocking buffer overnight at 4 °C

3 x 10 min PTw

Secondary antibody in blocking buffer for 2 h at room temperature

3 x 10 min PTw

DAPI staining (1 pg/ml DAPI in PTw) for 10 min

= =4 -4 A -2
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The explants on the cover glass were embedded in fluorescent mounting medium (Dako)
and the explants in chamber slides were stored in Pen/Strep/PBS at 4 °C. Protein
localization was analyzed using fluorescence microscope (Axio Observer Z1 with
Apotome, Zeiss), confocal laser scanning microscope (Leica TCS SP5) or spinning disk
microscope (Zeiss AxioObserver.Z1).

2.14.6 Image analysis of NC cells

Image analysis of NC cells was performed using Zen blue, ImageJ, Fiji or Matlab
software. The nuclear f | uor e s c e nt -catamih was sneasuyed wsihg IrhageJ.
Therefore, the area of each nucleus was determined by DAPI staining and the Integrated
Density o f -cabenin fluorescent signal was measured. The Integrated Density of each
cell of a particular condition were averaged and normalized to NC cells injected with
controlMO. The fl uorescent i ndicatenisveteyneasufed usiagplotr

profile in Fiji. Therefore, a line was drawn from a nucleus of one cell to the nucleus of a

ane b

neighboringcell . The f I uor e s-caenintwas measaradsandtplpttecbffom b

the membrane and up to 2 um away from the membrane. The fluorescent intensity of
me mb r a-nagenirbwas measured from 5 random cells per explant. Live cell images
were analyzed by measuring the cell dispersion, single cell velocity, cell contact time
during collision and changes in the direction of migration after collision. The dispersion
of NC cells was measured using the Delaunay triangulation plugin in ImageJ and Matlab.
Single cell velocity was calculated by ImageJ using Manual Tracker and Chemotaxis
Tool plugin. Changes in the direction of migration after cell collision of single NC cells
was analyzed using custom-made Matlab script (see appendix, kindly provided by S.
Becker (Becker et al., 2013)). The change in the location of the cells after cell-cell contact
was determined. The coordinates of the cells before (t-opt ) , during (t-)
cel l c o nt a cd3d) wdra detepnidedl by (nanual tracking with ImageJ. The time

Fig. 13: Collision analysis. Schematic overview of analysis of velocity and the change of
direction of single NC cells after cell-cell contact. With the coordinates before (t-gpt )uting @)
and after the cell-c e | | ¢ o nitarddhie tin{e intergal the velocity and the changed angle
after collision (92) can be calcul ated.

interaald )gpwtas determined with Zen bl ue
t he changed a n-gell mntacts (Jig. 18)fwere ilustratedlas vector diagrams
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and show the change of the direction of migration of 9 different NC cells of 3 independent

experiments.

2.15 Cell culture methods

2.15.1 Propagation of HEK293 and MCF7 cells

HEK293 and MCF7 cells were kept in 75 cm? cell culture flask with appropriate cell
culture medium. The cells were cultured in a sterile incubator at 37 °C, 5% CO, and 95%
humidity. The cells were split one to two times a week with a subcultivation ration of 1:10.
At first, the cells were rinsed once with 1x PBS. Afterwards, trypsin-EDTA (0.025%
Trypsin, 0.53 mM EDTA) was added to the cells for 5-10 min at 37 °C to detach cells
from the flask. An addition of cell culture medium stops trypsin activation and an
appropriate volume of the cell suspension was transferred into a new cell culture flask
containing medium. For long term storage cells were frozen in FCS supplemented with
10% DMSO in cryotubes (Nunc™, Thermo Scientific) and kept in liquid nitrogen.

2.15.2 Cell transfection using jetPEl ©

DNA transfection of cell culture cells were performed with jetPEI® DNA transfection
reagent. Briefly, one day before transfection cells were plated into an appropriate culture
vessel to reach a confluence of 50-70% at the time of transfection (see table 6). For
protein extraction, cells were seeded in 25 cm? culture flask. For localization assays,
cells were seeded on glass coverslips in 24-well plates. On the day of transfection, the
medium was exchanged and transfection were performed using jetPEI® according to

manuf acturerods instructions.

Tab. 6: Volume of culture media, amount of DNA and jetPEI®

Culture vessel | Volume of medium | Amount of DNA (ug) | Volume of jetPEI® (ul)
24-well 500 ul 0.5-1 2
6 cm/25 cm? 5 ml 0.7-4 6-10

2.16 Protein techniques

2.16.1 Preparation of protein extracts from mammalian cell lines

Cells were washed twice in cold 1x PBS and lysed in cold NOP buffer. Therefore, cells
were scraped in 300 pl NOP buffer from the surface of the cell culture flask. The cells
were transferred immediately into a 1.5 ml reaction tube and lysed by pushing the cells
five times through a 27 G syringe and incubation for 30-45 min at 4 °C on an end-over-
end rotator. After centrifugation for 15 min at 13000 rpm and 4 °C, the supernatant was

transferred into a new reaction tube. Protein extracts were used for co-
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immunoprecipitation or mixed with 6x Laemmli buffer, heated for 5 min at 95 °C and

analyzed by western blotting or stored at -20 °C.

2.16.2 Co-immunoprecipitation (co -IP)

Co-IPs were performed using Dynabeads® Protein G beads (Thermo Scientific)
according to manufoaTrib IPradew&isanggsrwere made. Briefly,
protein lysates were incubated with indicated antibody for 2 h at 4 °C on an end-over-
end rotator. Afterwards, the lysates were added to 40 pl Dynabeads® and incubated for
30 min at 4 °C on an end-over-end rotator. At last the beads were washed 3 x with 500 pl
0.02% Tween-20/PBS. The beads were mixed with 20 pl 6x Laemmli loading buffer,
heated for 5 min at 95 °C and stored at -20 °C.

2.16.3 Rho GTPase pull down activation assay

Xenopus embryos were co-injected with DNA, RNA or MO together with 0.25 ug/ul
Fluorescein-Dextran to distinguish injected from un-injected embryos. Control embryos
were injected only with Fluorescein-Dextran. 25 embryos of stage 20-22 were collected
for each condition and lysate in 250 pl Rac-RIPA buffer. As a positive control, lysates of

wild type embr yos wer e i ncubat e d-Aldneh)taccorddg Bo S

( Si

manufacturesé instructi on .erepifoamedasddRailmedip ul | do

(Benard et al., 1999; Ren et al., 1999). GST-PAK and GST-RBD Protein were kindly
provided by K. Giehl. Samples were heated for 5 min at 95 °C and stored at -20 °C.

2.16.4 Protein electrophoresis (SDS -PAGE)

To separate denatured proteins according to their size in an electric filed the SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) was performed (Laemmli, 1970). The
protocol from (Russell and Sambrook, 2001) was used to prepare 7%, 8% or 12%
polyacrylamide gels. Before loading on the SDS polyacrylamide gel, protein extracts
were heated for 2 min at 95 °C. A maximum volume of 20 pl of protein extracts and 5 pl
protein marker were loaded on SDS polyacrylamide gels. The BioRad Mini Protean Tetra
Cell system was used for SDS-PAGE accordingt o manuf acturer és
the electrophoresis started with 80 V. When the proteins reached the separation gel

(visualized by the buffer front) the voltage were increased up to 120 V.
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2.16.5 Western blotting

The separated proteins in polyacrylamide gels were transferred by electro-blotting onto
a nitrocellulose blotting membrane (0.45 pm, Amersham Protran®) (Towbin et al., 1979).
The wet blotting procedure was performed using the Mini Trans-Blot® Cell System (Bio-
Rad) at 100 V for 1 h (proteins <50 kDa) or 1.5-2 h (proteins >50 kDa) according to
manufacturer 0s pr otheondrocélluloseSnemisrame was Ilacked with
TBST + 5% (w/v) milk powder for 1 h at room temperature on a shaker. Afterwards the
nitrocellulose membrane was incubated with the appropriated antibody overnight at 4 °C.
The antibodies were diluted in TBST + milk powder (or 3% BSA/TBST for GTPase
antibody) as indicated in table 5. Unbound antibodies were washed off the membrane
by washing 3 x 5-10 min with TBST. Secondary antibody coupled with horseradish
peroxidase (HRP) were incubated on the membrane for 2 h at room temperature
followed by 3 x 10 min washing steps with TBST. Finally, the membrane was incubated
with the chemiluminescent substrate SuperSignal® West Dura Extended Duration
(Thermo Scientific) according to ma n u f a c pretaca. The shemiluminescent signal
was detected by LI-COR Odyssey Fc System. When infrared-coupled secondary
antibodies were used, a few steps have been modified to reduce background signal of
the nitrocellulose membrane. First, the nitrocellulose membrane was air dried after
electro-blotting for 1 h at room temperature. Second, instead of TBST the TBS buffer
were used and all steps were performed in the dark. The LI-COR Odyssey Fc System
detected the infrared signal.
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3. Results

3.1 PTK7 loss of function can be rescued by  overexpression of Ror2

PTKY functions in NC cell migration but its signaling mechanism in NC migration has not
been investigated yet. Recent studies show that PTK7 and the Wnt receptor Ror2 can
interact via their extracellular domains and co-localize in NC cells (Martinez et al., 2015;
Podleschny et al., 2015). Because Ror2 has similar functions as PTK7 in canonical and
non-canonical Wnt signaling (Berger et al., 2017a; Billiard et al., 2005; Oishi et al., 2003;
Schambony and Wedlich, 2007), it has been investigated if Ror2 can substitute PTK7 in
NC migration. Therefore, Xenopus embryos were injected with control MO or PTK7 MO
alone and in combination with Ror2 RNA together with membrane-targeted GFP
(mbGFP) and mcherry-tagged H2B (H2B-mcherry) to visualize cell shape and polarity of
NC cells. NC cells were explanted, cultured on a fibronectin coated chamber slide and
NC cell migration were analyzed by spinning disc microscopy (fig. 14, movie 1). At the
beginning of imaging (0 h), NC cell clusters are about the same size (fig. 14 A-D). After
4 and 8 h of imaging, NC cells with control MO and in combination with Ror2 dispersed
rapidly (fig. 14 A, B). Tracking of individual cells over the time period of imaging shows
that single NC cells detached from the cell cluster and dispersed (fig. 14 A and B middle
panel). In addition, cell dispersion of the whole NC clusters was illustrated by Delaunay
triangulation (fig. 14 A and B lower panel). By using the Delaunay triangulation all nearest
neighbors are connected and their spatial proximity is quantified (Chen et al., 2014a).
NC cells with PTK7 depletion could not migrate properly (fig. 14 C). The NC cluster
stayed about the same size during the 8 h of imaging and only few cells detached from
the cluster. Overexpression of Ror2 in PTK7 morphant NC cells rescued the NC
migration defects as illustrated by time-lapse imaging, cell tracking and Delaunay
triangulation (fig. 14 D). In addition, quantification of NC cell migration shows that
overexpression of Ror2 in PTK7 morphant NC cells significantly reduced NC migration
defects (fig. 14 E).
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Fig. 14: The PCP receptor Ror2 rescues the NC cell migra
loss of function
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tion defect caused by PTK7

in vitro . Embryos were co-injected with 7.5 ng MO, 50 pg mbGFP, 250 pg

atesbt0D®l ent 6 s t

H2B-mcherry and 150 pg Ror2 RNA in one blastomere at two-cell stage. NC cells were
explanted at stage 16 and cultured for 2 h before imaging. A-D Time-lapse images (upper
panel), cell tracking (middle panel) and Delaunay triangulation (lower panel) are shown for the
various settings. Scale bar = 200 um. E Graph summarizing percentage of migration defects
of 3 independent experiments (total of 39 explants). Standard error of the means (s.e.m) are
shown. Asterisk indicatesap-val ue i n
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3.2 PTKY7 does not appe ar to inhibit canonical Wnt signaling during NC cell
migration

PTK7 and Ror2 are both able to inhibit the canonical and activate the non-canonical Wnt
pathway (Berger et al., 2017a; Billiard et al., 2005; Oishi et al., 2003; Schambony and
Wedlich, 2007). For NC cell migration it is crucial to inhibit canonical Wnt signaling as an
over-activation of canonical Wnt signaling leads to NC cell migration defects (Maj et al.,
2016; Rabadan et al., 2016). On the other hand, the non-canonical Wnt pathway is active
during NC cell migration (see review (Mayor and Theveneau, 2014)). Since Ror2 is able
to rescue NC migration defects caused by PTK7 knockdown (fig. 14) it has to be
analyzed if PTK7 is important for inhibition of the canonical Wnt pathway or for the
activation of PCP signaling during NC cell migration. To analyze if PTK7 affects
canonical Wnt signaling in NC cell migration, Xenopus embryos were injected with
different concentrations of PTK7 MO and glucocorticoid-receptor (GR)- inducible
Tcf3pOhe Tcf 3@PC c¢ on-etmmal domain ofTcld sequiret for CBP
binding and activation of canonical Wnt-mediated gene transcription (Pukrop et al.,
2001). Meaning that an activation of T ¢ f 3@R®y Dexamethasone treatment leads to
an inhibition of canonical Wnt signaling (Maj et al., 2016). NC migration was analyzed by
whole-mount in situ hybridization using the NC marker twist (fig. 15). Injection of 7.5 ng
of control MO did not lead to NC migration defects (6.6% + 2.7%) (fig. 15 A, G). Whereas
7.5 ng PTK7 MO led to an inhibition of NC cell migration in 54.0% (z 7.4%) embryos (fig.
15 B, G). Co-injection of 7.5 ng PTK7 MO and 50 pg T ¢ f 3@®RCed to a significant
increase of NC migration defects up to 78.1% (£ 3.7%) (fig. 15 C, G). As co-injection of
7.5ng PTK7 MO and50 pg T ¢ f 3@Rded to an increase of NC migration defects lower
MO and RNA concentration were injected. Injection of 5 ng control MO did only lead to
NC migration defects of 0.6% (x 0.6%) (fig. 15 D, G). Whereas an injection of 5 ng PTK7
MO led to 50.3% (+ 12.5%) NC migration defects (fig. 15 E, G). The inhibition of the
canonical Wnt pathway by co-injection of 10 pg T ¢ f 3@&R&lid not significantly decrease
the NC migration defects (42.4% % 3.7%) (fig. 15 F, G).
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Fig. 15: Inhibition of canonical Wnt signaling does not rescue NC migration defects
caused by PTK7 loss of function.  Xenopus embryos were injected with different MO and
RNA concentrations together with 75 pg LacZ RNA into one blastomere of two-cell staged
embryos and NC cells were analyzed by twist in situ hybridization. A, D 7.5 and 5 ng control
(co) MO does not impact NC migration. B, E PTK7 LOF induced by 7.5 ng or 5 ng PTK7 MO
leads to NC migration defects. C, F Inhibition of the canonical Wnt pathway by 50 or 10 pg
T c f 3@RGn PTK7 morphants does not rescue the NC migration defects. Asterisks indicate
injected side, red arrowheads indicate inhibited NC migration, scale bar = 500 um. G Graph
summarizes percentage of NC migration defects, number of embryos and s.e.m. are indicated
for each column, *p<0.05, ns = not significant (St u d e-test)d st

The NC migration defects caused by PTK7 loss of function do not appear to be improved
by inhibition of the canonical Wnt pathway in the tested concentrations (fig. 15). To
analyze whether PTK7 activates the canonical Wnt pathway in NC cells in general, b-
catenin staining was performed (fig. 16). The nuclear locali z at i ocadatenia fis a b
readout for active canonical Wnt signaling (Barker and van den Born, 2008). In pre-
mi gr at or y -ddténin ésdocdted in the nucleus and its nuclear localization is

reduced during NC cell migration (Maj et al., 2016). To analyze if PTK7 possibly affect
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canonical Wnt activity, PTK7-mor phant NC cells were explante
catenin. NC cells were explanted at stage 16-18 and culturedfor3-4h bef or e -f i xat.
catenin is predominantly localized at the cell membrane in NC cells with control or PTK7

MO (fig. 16 A, B).
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Fig. 16: PTK7 LOF does not lead to b-catenin translocation to the nucleus. Injection of

7.5 ng MO with 50 pg mbGFP RNA into one blastomere of two-cell staged embryos. NC cells
were dissected at stage 16-18, cultured for 3-4 h and stained with anti-b-Catenin, anti-GFP
and DAPI. NC explants with (A) control (co) MO and (B) PTK7 MO show b-catenin localization
at the cell membrane but not in the cell nucleus, scale bars = 20 pm. C Schematic figure
indicates the classification in outer and inner cells. D Graph summarizes averaged Integrated
Density (IntDen) of nuclear b-catenin staining of outer and inner cells of three independent
experiment. IntDen were normalized to inner cells with co MO. Number of cells and s.e.m. are
indicated for each column, **p<0.01, ***p<0.001, ns = not significant (One-Way ANOVA test).
E b-catenin fluorescence intensity at cell-cell contact (0 um) for NC cells with co or PTK7 MO.
Graphic shows three independent experiments were at least five cells in at least two explants
per experiment were analyzed, s.e.m. are shown.
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To analyze if membrane | o ¢ a | -caterirdhacbchanged in PTK7 loss of function cells,
t he f | uor es c eaateninivastmeaswed anyg plattéd frdm the membrane and
up to 2 um from the membrane. Measurement of the fluorescence intensity of membrane
b-cat eni n s hoateny istndt det or increased at the cell membrane in PTK7-
deficient NC cells (fig. 16 E ) . I n the quant -atenirg adistinotion wad
made between inner and outer NC cells. Inner cells are characterized by being
completely surrounded by other NC cells whereas outer cells are at the edge of the cell
cluster (fig. 16 C). The graphic shows that the inner NC cells have a significant higher
Integrated Density of nuclear b-catenin than outer cells (fig. 16 D). This can be observed
in NC cells injected with control MO or PTK7 MO. However, the Integrated Density of
n u c | ecatenin i PTK7 morphant NC cells is not significantly higher as in NC cells

with control MO. This applies for the inner as well as the outer NC cells (fig. 16 D).

3.3 PTK7 loss of function can be rescued by Dsh

Dsh is a core protein of the canonical as well as the non-canonical Wnt pathway
(reviewed in (Mlodzik, 2015)) and interacts with Fz and Ror2 (Medina and Steinbeisser,
2000; Tauriello et al., 2012; Witte et al., 2010; Wong et al., 2003). Dsh also interacts with
PTK7 via RACK and PKCU 1(Shnitsar and Borchers, 2008; Wehner et al., 2011). In
addition, PTK7 recruits Dsh to the plasma membrane in ectodermal explants, which
indicates activation of non-canonical Wnt signaling (Axelrod et al., 1998; Medina and
Steinbeisser, 2000; Rothbacher et al., 2000). To investigate if Dsh acts downstream of
PTK7 in NC cell migration rescue experiments were performed and NC migration was
analyzed using twist and AP-2 in situ hybridization (fig. 17). As already shown in previous
experiments, injection of control MO had no effect on NC migration (fig. 17 A and B upper
panel, C, D) and injection of PTK7 MO led to NC migration defects, which can be seen
by an impaired or inhibited NC cell migration (fig. 17 A and B middle panel, C, D).
However, co-injection of Dsh RNA together with PTK7 MO could partially rescue the NC
cell migration phenotype (fig. 17 A and B lower panel). The migration defects decreased
to 48.1% (x 4.8%) (twist) or to 35.3% (= 5.8%) (AP-2) (fig. 17 C, D). Further experiments
showed that overexpression of Dsh could also rescue the cell dispersion of PTK7-

morphant NC cells ex vivo (fig. 17 E, movie 2).
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Fig. 17: Co -injection of Dsh with PTK7 MO can partial rescue NC cell migration defects.
A-D Injection of 7.5 ng MO, 150 pg Myc-Dsh and 75 pg LacZ RNA in one blastomere of two-
cell staged embryos. NC cells were marked by (A) twist and (B) AP-2 in situ hybridization.
White asterisks indicate injected side, red arrowheads indicate inhibited NC cell migration,
scale bar = 500 um. C, D Graph summarizing percentage of NC migration (NCM) defects of
three (twist) or five (AP-2) independent experiments. Number of embryos and s.e.m. are
indicated for each column. Black asterisks indicate p-value in a St u d e 1test & .05t E
Injection of 2 ng MO, 40 pg Myc-Dsh, 15 pg mbGFP and 60 pg H2B-mcherry RNA in one
dorsal blastomere of eight-cell stage embryos. NC cells were dissected at stage 15-17 and
cultured for 2.5 h before imaging. Time-lapse images (upper panel) and Delaunay triangulation
(lower panel) are shown for the different conditions, scale bar = 200 pm.
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3.4 Dsh DIX domain is not involved in PTK7 signaling during NC migration

Dsh is an essential scaffold protein that activates the canonical or non-canonical Wnt
pathway by its different domains. Via its DIX domain it can regulate canonical Wnt
signaling whereas its DEP domain regulates the non-canonical/PCP pathway (Mlodzik,
2015; Sharma et al., 2018). The PDZ domain is important for both the canonical and
PCP pathway. As Dsh can improve NC cell migration of PTK7 knockdown embryos (fig.
17) it is interesting to investigate which domain is necessary for PTK7/Dsh signaling.
Therefore, Dsh deletion constructs (fig. 18 A) were co-injected with PTK7 MO and NC
cell migration was analyzed by twist in situ hybridization (fig. 18). As mentioned earlier,
control MO did not influence NC migration whereas PTK7 MO led to NC migration
defects (fig. 18 B, C). NC migration defects caused by PTK7 MO could be significantly
reduced by co-injection of Dsh, which lacks its DIX domain (46.7% + 11.8%) (fig. 18 B,
C). On the other hand, Dsh constructs lacking the PDZ or DEP domain could not improve
NC migration defects in PTK7-morphant embryos (73.4% + 1.6% or 66.5%

+ 7.5%) (fig. 18 B, C).

A pen ¢ NC migration defects [%)]
*
100 —
DshADIX o] | | 80 143 94 174
181
60
DshAPDZ | o | 40
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0
DshADEP [ - | co MO PTK7 MO PTK7 MO PTK7 MO PTK7 MO

+ADIX +APDZ + ADEP

PTK7 MO
+ ADIX

PTK7 MO
PTK7 MO
+ APDZ

PTK7 MO
+ ADEP

Fig. 18: Dsh with deleted DIX domain can partially rescue NC cell migration defects
caused by PTK7 MO. A Schematic overview of Dishevelled (Dsh) deletion constructs. B
Injection of 7.5 ng MO, 150 pgDs h D1 X, Ds h P D Andd% pg DeehRNA i& &ne
blastomere of two-cell staged embryos. NC cells were marked by twist in situ hybridization.
White asterisks indicate injected side, red arrowheads indicate inhibited NC migration, scale
bar = 500 um. C Graph summarizing percentage of NC migration defects of four independent
experiments. Number of embryos and s.e.m. are indicated for each column. Black asterisk
indicates p-valueinaSt u d e-test § 805t
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3.5 PTK7 is localized at NC cell -cell contact sites

As PTK7 is enriched at NC cell-cell contact sites (P. Wehner, PhD Thesis 2012), further
live cell imaging was performed to investigate the dynamic localization of PTK7.
Therefore, NC cells expressing PTK7-GFP and H2B-mcherry were analyzed by spinning
disc microscopy. NC cells show highly localized PTK7 at cell-cell contact sites (fig. 19).
If a migrating NC cell (fig. 19 A) collided with another NC cell PTK7 accumulated at the
cell-cell contact site (fig. 19 B, movie 3). The NC cell formed protrusion to the opposite
side of the contact site (fig. 19 C). After cell-cell contact was broken, PTK7 was no longer

accumulated at the membrane and the NC cell migrated away (fig. 19 D, movie 3).

5.4 min

Fig. 19: PTK7 -GFP accumulates at cell -cell contact sites. 250 pg PTK7-GFP and 250 pg
H2B-mcherry RNA were injected into one blastomere of two-cell stage embryos. NC cells were
explanted at stage 17. A A single NC cell before collision with another NC cell. Yellow dotted
arrow indicates direction of migration. B PTK7-GFP accumulates at cell-cell contact sites of
colliding NC cells (white arrow). C PTK7-GFP is located at the membrane during the entire time
of cell-cell contact (white arrow). D After collision the NC cell migrate away (yellow dotted arrow).
NC explants were observed using spinning disc microscopy. Time series starts 4.2 min before
cell-cell contact (0 min), scale bar = 20 um.

3.6 The extracellular domain of PTK7  affects its localization

To investigate which domain is necessary for the dynamic localization of PTK7, several

GFP-tagged deletion constructs were cloned (fig. 20 A). The different PTK7 constructs

were co-injected with H2B-mcherry RNA and the localization of the different constructs

were analyzed in NC cells using time-lapse microscopy. A PTK7 construct which lacks
itskinasehomol|l ogy domai slodaliged BtTal-¢e)Jl comtarts like full-length

PTK7 (fig. 20 B). If a migrating NC cell gets in contactwi t h anot her NC cel |l
accumulated at the cell-cell contact site (fig 20 C white arrow, movie 4). However, the

cellcontactt i me i s i ncr eexmwesshg NOcellsak dmparison to full-length

PTKY (fig. 21 A). Furthermore, even aftercellc el | cont act was batoken @
the membrane (fig. 20 C red arrow) unlike to full-length P T K7 . I n addition,
vesicles at the membrane translocate into the cytoplasm (movie 4). A PTK7 construct

lacking its immunoglobulin-lik e d o mai ns -BPTK7)(fig.720 A) p&aBzed at the

membrane (fig. 20 D, movie 5). But unlike to full-lengtha n d @k P T KPTK7 digdlb&

accumulate at cell-cell contact sites (fig. 20 E 0 min, movie 5) and did not affect cell
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contact time during cell collision in comparison to full-length PTK7 (fig. 21 A). A deletion
of all seven immunoglobulin-liked o ma i n s7PTK@HEfiy. 20 A) led to a localization in
intracellular compartments, despite its signal peptide and transmembrane domain (fig.
20 F, movie 6). (pE I/PTK7 also did not accumulate at the cell membrane when a NC

A PTK7 O I T I I e
O] signal peptide
AKPTK? I T T T T T [ ! . . :
I [] immunoglobulin domain
AE3-7PTK7 O[T T J - o —
o e E transmembrane domain
AE1-7PTK7 O [ ¥ - S —
[C] kinase domain
cPTK7 - —

PTK7-GFP
+ H2B-mcherry

D-

F IEEE

PTK7-GFP

= AE3-7PTK7

Fig. 20: Extracellular domain of PTK7 is important for its accumulation at cell -cell

contact sites. Xenopus embryos were injected with 200 pg pk P T-&RP, 200 pg pE 3
7PTK7-GFP or pE /PTK7-GFP or 100 pg cPTK7-GFP and 200 pg H2B-mcherry RNA in one
blastomere of two-cell stage. NC cells were explanted at stage 16-18. A Schematic overview
of PTK7 and different deletion constructs. B qpk P T-BFP is localized at cell-cell contacts. C
mpk P T-BRP accumulates at cell-cell contact site of migrating NC cells (white arrow). After
cel |l separ a-GkPdsrstll highly énficked at former contact site (red arrow). D pE 3
7PTK7-GFP is localized at the membrane of NC cells. E qpE FPTK7-GFP did not accumulate
at cell-cell contact site (white arrow). F, G E /PTK7-GFP is not localized at the cell
membrane nor at cell-cell contacts (white arrow). H cPTK?7 is localized in the cytoplasm and
nucleus of NC cells. | Cell-cell contact does not lead to an accumulation of cPTK7 at the
membrane (white arrow). Direction of migration of NC cell is indicated by yellow dotted lines.

0 min indicates time point of NC cell-cell contact. Scale bars = 20 um.
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cell got in contact with another NC cell (fig. 20 G 0 min). Overexpression of the
intracellular part of PTK7 (cPTK7) (fig. 20 A) showed a highly localization in the
cytoplasm especially in the lamellipodia but it did not accumulate at cell-cell contact sites
and did not affect cell contact time (fig. 20 H, I, fig. 21 A, movie 7). In addition, cPTK7
localized in the cell nucleus (fig. 20 H). Taken together, these results indicate that the
extracellular domain of PTK7 is important for its localization at cell-cell contacts in
migrating NC cells.

After cell-cell contact, NC cells change the direction of migration, a phenomenon called
contact inhibition of locomotion (CIL). To analyze, if overexpression of the PTK7
constructs effected CIL behavior, the relative velocity vector of single cell collision was
calculated (fig. 21 C, D). Therefore, the velocity before and after cell-cell contact as well
as the changed angle after collision were determined. NC cells which overexpressed the
different PTK7 constructs showed no change in CIL behavior (fig. 21 D), the analyzed
NC cells changed their direction of migration after contact with another NC cell. In
addition, also the velocity of single NC cells showed no alteration in NC cells
overexpressing the deletion PTK7 constructs in comparison to full-length PTK7 besides
NC cells expressing cPTK7, which showed a significant decrease in cell velocity (fig. 21
B). Becauset h e -gPHKLY construct seems not processed properly, no further analysis
has been done.

A 35 sk B 5 * .
g E4] . :
3= 25 g °
Eézo . ° » z3 1 T
25| E %\ |
33 £ %
8 5 T J_ J_ ITI Eﬂ
0 " 0
/\
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R 8

C D prk7 AKPTK? AE3-7PTK7Y cPTK7

ge T

Fig. 21: Overexpression of -cekceidtt7timd during cell t
collision. A Graph blotting cell-cell contact time during collision of NC cells expressing various
PTK7 constructs; netk7=22, Nek pTR28, Neeaptkr=21, Nncpk7=17 of three independent
experiments. B Graph blotting single cell velocity of NC cells expressing indicated PTK7
constructs; nptk7=34, Npk P TRZ7, NpE 7PTk7=26, NcpTk7=40 Of three independent experiments.
C Schematic overview of the analysis the migration direction of colliding NC cells, red arrow
shows velocity vector before collision, black arrow shows velocity vector after collision. D
Relative velocity vectors of NC cells with different PTK7 constructs shows change in the
direction of migration after cell collision, n = 9 of three independent experiments. Box and
whiskers plot: the box extends from the 25th to the 75th percentile, the median is plotted as a
line inside the box. *p < 0.05, *** p < 0.005 in One-Way ANOVA test.
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3.7 PTKY intracellular domain can improve NC cell migration in PTK7 -
morphant embryos

An overexpression o f  pk RAdKtH6 NC cell migration defects in vivo (Shnitsar and
Borchers, 2008). This could indicate that the kinase homology domain is important for
NC migration. To prove this further, rescue experiments with cPTK7 were performed.
Therefore, control or PTK7 MO were injected alone or in combination with cPTK7 RNA
and NC migration was analyzed by AP-2 in situ hybridization (fig. 22). Injection of control
MO alone (3.1% =+ 0.8) or together with cPTK7 (4.1% + 2.4%) did not influence NC
migration (fig. 22 A, B). Whereas PTK7 loss of function led to inhibited NC migration
(53.7% = 3.1%) (fig. 22 A, B). Co-injection of cPTK7 RNA with PTK7 MO led to an
improved but not complete NC cell migration in comparison to the uninjected side (fig.
22 A). Quantification of the experiments shows that overexpression of the intracellular
domain of PTK7 in PTK7-morphant embryos did not significantly rescued NC cell
migration (fig. 22 B).
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Fig. 22: C -terminus of PTK7 reduce NC cell migration defects caused by PTK7 loss of
function. Injection of 7.5 ng control (co) or PTK7 MO, 200 pg cPTK7-HA and 75 pg LacZ RNA
in one blastomere of two-cell stage embryos. Migration of NC cells were analyzed by whole
mount in situ hybridization using AP-2 antisense RNA probe. A Representative Embryos
injected with MO with or without cPTK7. Asterisks indicate injected sides, red arrowhead
indicates inhibited NC cell migration. B Graphic shows average of three independent
experiments. Number of embryos and s.e.m. are indicated for each column. p-value = 0.06 in
One-Way ANOVA test.
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3.8 PTK7 mediates homophilic binding by its extracellular domain

PTK7 accumulation at cell-cell contact sites indicates homophilic binding of PTK7. To
investigate if this is the case, co-IPs using tagged PTK7 constructs have been performed
(fig. 23, 24). First of all, PTK7-Myc could co-precipitate PTK7-GFP and vice versa
showing a homophilic interaction of PTK7 (fig. 23 B, C). To further investigate the
domains necessary for this interaction, different PTK7 deletion constructs were used (fig.
23 A, fig. 24 A). Co-IPsusingGFP-t agged @kPTK7 and c¢PTHKul-
length PTK7-Myc revealed that PTK7 interacts with its extracellular but not with its
intracellular part (fig. 23). Co-IPs using only the extracellular part (exPTK7-Myc) confirm
that PTK7 mediates homophilic binding with its extracellular domain (fig. 24).
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Fig. 23: PTK7 possess homophilic binding via its extracellular part. A Schematic
overview of PTK7 constructs. B, C PTK7-Myc, PTK7-GF P, P kGFP BEnd cPTK7-GFP
were transfected in HEK293 cells. The cell transfection scheme is indicated at the top. Co-IP
was carried eGFtP ws i-Mygantbdales. The cell lysates (input control) are
shown in the bottom panels. Antibodies used in Western blotting (WB) are shown on the left,
molecular weights are shown on the right indicated in kDa. Representative co-IPs were shown
of two independent experiments.
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Interestingly, deletion of the Ig domai ns 3 t-7TK7-My€) aqpduld also slightly
precipitate with full-lengthP TK7. And al so t he complete-del eti
7PTK7-Myc) shows a minor precipitation with full-length PTK7 but this was only observed

in co-IPs were PTK7-HA were precipitated (fig. 24 B, C).
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Fig. 24: PTKY7 interact via its extracellular domain. A Schematic overview of PTK7Y

constructs. B, C PTK7-HA, extracellular PTK7 (exPTK7)-My ¢ , -7®EI-My c , -TOEKI-
Myc were transfected in HEK293 cells. The cell transfection schemes are indicated at the top.
Co-l P was carriedHA uotr -Mglamitgdies.Bhe cdll lysates (input control)
are shown in the bottom panel. Antibodies used in Western blotting (WB) are shown on the
left, molecular weights are shown on the right indicated in kDa. Representative co-IPs were
shown of at least three independent experiments.
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3.9 PTKY7 knockdown affects NC cell shape

Since PTKY is expressed in NC cells and fluorescence-tagged PTK7 accumulates at
cell-cell contact sites the question arises of how a PTK7 knockdown would affect NC cell
morphology. To investigate this PTK7 MO were injected together with mbGFP and H2B-
mcherry RNA to visualize NC cell shape and polarity. NC cells were explanted at stage
16/17 and analyzed by spinning disc microscopy. At the start of the experiment (0 min)
control NC cells already showed lamellipodia and filopodia formation which could also
be observed after 30 and 60 min (fig. 25 A, movie 8). Whereas NC cells injected with
PTK7 MO showed no filopodia formation but blebbing formation instead over the time
period of up to 60 min (fig. 25 A, movie 8). The cell shape of the NC cells can be analyzed
by measurement of the cell circularity. The cell circularity depends on the perimeter and
area of the cell and a circularity of 1 indicates a perfect circle. NC cells with PTK7
knockdown showed a higher cell circularity in comparison to NC cells with control MO
(fig. 25 B).
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Fig. 25: PTK7 knockdown affects NC cell shape. A Xenopus embryos were injected with
7.5 ng control MO (upper panel) or PTK7 MO (lower panel), 50 pg mbGFP and 250 pg H2B-
mcherry RNA into one blastomere at two-cell stage. NC cells were explanted at stage 17,
cultured for 1.5 h and imaged with spinning disc microscopy. Time series starts at the
beginning of imaging (0 min), pictures show maximum intensity projections, scale bar =20 pm.
B Averaged cell circularity of control (co) and PTK7 MO-injected NC cells of three independent
experiments, number of cells and s.e.m. are shown for each column. A circularity of a circle is
1. C, D Co-injection of 7.5 ng co or PTK7 MO with 50 pg mbGFP and 300 pg lifeact-RFP RNA,
scale bars = 5 um. (C) NC cell with control (co) MO exhibits filopodia with actin strands. (D)
Time series of NC cells with PTK7 MO showing membrane expansion (white arrow) followed
by reformation of actin filaments under bleb membrane (red arrow).

56



3. Results

The formation of lamellipodia and filopodia is mediated by the actin cytoskeleton (Mattila
and Lappalainen, 2008). Lifeact is an excellent marker to visualize F-actin in living cells
(Riedl! et al., 2008). In NC cells injected with control MO, F-actin cable was visible in
forming lamellipodia and filopodia (fig. 25 C, movie 9). PTK7-depleted NC cells showed
membrane blebbing where at first the membrane expands and inflowing cytoplasm
enlarges the bleb (fig. 25 D white arrow, movie 10). F-actin was reformed under the bleb
membrane and the cell bleb retracted (fig 25 D red arrow). Cell blebbing is usually
associated with apoptosis (reviewed in (Charras and Paluch, 2008; Ikenouchi and Aoki,
2017)). To analyze if this cell blebbing of the PTK7-morphant NC cells is because of
starting apoptosis a Propidium iodide (PI) staining was performed. Pl can stain DNA and
cytoplasmic dsRNA but is not able to penetrate the cell membrane of living cells, which
make it useful to detect apoptotic cells (Martin et al., 2005; Suzuki et al., 1997). For PI
staining NC cells with control or PTK7 MO and mbGFP were cultured in DFA containing
Pl. The cells were observed from the start of the treatment (0 h) to 6 h (fig. 26). NC cells
injected with control MO exhibited filopodia and single cells detach from the cell cluster
(fig. 26 A). No PI staining in NC cells was detectable for up to 3 h. After 6 h the first cells
died, indicated by their roundish cell shape and PI staining (fig. 26 A red arrow and box).
Some NC cells with PTK7 MO showed a roundish cell shape already at the beginning of
the experiment. Two of these blebbing NC cells were tracked throughout the 6 h and
they showed no PI staining (fig. 26 B white arrow and box). On the other hand, PI stained
NC cells which showed a roundish cell shape after 3 h of imaging (fig. 26 B red arrow
and box). In conclusion, the PI staining showed that the NC cells with a roundish cell
shape caused by PTK7 loss of function are not necessarily dead but cells died earlier
than control MO injected NC cells.
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PTK7 MO

W

A control MO

Pl + mbGFP Pl + mbGFP

Fig. 26: PI staining shows that blebbing NC cells caused by PTK7 knockdown are not
apoptotic. NC cells co-injected with (A) 7.5 ng control or (B) PTK7 MO together with 50 pg
mbGFP RNA were explanted at stage 17/18 and cultured with Propidium iodide (PI, 10 pg/ml
in DFA). Pl is not membrane permeable but in apoptotic cells Pl can stain nucleic acid (red).
Red arrows indicate roundish cells with PI staining. White arrows point to cells with round cell
shape and no PI staining (numbers indicate specific cells during time lapse imaging). Dashed
squares show higher magnification of marked cells. Scale bar = 50 um.
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3.10 PTKY7 affects the activity of the small GTPase Racl  and RhoA

The small GTPases are essential for the formation of cell protrusion. However, since
PTKY7 loss of function interferes with the formation of filopodia, PTK7 may affect the
activity of GTPases. To investigate this possibility, Rac and Rho pull down assays with
whole embryo lysates have been performed. Overexpression of PTK7 did not impact
Racl or RhoA activity (fig. 27). PTK7 knockdown using PTK7 MO significantly decreased
Racl-GTP whereas RhoA-GTP was slightly (but not significantly) increased (fig. 27).
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Fig. 27: PTK7 knockdown affects Racl and RhoA activity in Xenopus embryos . Embryos
were injected with 0.25 pg/upl Fluorescein-Dextran (control) together with 800 pg PTK7-HA,
7.5 ng control (co) MO or PTK7 MO in 1-cell stage. GTPase pull down assays were performed
with embryos at stage 20-22. A Western blot analysis of Rac1l-GTP (upper panel) and total
Racl (lower panel). Molecular weights are shown on the right indicated in kDa. B Graphic
shows median of Rac1-GTP/total Racl of 3 independent experiments with standard error. C
Western blot analysis of RhoA-GTP (upper panel) and total RhoA (lower panel). Molecular
weights are shown on the right indicated in kDa. Red arrow indicates the height of RhoA-GTP
bands. D Graphic shows median of RhoA-GTP/total RhoA of 3 independent experiments with
standard error. p-value in One-Way ANOVA test ***<0.005, ns = not significant.

59



3. Results

3.11 PTK7 and GEF -Trio

3.11.1 Rho-GEF Trio acts downstream of PTK7 in NC cell migration

In the PCP signaling pathway the downstream effects of Dsh is the activation of the small
Rho GTPases RhoA or Racl (see review (Habas and He, 2006)). The activation of the
GTPases results by the exchange of the bound GDP with GTP by guanine nucleotide
exchange factors (GEF). Trio is a Rho-GEF which can activate RhoA as well as Racl,
is expressed in NC cells and important for their migration (Kashef et al., 2009; Kratzer et
al., 2019; Schmidt and Debant, 2014). This makes Trio an interesting candidate for a
downstream effector of PTK7 signaling. And indeed, overexpression of Trio in PTK7-
morphant embryos could rescue NC cell migration defects (fig. 28). The improvement of
NC migration by overexpression of Trio is concentration-dependent. Already a co-
injection of 100 pg Trio DNA improved NC cell migration defects from 61.1% (+ 1.0%) to
41.0% (* 7.0%), but an injection of 150 pg Trio DNA led to a significant rescue (29.0%
+ 8.5%) (fig. 28 B).
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Fig. 28: NC cell migration defects caused by PTK7 knockdown can be rescued by Rho -
GEF Trio. Embryos were co-injected with 7.5 ng co or PTK7 MO, 100 pg or 150 pg hTrio DNA
and 75 pg LacZ RNA into one dorsal blastomere of eight-cell stages. A Representative
embryos are shown for different conditions. NC cells are marked by twist in situ hybridization,
white asterisks indicate injected side, red arrowhead indicates inhibited NC cell migration,
scale bar = 500 pm. B Graph summarizes percentage of NC migration defects of three
independent experiments, ns = not significant (p =0.06),*<0. 05 i n t8astudent
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3.11.2 PTK7 and Trio co -localize in NC cells

Since Trio can compensate PTK7 loss of function in NC migration, it raises the question
whether PTK7 and Trio interact. To analysis this, localization of PTK7 and Trio were
analyzed in NC cells. Therefore, embryos were injected with PTK7-RFP RNA and GFP-
Trio DNA alone or in combination (fig. 29 A-C). PTK7 was localized at cell-cell contacts
and Trio was mainly localized in the cytoplasm but also at the membrane (fig. 29 A, B).
Co-expression of PTK7 and Trio showed a co-localization of both at cell-cell contact sites
but overexpression of PTK7 did not lead to an altered localization of Trio (fig. 29 C). To
prove an interaction of PTK7 and Trio, co-IPs using HEK cells were carried out. And

indeed, co-IP analysis revealed an interaction of HA-Trio and PTK7-Myc (fig. 29 D).

PTK7-RFP GFP-Trio PTK7+Trio D HA-Tro + +
PTK7-Myc + +
WB: HA St | —300
WB: Myc ot — 180
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. '
Fig. 29: PTK7 and Trio co -localize in NC cells and interact in HEK cells. ~ A-C Embryos were
injected with 400 pg PTK7-RFP RNA and 300 pg GFP-hTrio DNA in one blastomere of two-cell
stage. NC cells were explanted at stage 17-19. D HA-hTrio and PTK7-Myc constructs were
expressed in HEK293 cells. Representative co-IP of Trio and PTK7 is shown of at least three
independent experiments. The cell transfection scheme is indicated at the top. Co-IPs were
carried out using anti-HA. The cell lysates (input control) are shown in the bottom panel. Used

antibodies in Western blot (WB) are shown on the left, molecular weights are shown on the right
indicated in kDa.
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3.11.3 Trio affects Racl and RhoA activity

Trio is a Rho-GEF for the small GTPases Racl and RhoA (Schmidt and Debant, 2014).
Furthermore, Trio activates Racl at the leading edge of NC cells (Moore et al., 2013).
To investigate the ability of Trio to activate Racl as well as RhoA in Xenopus embryos,
pull down assays of whole embryos lysates were performed. Therefore, embryos were
injected with full-length Trio DNA, Trio-GEF1 (GEF1) or Trio-GEF2 (GEF2) RNA and Trio
MO (fig. 30). Injection of embryos were also performed by Marie-Claire Kratzer.
Overexpression of Trio and GEF1 significantly increased Rac1-GTP (fig. 30 A, B). Also
GEF2 slightly increased Rac1-GTP in comparison to control embryos. Trio and its GEF
domains alone were also able to activate RhoA (fig. 30 C, D). Knockdown of Trio by MO

injection significantly decreased Racl as well as RhoA activity (fig. 30).

Fig. 30: Trio affects Racl -GTP and RhoA -GTP in Xenopus embryos . Embryos were
injected with 0.25 pg/ul Fluorescein-Dextran (control) in combination with 100 pg HA-Trio
DNA, 250 pg Trio-GEF1 or Trio-GEF2 RNA, 5 ng control (co) or Trio MO in one-cell stage. (A,
B) Rac or (C, D) Rho pull down assay were performed with embryos at stage 20-22. A Western
blot analysis of Rac1-GTP (upper panel) and total Racl (lower panel). B Graphic shows
median of Racl-GTP/total Racl of 3 independent experiments. C Western blot analysis of
RhoA-GTP (upper panel) and total RhoA (lower panel). Red arrow indicates the height of
RhoA-GTP bands. D Graphic shows median of RhoA-GTP/total RhoA of 3 independent
experiments. *<0.05, **<0.01, ***<0.005 in One-Way ANOVA-test, s.e.m are shown.
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