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1. Abstract

Rho family GTPases are key regulators of cytoskeletal dynamics and control all aspects of cel-
lular morphogenesis, ranging from migration to adhesion. They function as molecular switches
that cycle between an inactive GDP-bound state and an active GTP-bound state, in which they
can engage with numerous downstream effectors. Rho signalling requires tight spatiotemporal
control which is mediated by in total 145 Rho guanine nucleotide exchange factors (RhoGEFs)
and Rho GTPase activating proteins (RhoGAPs) in humans. These proteins encode a broad
spectrum of targeting and protein interaction domains and thereby contribute specificity to Rho
signalling.

During development, wound healing or metastasis, cells must change their positions within or-
gans or the entire body. This is achieved by guided cell migration, where attractive or repulsive
signals in the extracellular environment direct cells towards distinct positions. A well-studied
class of guidance molecules is the SLIT ligand family that upon binding to their ROBO recep-
tors directs repulsive migration in diverse tissues. The underlying processes are orchestrated
by Rho GTPases, however, the downstream RhoGEFs and RhoGAPs that link the receptors
to the GTPases are only poorly characterized and also have not been fully identified. More-
over, for the structurally distinct endothelial-specific ROBO4 receptor so far no regulator has
been found at all.

In Drosophila melanogaster the RhoGAP Vilse/Crossgap, which is the homologue of the novel
human RhoGAP ARHGAP39, has been linked to Robo signalling, as its depletion causes mis-
routing of tracheal ganglionic branches and axons in the central nervous system (CNS). Fur-
thermore in a previous mass spectrometry screen for RnoGEF/GAP interactors (Mdiller et al.,
BioRxiv) ROBO4 was identified as binding partner for ARHGAP39. Motivated by the possible
interaction of mammalian ARHGAP39 with all human ROBO receptors, | aimed to functionally
characterize ARHGAP39 and to investigate its function in guided cell migration.

| could demonstrate that ARHGAP39 is implicated in cell migration by showing that its de-
pletion causes a defect in migratory behavior in a wound healing assay. | provided evidence
that the regulator could exert this function by controlling the remodeling of focal adhesion,
to which it is recruited by the novel binding partner PEAK1, which itself is a regulator of cell
matrix adhesion. Furthermore, ARHGAP39 is also involved in guided cell migration down-
stream of ROBO1. The regulator directly associates with the receptor and downregulation of



ARHGAP39 increases directed cell migration in a transwell assay in response to SLIT2 stimu-
lation. My data suggests that ROBO1/ARHGAP39 signalling takes place on endocytic vesicles
at late time points after receptor engagement. In a third approach, | investigated the role of
ARHGAP39 in migration in vivo in the zebrafish angiogenesis model system. Morpholino-
induced knockdown of arhgap39 resulted in delayed migration and perturbed development of
intersomitic vessels (ISV).

To understand how ARHGAP39 integrates signals from its upstream binding partners | per-
formed structure-function analyses and demonstrated that it binds to all four ROBO receptors.
| found that the ARHGAP39/ROBO4 interaction is unique in that it involves additional bind-
ing motifs on both proteins. My analysis of the enzymatic properties of ARHGAP39 revealed
its substrate specificity for RAC1 and CDC42 and, furthermore, showed that the regulator is
subject to auto-inhibition. | found that the N-terminal WW domains of the RhoGAP not only
engage in all tested protein interactions but also mediate the backfolding that is responsible for
auto-regulation. Also the ARHGAP39 MyTH4 domain, which | could demonstrate to provide
structural stability to the protein, can partially release auto-regulation by targeting the protein
to the plasma membrane.

Together, my studies yielded insights into the role of ARHGAP39 in cell motility, both in
randomly migrating cells and in SLIT2/ROBO-dependent guided migration, and provide the

framework for future mechanistic studies.



Zusammenfassung

Rho GTPasen haben eine Schliisselrolle in der Organisation und dem Umbau des Zytoskeletts
und kontrollieren diverse zellulare Prozesse, von der Zellmigration bis zur Adhésion. Sie
fungieren als molekulare Schalter und wechseln zwischen einem GDP-gebunden inaktiven
und einem GTP-gebunden aktiven Zustand, in welchem sie mit einer Vielzahl an Bindepart-
nern interagieren. Rho GTPasen regulieren komplexe und weitreichende intrazellulare Sig-
nalwege. lhre Aktivitdt muss daher rdumlich und zeitlich beschrankt werden. Dies geschieht
durch die insgesamt 145 im menschlichen Genom codierten Rho GTP-Austauschfaktoren
(RhoGEFs) und Rho GTPase-aktivierenden Proteine (RhoGAPs). Fir diese Proteine ist
charakteristisch ein breites Spektrum an Binde- und Protein-Interaktionsdomanen in ihrer
Domaéanenstruktur, wodurch sie die Aktivitit der Rho GTPasen lokal und zeitlich regulieren
kénnen.

Wahrend der embryonalen Entwicklung, der Wundheilung oder des Krebswachstum bewegen
sich Zellen entweder innerhalb eines Organs oder des gesamtem Korpers. Die gerichtete
Migration der Zellen wird durch anziehende oder abstossende Signale in ihrer extrazellu-
laren Umgebung erreicht. Gut charakterisierte Guidance-Molekile sind die in verschiedenen
Geweben vorkommende SLIT-Liganden, die an ROBO Rezeptoren binden und dadurch die
Zellen zur Migration in eine andere Richtung zwingen. Die zugrunde liegenden zellularen
Prozesse, die zum Richtungswechsel fihren, werden von den Rho-GTPasen kontrolliert, je-
doch sind nur wenige RhoGEF und RhoGAP Proteine bekannt und charakterisiert, die Signale
von den ROBO Rezeptoren zu den Rho GTPasen weiterleiten. Erstaunlicherweise, konnte
bisher kein Rho GTPase regulatorisches Protein identifiziert werden, das an den endothel-
spezifischen ROBO4 Rezeptor bindet.

Das in Drosophila melanogaster endeckte RhoGAP Protein Vilse/Crossgap steht im Zusam-
menhang mit der Aktivitdit der ROBO Rezeptoren, da der Verlust von Vilse/Crossgap zur
Fehlleitung der Tracheenaste und Axone im Zentralen Nerven System flhrt. Interessanter-
weise wurde das humane ARHGAP39, das Homolog zu Vilse/Crossgap, in einem IP-MS
Experiment, das der Charakterisierung der Interaktome aller humanen RhoGEF/RhoGAP
Proteine diente, als Interaktionspartner von ROBO4 identifiziert . In der Annahme, dass
ARHGAP39 mit allen vier humanen ROBO Rezeptoren interagieren kénnte, habe ich ARHGAP-
39 funktionell charakterisiert und dessen Rolle in der Zellmigration untersucht.



Ich konnte zeigen, dass der Verlust von ARHGAP39 zu einem Defekt in dem Migrationsverhal-
ten der Zellen im Wundheilungs-Experiment fuhrt. Es ist wahrscheinlich, dass das RhoGAP
Protein einen Einfluss auf die Zellmigration hat indem es den Auf- und Abbau der Fokalen
Adhasionen kontrolliert, denn es wird durch die Interaktion mit PEAK1, das selbst Fokalen
Adhasionen reguliert, zu diesen Strukturen rekrutiert. Des Weiteren spielt ARHGAP39, in
Abhangigkeit von SLIT2-ROBO1 Aktivitat, eine Rolle in der gerichteten Zellmigration. Ich kon-
nte beweisen, dass ARHGAP39 an ROBO1 bindet und das die Verringerung der ARHGAP39
Expression die Migration der Zellen unter SLIT2 Stimulation erhéht in Transwell-Migrations Ex-
perimenten. Meine Daten suggerieren, dass die ROBO1-ARHGAP39 Signallbertragung mit
einer zeitlichen Verzégerung nach der Rezeptorendozytose auf Endosomen stattfindet. Ein
weiteres Modelsystem das in dieser Arbeit verwendet wurde, ist die GefaBbildung wéhrend
der Angiogenese im Zebrafisch. Der Morpholino-induzierte Knockdown von ARHGAP39 fihrt
zu einer Verlangsamung des GefaBwachstum und zur fehlerhaften Entwicklung der Gefaf3e.
Um zu verstehen wie ARHGAP39 Signale von seinen Bindungspartners and die Rho GT-
Pasen weiterleitet, habe ich verschiedene Struktur-Funktions Analysen durchgefiihrt. Dabei
konnte ich zeigen, dass ARHGAP39 an alle vier ROBO Rezeptoren bindet und das die Bind-
ing zu ROBO4 mehrere Bindestellen auf beiden Interaktionspartnern benétigt. Die Analyse
der enzymatischen Eigenschaften von ARHGAP39 ergab, dass es ein RAC1 und CDC42
spezifisches RhoGAP Protein ist und seine katalytische Aktivitat autoinhibiert wird. Ich kon-
nte beweisen, dass die N-terminalen WW Domanen fir die Interaktionen zu allen getesteten
Bindungspartnern und fir das intramolekulare Zuriickfalten wahrend der Autoinhibition ver-
antwortlich sind. Des Weiteren kann auch die MyTH4 Domaéane, die dem Protein strukturelle
Stabilitét verleiht, die Autoinhibtion durch die Rekrutierung von ARHGAP39 zur Plasma Mem-
bran teilweise aufheben.

Zusammenfassend, geben die Ergebnisse einen Einblick in die Rolle von ARHGAP39 wéhrend
der Zellmigration, zum Einen ohne Stimulus und zum Anderen in Abh&ngigkeit von der SLIT2/
ROBO1. Fir die Zukunft bieten diese Ergebnisse eine Grundlage flr fortfihrende Unter-
suchungen der Funktion von ARHGAP39 auf der molekularen Ebene wahrend der Migration

von Zellen.



2. Introduction

The formation of every multicellular organism, ranging from hundreds of cells in Cenorhab-
dytis elegans to billions of cells in vertebrates, relies on intricate morphogenetic processes
that reoccur throughout development. These events involve the proliferation of cells and their
differentiation into distinct lineages, their coordinated migration to specific locations and the
remodeling of their adhesion to one another to form specific patterns. For each of these pro-
cesses hundreds of different molecules converge in distinct signalling pathways that have to
be precisely orchestrated to ensure the proper cellular response.

A well studied group of signalling molecules central to the control of these morphogenetic pro-
cesses is the family of small Rho GTPases. They act as molecular switches that can engage
numerous downstream effector proteins to diverge incoming signals on many cellular path-
ways. Rho GTPase activity is modulated by regulatory proteins in a spatiotemporal manner
and dependent on the required cellular context. For instance, the migration of commissural
neurons or endothelial cells during development depends on similar cellular signalling path-
ways, including the activity of Rho GTPases, as they are the principle regulators of cell loco-
motion. At the same time, the strict spatio-temporal control of Rho GTPases activation allows
these cells to respond in their very specific signalling context. Thereby enabling commissural
neurons to find their track along the midline in the central nervous system and endothelial cells
to migrate as a group of connected cells through the tissue to form a vessel sprout.

The importance of Rho GTPases signalling for cell locomotion has become even more evident
in studies of the migratory behaviour of cancer cells during tumor growth. The deregulation of
Rho GTPase activity leads to constitutively active or inactive downstream signalling and by that

tumor growth, aberrant cancer cell migration and invasion during metastasis are facilitated.

2.1. Cell migration

Cell migration is a fundamental process during the development of any organism and also in
the adult. During embryonic morphogenesis cells are specified in one location of the organism
and then are destined to move over short or long distances to their proper target destination
(Aman and Piotrowski, 2010; Kurosaka and Kashina, 2008). In the adult organism guided
migration of cells is required for homeostasis, for example during wound repair when fibroblast
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and endothelial cells migrate to the damaged areas or the migration of leukocytes to the sites
of inflammation. Under pathological conditions, aberrant migration is implicated in diseases
such as multiple sclerosis, vascular diseases and chronic inflammation, as well as cancer
metastasis when tumor cells migrate in the blood circulatory system and eventually invade
into new tissues (Ridley, 2003).

2.1.1. The migration cycle

Cell locomotion is the process of individually migrating cells that first have to polarize and then
undergo cycles of membrane extension at the front, adhesion to the substrate, formation of
contractile forces and rear retraction (Friedl et al., 2004; Parent and Weiner, 2013).

Cell polarization is the clear distinction between cell front, the leading edge, and the rear of
the cell (Lauffenburger and Horwitz, 1996). The cell front is characterized by the formation
of active membrane protrusions, which are either lamellipodia or filopodia (Fig. 2.1). Lamel-
lipodia are broad, flat, sheet like structures where actin filaments become cross linked into a
"dendritic" network. Filopodia are thin cylindrical structures with actin filaments bundled in a
rope like manner (Ridley, 2011). The newly formed protrusions need to be stabilized and to
be attached to the substrate at the leading edge.

Central components of focal adhesion structures are integrin proteins that form heterodimeric
receptors composed of an a- and a B-chain. Both chains contain a large extracellular region
that binds to the ECM and a small cytoplasmic tail, which recruits adaptor proteins to establish
the linkage to actin. The interaction with the extracellular matrix (ECM) induces conforma-
tional changes in the cytoplasmic domains, which leads to integrin activation and clustering,
and thus to the formation of new focal complexes at the leading edge (Ridley, 2003).

The focal complexes mature into larger focal adhesions as the cell migrates over them (Nobes
and Hall, 1995; Wehrle-Haller and Imhof, 2003). Over 200 proteins have been identified to be
either central part of or associated with focal adhesions allowing this structural organelle to
sense and transmit the extracellular stimulus into the cell (Winograd-Katz et al., 2014). Their
assembly has been proposed to occur in a sequential manner. First, close to the membrane,
proteins that mediate the integrin signalling get recruited, for instance the focal adhesion ki-
nase (FAK) and Paxillin (PXN). Second, an intermediate force transduction layer, containing
the cytoskeletal adaptor proteins vinculin and talin, is formed. And lastly, actin regulatory
proteins are recruited that establish the link to the actin filaments, such as the vasodilator-
stimulated phosphoprotein (VASP), a-actinin and zyxin (Miyamoto et al., 1994; Wozniak et al.,
2004; Kanchanawong et al., 2010).
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Figure 2.1.: Cytoskeletal alterations during cell migration

During cell migration the cytoskeleton of a cell undergoes drastic changes. Protrusive structures at the leading
edge form that are rich in actin filaments, and either form a dendritic network in lamellipodia or align in parallel
bundles in filopodia. Moreover, focal complexes are formed to stabilize the extending membrane at the substratum.
Simultaneously, at the back the cell retracts its extensions towards its cell body, which is achieved by contractile
forces of the actin-myosin filaments. The stress fibers are linked to the extracellular matrix via focal adhesions that
are rich in integrins. This way mechanical tension is generated that allow translocation of the cell in the direction
of the leading edge. Figure adapted from (Wehrle-Haller and Imhof, 2003).

While the cell extends its membrane protrusions at the front and moves with it cell body for-
ward, it simultaneously retracts at the rear (Fig. 2.1). The forces are generated by the inter-
action of Myosin Il with the actin filaments, which is able to pull two actin filaments past one
another (Lauffenburger and Horwitz, 1996). Thus, the contraction of the actomyosin bundles
enable the cell to move its cell body forward (Friedl et al., 2004) and applies tension on the
adhesive sites, which helps to breakdown the interaction between the integrins and the ECM
(Jay et al., 1995). These forces are strongest at the leading edge and the rear of the cell
(Beningo et al., 2001).

2.2. The small Rho GTPases

2.2.1. Small guanine nucleotide binding proteins

The small guanine nucleotide binding proteins (GNBPs) present a class of proteins that use
the hydrolysis of GTP to regulate their activity status (Sprang, 1997; Nyborg and Clark, 1996).
GNBPs regulate processes ranging from cell growth, cell differentiation and migration to vesic-
ular and nuclear transport and are also involved in sensual perception and protein synthesis
(Vetter and Wittinghofer, 2001). To the GNBP family belongs, among other protein families,
the Ras superfamily with its five subfamilies: Ras, Rho, Rab, Ran and Arf (Wennerberg et al.,
2005).

The rat sarcoma (Ras) oncoproteins are the founding members of this family and regulate
a variety of signalling pathways, resulting in gene expression, regulation of cell proliferation
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and differentiation (Wennerberg et al., 2005). The Ras-like proteins in brain (Rab) GTPases
and the ADP-ribosylation factor (Arf) GTPases play an important role in intracellular vesicle
transport and the trafficking of proteins (Zerial and Mcbride, 2001; Memon, 2004). The Ras-
like nuclear (Ran) protein are responsible for the transport of both proteins and RNA from
nucleus to cytoplasm and vice versa (Weis, 2003). The last subfamily are the Ras homologous
(Rho) GTPases, which are the central regulators of the actin cytoskeleton and cell shape
dynamics (Ridley, 2001).

2.2.2. The small Rho GTPases

The human genome encodes 20 members of the Rho GTPase family, which are subdivided
into eight subgroups (Hodge and Ridley, 2016). All Rho GTPase share a Rho insert domain,
which forms an additional a-helix in the core G-domain and therefore distinguishes the Rho
proteins from the other small GTPases (Valencia et al., 1991). The Rho GTPases RhoA (Ras
Homology Gene family, Member A), Rac1 (ras-related C3 botulinum toxin substrate 1) and
Cdc42 (cell division cycle 42) are the best characterised members of this family. The first
insights into their cellular functions date back to the early 1990s after the discovery of con-
stitutively active (GTPase deficient) mutants of these GTPases. Ridley and Hall could show
that a constitutively active RhoA induced the formation of stress fibers and focal adhesions
upon growth factor stimulation (Ridley and Hall, 1992), whereas the Rac1 mutant induced the
formation of lamellipodia and small focal complexes in fibroblasts (Ridley et al., 1992). A few
years later Cdc42 was characterised to induce the formation of filopodia and to contribute to
Rac1 activation (Nobes and Hall, 1995).

Since then it has been demonstrated that RhoA, Rac1 and Cdc42 control separate pathways
that link transmembrane receptors signalling to the formation of actin-rich structures. The
role of Rho GTPases has been further extended to other signal transduction pathways linked
to the actin cytoskeleton, for example the regulation of microtubule dynamics and vesicular
trafficking or in gene expression and the regulation of enzymatic activities (reviewed in (Jaffe
and Hall, 2005; Etienne-Manneville and Hall, 2002)).

2.2.3. Post-translational modifications of Rho GTPases

Most Rho GTPases are prenylated at the cysteine (Cys) residue present in the CAAX tetrapep-
tide at the C-terminal end of the protein. The CAAX motif is the recognition sequence for the
farnesyl- or geranylgeranyltransferases, which attach a farnesyl or a geranylgeranyl moiety,
respectively (Cox and Der, 2002). After prenylation the last three amino acids are cleaved and
the Cys residue is carboxymethylated (Michaelson et al., 2001). These lipid moieties target
the Rho GTPases to distinct membrane compartments within the cell (Katayama et al., 1991;
Seabra, 1998).
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Other known posttranslational modifications of Rho GTPases are phosphorylation and ubiqui-
tinylation. Phosphorylation has been described to occur either close to the lipid modifications
and thereby changing the localisation of the Rho GTPase or at residues of the G-domain,
which might affect its GTP/GDP cycling activity or the interaction with effector proteins (Hodge
and Ridley, 2016). Ubiquitylation has been proposed to regulate Rho GTPase turnover and
activity. However, only the ubiquitylation of RhoA and Rac1 has yet been described in detail
(reviewed in (Hodge and Ridley, 2016)).

2.2.4. The Rho GTPase activation cycle

Rho GTPases function as molecular switches. They cycle between an active, GTP-bound
conformation and an inactive, GDP-bound conformation (Fig. 2.2). In the active conformation
they are able to interact with downstream effector targets to initiate different cellular signal
transduction pathways (Schmitz et al., 2000). Both reactions, the exchange of GDP to GTP
and the following GTP hydrolysis, are intrinsically slow processes. Therefore, these reactions
require guanine nucleotide exchange factors (GEF) and GTPase activating proteins (GAPs),
respectively, to be accelerated by several orders of magnitude (Vetter and Wittinghofer, 2001).

downstream
signals

Figure 2.2.: The Rho GTPase activation cycle

Rho GTPases are bimolecular switches that cycle between an active GTP bound and an inactive GDP bound
confirmation in the cytoplasm. The Rho GTPase cycle is positively regulated by guanine exchange factors (GEFs)
and negatively regulated by GTPase activating proteins (GAPs). In the active confirmation they can bind multiple
downstream effector proteins to promote different signalling pathways. RhoGDIs sequester the GDP-bound Rho
GTPases from the membrane and keep them inactive in the cytosol. Figure kindly provided by O. Rocks.

GEF proteins bind to the GDP-bound GTPase and deform the nucleotide binding site. This
leads to conformational changes in the switch regions and the P-loop, which perturbs the in-
teraction surface with the nucleotide. For that reason the GDP is released from the binding
pocket of the GTPase and a new nucleotide can bind (Vetter and Wittinghofer, 2001). Due to
the ten times higher concentration level of GTP over GDP in the cytoplasm, GTP binds to the
GTPase and displaces the GEF protein (Bos et al., 2007). For the GTP hydrolysis reaction
GAP proteins are required to supply a catalytic residue, the so called "arginine finger", into the
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active site of the G-domain of the GTPase (Bos et al., 2007). Thus, the GAP protein acceler-
ates the intrinsic slow hydrolysis activity of the GTPase.

This model of activation and inactivation assisted by GEF and GAP proteins can be observed
for the twelve "classic” Rho GTPases. However, it does not apply for the atypical members
of this family that are constitutively bound to GTP due to amino acid substitutions. These
substitutions either increase the affinity for GTP, for example in RhoU, or diminish the GTPase
activity completely, as in RhoH. Those proteins are thought to be instead regulated by protein
stability, gene expression and phosphorylation (Aspenstrém et al., 2007).

An additional layer of Rho GTPase regulation is provided by their interaction with the guanine-
nucleotide dissociation inhibitors (GDIs). The GDls bind to most Rho GTPase by burying
the prenyl moiety at the C-terminus inside their hydrophobic pocket (Fig. 2.2) Thereby they
prevent the recruitment of the small Rho GTPases to the plasma membrane and thus their
activation by GEF proteins (Vetter and Wittinghofer, 2001).

2.2.5. The Rho GTPase regulatory proteins

The 12 classical Rho GTPases in humans are outnumbered by 81 RhoGEF proteins (Ross-
man et al., 2005; Cook et al., 2016) and 66 RhoGAP proteins (Tcherkezian and Lamarche-
vane, 2007) (Fig. 2.3). This indicates that the regulatory GEF and GAP proteins are required
to precisely regulate the activity of the GTPases in space and time dependent on the distinct

cellular context.

To properly exert their functions, the GEF and GAP proteins themselves are regulated in a
highly complex fashion. Most of these proteins have a multi-domain architecture to interact
with several other proteins or lipids, suggesting that they target the GTPases to specific loca-
tions and/or serve as scaffolds to form local protein complexes. Furthermore, the binding of
second messengers and posttranslational modifications, such as phosphorylation, have been
observed as well. These regulatory mechanisms can alter the ability of the regulators to form
protein complexes, can mediate their translocation to a specific compartment or induce al-
losteric changes in their catalytic domains to promote or release auto-inhibition (Cherfils and
Zeghouf, 2013; Bos et al., 2007).

Auto-regulation is a common mechanism for RhoGEF and RhoGAP proteins to regulate their
catalytic activity. It is assumed that the terminal regions of the Rho regulatory proteins fold
back to another region of the protein. Thereby, the catalytic domain is sterically blocked or
masked that prevents the Rho GTPase from accessing it.
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Figure 2.3.: Multi domain architecture of human RhoGAP and RhoGEF proteins

The Rho GTPase activating proteins (GAPs) and guanine exchange factors (GEFs) are multi-domain proteins that
serve as scaffolds to target Rho GTPases to specific subcellular targets to link them to diverse signalling pathways.
Figure kindly provided by O. Rocks.

Here, | focus on the few known examples of auto-inhibition of RhoGAP proteins. For instance,
in RhoGAP proteins of the GRAF family (GTPase regulator associated with Focal adhesion
kinase; examples are ARHGAP26, ARHGAP10, ARHGAP42) the N-terminal BAR domain
binds to the GAP domain and thereby inhibits its activity (Eberth et al., 2009). In ARHGAP1
two N-terminal peptide sequences bind to the C-terminal GAP domain in a synergistic man-
ner. These intramolecular interactions are prevented by binding of the prenyl-anchor of its
substrate Rac1 to the N-terminal peptide seuences. Thus, the self-binding to its GAP domain
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is released and ARHGAP1 switches to its open conformation where its catalytic domain binds
to the Rac1-GTP (Moskwa et al., 2005). The same regulatory mechanism has been also ob-
served for p190RhoGAP (Molnar et al., 2001). Whereas, a different mechanism applies for
the RacGAP [ 2-Chimerin, which is auto-inhibited by binding of a N-terminal sequence to the
diacylglycerol (DAG) binding site in its central C1 domain. Due to the intramolecular folding the
GAP domain is sterically blocked. Only the recruitment of 3 2-Chimerin to membrane bound
DAG changes the structural conformation and releases the auto-inhibition (Canagarajah et al.,
2004).

2.2.6. Rho GTPases and their effector proteins in cell migration

Cells move through the polarized and dynamic remodelling of the actin cytoskeleton, which
includes the formation of membrane protrusions at the front combined with contractile forces

in the cell body and the retracting end.

The formation of membrane protrusion requires the assembly of actin filaments. The WASP-
family verprolin-homologous protein (WAVE) is a downstream effector of Rac1 and activates
the Arp2/3 complex (Miki et al., 2000). Arp2/3 binds to pre-existing actin filaments and induces
the formation new daughter filaments that results in a branched actin network at the leading
edge (Pollard et al., 2000). Rac1 also activates the p21-activated kinase (PAK) - LIM domain
kinase (LIMK) pathway, which results in inhibition of the actin depolymerizing protein cofilin
(Stanyon and Bernard, 1999). Filopodia formation depends on active Cdc42 (Nobes and Hall,
1995), which activates the Arp2/3 complex via activation of the Wiskott-Aldrich syndrome
protein (WASP) (Fig. 2.4).

The formation of early adhesions in cell migration is associated with Rac1 dependent lamel-
lipodia formation that must be stabilized by attaching them to the extracellular substrate (Nobes
and Hall, 1995; Rane et al., 2014). The clustering of integrins on the substratum recruits and
stimulates FAK, which phosphorylates Pxn that leads to the recruitment of RAC1 GEFs like 3 -
Pix and DOCK180 (Defilippi et al., 2006) and moreover, the Pxn-3 -Pix complex also recruits
PAK1 (ten Klooster et al., 2006). All pathways converge on Rac1 activation and promote
nascent adhesion assembly in the lamellipodium (Fig. 2.4).

A well known downstream effector protein of RhoA is the Rho kinase (ROCK), which regulates
phosphorylation of the myosin light chain (MLC) of Myosin Il by inhibiting the myosin light
chain phosphatase (MLCP) and activating the myosin light chain kinase (MLCK) (Fig. 1.4).
The phosphorylation enhances the assembly of Myosin Il with actin filaments (Jaffe and Hall,
2005), and thus increases the contractility of the cell (Etienne-Manneville and Hall, 2002).

Moreover, active RhoA and ROCK contribute to maturation of focal complexes into larger,
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more persistent focal adhesions through its ability to activate Myosin Il (Ridley and Hall, 1992;
Ridley, 2015). RhoA signalling leads to inhibition of cofilin dependent actin depolymerization
(Midori Maekawa et al., 1999) and it activates the effector protein diaphanous-related formin-1
(mDia1) that has been shown to stabilize microtubules (Jaffe and Hall, 2005; Watanabe et al.,
1999; Ishizaki et al., 2001) and also activates the Arp2/3 complex (Fujiwara et al., 2000) and
promotes focal adhesion formation (Watanabe et al., 1999; Palazzo et al., 2001).

RTK or GPCR

)

PI3K

[Ract ] siva — [ ower
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Figure 2.4.: Rho GTPase signalling orchestrates cytoskeletal dynamics during cell migration

Overview of different Rho GTPase dependent signalling pathways at the cell front and back. At the leading
edge a phosphatidylinositol 3,4,5-triphosphate gradient (PIP3) is generated by the phosphoinositide 3 kinase
(PI3K), that is activated by receptor tyrosine kinases (RTK) or G-protein coupled receptors (GPCR). The PIP3
gradient leads to localized activation of Rac1 and Cdc42 at the cell front. Active Rac1 activates the WAVE/Arp2/3
complex, which results in the formation of a branched actin filament network in lamellipodia. Additionally, Rac1
activates p21 activating kinase (PAK) and LIM domain kinase (LIMK) that inactivate the actin-capping protein
cofilin, thus enhancing actin polymerization at the front. GTP-Cdc42 interacts with WASP, which activates the
Arp2/3 complex to generate filopodia at the cell front. Cdc42 is also required for cell polarization via re-orientation
of the microtubule organizing center (MTOC) between the nucleus and the golgi towards the cell front. Active
RhoA is the key regulator of stress fiber formation mainly at the cell back and in the cell periphery via the Rho
kinase (ROCK), that leads to phosphorylation of myosin Il and thereby increases the formation of actin-myosin
fibers. At the same time Rho signalling enhances the formation of focal adhesion sites, thus linking the actin
stress fibers to the extracellular substratum. Activation of the formin mDia facilitates actin polymerization and
microtubule stabilization. Figure adapted from (Sit and Manser, 2011).

Essential for cells to establish cell polarity is the phosphatidylinositide 3-kinase (PI3K) that pro-
duces phosphatidylinositol 3,4,5-triphosphate (PIP3) and phosphatidylinositol 3,4-bisphosphate
(P1(3,4)P2), which are enriched at the cell front. It has been shown that PIP3 is required to
concentrate active Cdc42 at the cell front, which in turn restricts the regions where protrusions
can form by excluding the phosphatase and tensin homolog (PTEN) from the leading edge (Li
et al., 2003). Additionally, Rac1 specific GEFs also sense the PI3K products and facilitate
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Rac1 activation in the lamellipodium (Welch and Mullins, 2002). Cdc42 is responsible for the
re-orientation of microtubule organizing center (MTOC) and the Golgi apparatus in front of the
nucleus toward the leading edge (Fig. 1.5) (Etienne-Manneville and Hall, 2002; Rodriguez
et al., 2003).

2.2.7. A more complicated model of Rho GTPase activity during cell migration
emerges

The simple model of cell migration suggest a conceptual picture of the active Rho GTPases
signalling clearly separated within the cell. While Rac1 and Cdc42, at the leading edge,
regulate the establishment of lamellipodia and the formation of filopodia, respectively. RhoA
mediates cell contractility at the back of the cell (Burridge et al., 2004).

However, a more elaborate model of Rho GTPase signalling during cell migration emerged
over the past years. For instance, cells depleted of Rac1 (Wheeler et al., 2006) or Cdc42
(Czuchra et al., 2005) are still able to produce lamellipodia or fiopodia, respectively, and show
mild defects in motility. Moreover, RhoA is not only required for cell contractility, but also
stabilizes microtubules via activation of mDia at the leading edge. Implying, that RhoA likely
performs different functions at the front or back of the cell (Palazzo et al., 2001). Those data
contradict the conceptual framework derived from the static model of Rho GTPase signalling.

The use of fluorescence resonance energy transfer (FRET) based biosensors enabled investi-
gators to resolve the spatial and temporal activity patterns of Rho GTPases at the subminutes
time scale and micrometer length scale (Pertz, 2010). Two important observations have been
made. First, one Rho GTPase can be simultaneously activated at multiple, distinct subcellular
locations. It can be assumed that each individual pool of the active Rho GTPase represents
a specific interaction with upstream regulators, GEF and GAP proteins, and specific down-
stream effectors to regulate precise cellular functions required for cell morphogenesis, thereby

creating "spatio-temporal signaling modules” (Pertz, 2010).

Second, overlapping activity zones of multiple Rho GTPases can be found in migrating fibrob-
lasts that require precise crosstalk between Rho GTPases to allow cell migration (Machacek
et al., 2009). These activity zones show a characteristic pattern in highly restricted subcellular
domains and with precise timing, for instance, the activation of Rho GTPases correlates with
protrusion and retraction events during leading edge advancement (Martin et al., 2016).

The future challenge will be to characterize the GEF/GAP proteins that dynamiclly shape the
activation patterns of the Rho GTPases in space and time and to decipher the mechanisms of
crosstalk between the Rho GTPases that are required to fine tune morphogenetic processes.
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2.3. Slit/Robo Signalling and Function

Slit proteins and their corresponding Robo receptors present a well studied guidance system
involved in the development of vertebrate and invertebrate organisms. The Slit protein was first
discovered as a protein secreted by midline glia cells in Drosophila melongaster (Rothberg
et al., 1988). Later, in a screen for genes that control midline crossing of commissural axon its
receptor Robo was identified (Kidd et al., 1998). Since then, their role in axon guidance has
been well characterized. Recently, it has been revealed that Slit/Robo signalling contributes
to an increasing number of other developmental processes as well. Numerous studies also
indicate an important role of deregulated Slit or Robo expression in tumorgenesis, cancer
progression and metastasis.

2.3.1. The family of Slit proteins

Slit proteins are the principal ligands for the Robo receptors (Kidd et al., 1999). Three highly
homologues Slit genes can be found in mammals, which are expressed in most organs (Mar-
illat et al., 2002). Slits are large, secreted glycoproteins that contain the following domains:
an N-terminal secretion signal peptide, four domains (D1-D4) containing leucine-rich repeats
(LRR), several EGF-like sequences, a laminin-G domain and a C- terminal cysteine-rich knot,
which is found in several secreted growth factors (Fig. 2.5 A) (Brose et al., 1999). They are
proteolytic cleaved by an unknown protease, which is best studied for Slit2. Slit2 is cleaved
into a short C-terminal fragment (Slit2-C) of 55-60 kDa and a long N-terminal fragment (Slit2-
N) of 140 kDa. For Slit2 full length and Slit2-N their functions as chemorepellant have been
shown in vitro (Nguyen Ba-Charvet et al., 2001) and in vivo (Hu, 1999; Niclou et al., 2000;
Wang et al., 1999), however the function of Slit2-C remains unknown.

2.3.2. The family of Robo proteins

In mammals and zebrafish four Robo genes (Robo1/Dutt1, Robo2, Robo3/Rig1, Robo4/Magic
Roundabout) are found. They are mainly expressed in the nervous system, whereas Robo4
is specifically restricted to endothelial cells (ECs) (Huminiecki et al., 2002). The Robo recep-
tors belong to the immunoglobulin (Ig) superfamily of cell adhesion molecules (CAMs). Robo1,
Robo2 and Robo3 have a highly similar domain architecture containing five immuno-globuline-
like C2 motifs (Ig) and three fibronectin type Ill domains (FN3) in their extracellular region and
four conserved cytoplasmic motifs (CC0-CC3) (Dickson and Gilestro, 2006). Robo4 varies in
this structure in that it is composed of two Ig motifs and two FN3 domains in its extracellular
part. Furthermore, it contains only two of the four conserved cytoplasmic motifs, the CCO and
CC2 motif (Fig. 2.5 B, C). For all Robo receptors the cytoplasmic region is poorly conserved,
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except for the four (two in Robo4) conserved linear motifs, thus no regulatory secondary struc-
tures have been predicted (Hohenester, 2008).

2.3.3. Slit/Robo binding mechanism

Binding of the Slit proteins to the Robo receptors has been verified for all Robo receptors,
except for Robo4, which will be discussed later. It has been demonstrated that the Slit/Robo
interaction is evolutionary conserved. For example human SLIT2 binds to cells expressing
Drosophila Robo or Drosophila Slit binds to rat Robo1 or Robo2 (Brose et al., 1999).

There is increasing evidence that heparan sulfate (HS) chains, that consists of repetitive sul-
fated disaccharide units attached to secreted or membrane-associated core proteins (Heparan
Sulfate Proteoglycans, HSPG), are required for the repulsive Slit activity (Fig. 2.5 D) (Ypsilanti
et al.,, 2010). For instance, the removal of HS decreases the affinity of Slit2 for Robo and
the enzymatic digestion of HS at the cell surface abolishes Slit/Robo signalling (Hu, 2001;
Piper et al., 2013). Moreover, genetic depletion of enzymes required for HS biosynthesis (Lee
and Chien, 2004) or of HSPG core proteins (Johnson et al., 2004; Steigemann et al., 2004)
prevent Slit/Robo signalling in vitro. A model emerged where HS functions as a co-receptor
to regulate the distribution of Slit close to Robo and thus the efficiency of Slit binding (Hu,
2001; Johnson et al., 2004), as it was shown that Slit/Robo can form a ternary complex with
heparin/HS via the D4 domain of Slit (Fukuhara et al., 2008; Hussain et al., 2006; Seiradake
et al., 2009).

As illustrated in Figure 2.5 Robo4 differs in its domain architecture intracellularly as well as ex-
tracellularly. Moreover, the conserved amino acids responsible for Slit binding are not present
in the Robo4 sequence (Huminiecki et al., 2002). The mechanism of the Slit/Robo4 interaction
is still under investigation. On the one hand, there are experimental data showing that Slit2
acts through Robo4. First, in co-immunoprecipitation (Co-1P) experiments the direct binding
of Slit2 to Robo4 has been reported (Park et al., 2003). Second, in genetic studies it has
been shown that Slit2 acts via Robo4 to mediate its effects on EC motility or vessel growth
in mammary glands (Jones et al., 2008; Marlow et al., 2010). Moreover, in vitro Slit2/Robo4
signalling has been demonstrated in several ECs migratory assays (Jones et al., 2009a).

On the other hand, many groups failed to replicate these data, for instance using Biocore and
surface plasmon resonance (SPR) assays to assess the Slit/Robo4 interaction (Hohenester
et al., 2006; Koch et al., 2011; Suchting et al., 2005). It could also not be proved that the ex-
tracellular part of Robo4 is able to inhibit the chemotactic effect of Slit2 (Sheldon et al., 2009).
To unite the contradicting results it has been proposed that Robo4 requires the binding of a
co-receptor to mediate the Slit signal inside the cell. Suggested candidates are syndecans,
Robo1 or the Unc5B receptor (Koch et al., 2011; Sheldon et al., 2009).
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Figure 2.5.: Domain architecture of Slit and Robo proteins

A lllustration of the domain architecture of Slit proteins. Human SLIT2 is shown as a representative. The proteolytic
cleavage site is indicated. B lllustration of the four mammalian ROBO receptors showing the differences in their
domain architecture. C Comparison of the sequences of CC motifs of the four human ROBO receptors. Sequences
for ROBO4 are marked in grey indicating that their identity is still under discussion. D Schematic drawing of the
Slit/Robo binding mechanism, which has only been demonstrated for Robo1 to 3. The D2 domain of Slit and the
first Ig domain of Robo mediate their interaction and are shown in yellow and orange, respectively.

2.3.4. Slit/Robo transmembrane signalling

Once Slits are bound to the Robo receptors the signal has to be transmitted into the cell. It is
well known that other transmembrane receptors undergo conformational changes upon ligand
binding, which include assembly of oligomers (as intergins (Luo et al., 2007)), dimerization
(as receptor tyrosine kinases (RTK) (Hubbard and Miller, 2007)) or clustering at specific lo-
cations (as immune receptors (Davis and Merwe, 2006)). Furthermore, various members of
the IgCAM family promote neurite outgrowth via a homophilic binding mechanism, which was
shown for neural cell adhesion molecule (NCAM), N-cadherin and L1 CAM (Doherty et al.,
1991, 1995).

For Robo receptors it can be assumed that they form receptor oligomers as well, which is
supported by studies demonstrating the homo- and heterophilic association of the extracellular
parts of Robo1 and Robo2 (Hivert et al., 2002) or the interaction of ectopically expressed
Robo1 and Robo4 (Kaur et al., 2008; Sheldon et al., 2009). A more recent study suggests
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that Robo1 acts as a dimer at the plasma membrane under basal conditions in the absence
of Slit2. The authors of this study assume that the dimeric form of Robo1 must be functionally
competent, because its dimerization status is not altered upon Slit2 stimulation (Zakrys et al.,
2014). If this is true, Robo1 would be a novel example of a transmembrane receptor that
exists and functions as constitutive dimer, as it has been shown for the insulin receptor and
members of the GPCR class C receptors (Rondard et al., 2011).

2.3.5. Slit/Robo downstream signalling pathways

The cytoplasmic domains of Robo receptors do not contain any catalytic activity. Therefore, it
has been assumed that the receptors signal by recruiting adaptor proteins and other signalling
molecules (Fig. 2.6).

The control of Rho GTPases downstream of ROBO receptors leading to repulsive migration is
not fully understood. Moreover, at present, no Rho GTPase regulatory proteins downstream
of ROBO4 are known.

The family of Slit-Robo GAPs (SRGAPs) comprises 3 different members that are similar in
their domain structure containing an N-terminal FES-CIP4 homology (FCH) domain, a central
RhoGAP domain, followed by a Src homology 3 (SH3) domain (Wong et al., 2001; Bacon
et al., 2009; Endris et al., 2002). The three murine srGAP proteins are widely expressed in
the mouse nervous system and were identified to interact with Robo in a yeast two-hybrid
screen. Based on this study it has been proposed that the SH3 domain binds to the CC3
motif in Robo (Wong et al., 2001; Bacon et al., 2011). This is in line with the observation that
srGAP1 and srGAP3 bind to Robo1 and Robo1-2 in mice, respectively (Wong et al., 2001;
Bacon et al., 2011). In human the CC3 maotif is only encoded by ROBO1 and 3.

In a first analysis srGAP1 was shown to inactivate Cdc42 in HEK 293T cells in the presence of
Slit2 (Wong et al., 2001). Recently, it has been proposed that SRGAP1 is Rac1 specific and
by that modulates the lamellipodial dynamics and cell motility (Yamazaki et al., 2013). This
difference in the SRGAP1 substrate specificity might be due to different experimental set ups
with or without Slit2 stimulation. In contrast, both srGAP2 and srGAP3 have been demon-
strated to be specific for Rac1 and to negatively regulate cell migration (Wong et al., 2001;
Soderling et al., 2002; Guerrier et al., 2009).

So far, Son of sevenless (Sos) has been the only RhoGEF identified to interact with Robo,
which was first described in Drosophila (Fritz and VanBerkum, 2002). Sos interaction with
Robo is mediated by the small adaptor protein Dock in Drosophila, Nck in mammals (Hu et al.,
1995). The existence of a trimeric complex of ectopic expressed Robo with endogenous Dock
and Sos was demonstrated in Co-IP experiments using Drosophila embryo lysates (Yang and



2. Introduction 19

Bashaw, 2006). Dock/Nck binds via on of their SH3 domains to a proline rich motif in Robo
and thus bridge the Robo-Sos interaction. However, the identified binding sites within the
receptors differ between Dock and Nck. For Dock it has been proposed to bind to the CC2
and the CC3 motif of Robo (Fan et al., 2003), whereas the murine Nck/Robo1 interaction
requires four PxxP motifs located between the CC2 and CC3 motif (Round and Sun, 2011).
Interestingly, ROBO4 also contains five PxxP motifs following its CC2 domain, suggesting that
SOS might bind indirectly to ROBO4 via NCK.

In addition of binding Sos, Dock can also recruit Pak1, the main effector of Rac1 and Cdc42,
which has been shown in genetic experiments in Drosohila and yeast two-hybrid screens (Fan
et al., 2003).
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Figure 2.6.: Downstream effector proteins of Slit/Robo

Schematic illustration of Slit/Robo signalling. Interaction of Mena with the CC2 domain and Usp33 with CC3
domain to prevent actin polymerization or to deubiquitinate Robo1 and thus stabilizing its signalling function at
the plasma membrane, respectively. Whether Slit2 stimulation inhibits or activates the PI3K/Akt/Rac1 pathway is
not clear yet. The Rho regulatory proteins srGAPs (blue) and Sos (green) directly link the Robo receptors to Rho
GTPase signalling. Sos interaction with Robo1 occurs indirectly via Dock (Nck in mammals), but the predicted
binding sites differ (see text above). Robo4 signalling recruits Paxillin (PXN) to inhibit Arfé activity, which in turn
results in reduced Rac1 activity.

Slit/Robo activity also modulates PI3K signalling. Slit2 has been reported to inhibit PI3K sig-
nalling that results in diminished activation of the Ser/Thr kinase Akt leading to suppression of
cell locomotion in breast cancer cells (Chang et al., 2012; Prasad et al., 2007). Contradicting
results have been obtained in endothelial cells (ECs), showing that Slit2 stimulation enhances
PI3K activity and thus cell migration and angiogenic remodelling (Wang et al., 2003; Dunaway
etal, 2011).

ARF6 belongs to the family of small Arf GTPases and shows functions in membrane traffick-
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ing and transmembrane protein cargo transport (Memon, 2004). Moreover Arf6 can directly
activate Rac1 (Nishiya et al., 2005). The link between Slit/Robo and Arf6 came from a study
to investigate the role of Robo4 in maintaining vascular stability in ECs. It has been shown
that upon Slit2 stimulation Pxn binds and to Robo4 at the plasma membrane. Pxn suppresses
Arf6 activation by recruiting the ArfGAP Git, and thus prevents Rac1 signalling in migrating
ECs. This signalling pathway is thought to opposes Vefg/Vegfr induced activation of Arf6,
which promotes in angiogenesis (Jones et al., 2009b).

Mena belongs to the family of Ena/Vasp homology (EVH) multi-domain proteins that are in-
volved in actin polymerization, protein-protein interactions, axon guidance and cell migration.
They localize to the leading edge of lamellipodia and the tips of filopodia (Bear and Gertler,
2009). It has been demonstrated that Ena/Mena binds with its EVH1 domain to the CC2 do-
main of Robo1 and Robo4 (Bashaw et al., 2000; Jones et al., 2009a; Park et al., 2003). The
Robo/Ena interaction is induced by Slit and promotes filopodia formation in the growth cone
of axons that are required for repulsion of the growth cone away from Slit (McConnell et al.,
2016).

The ubiquitin-specific protease 33 (USP33) is a deubiquitinating enzyme that was found to
bind to the Robo1 cytoplasmic CC3 motif (Yuasa-Kawada et al., 2009a,b). With microscopy
and biotin labeling experiments it was shown that upon Slit2 stimulation Robo1 is recruited
form perinuclear regions to the plasma membrane in an USP33 dependent manner. There-
fore, it has been assumed that USP33 is required for Robo deubiquitination and stabilization
(Huang et al., 2015)

2.3.6. Biological functions of Slit/Robo

Development of the nervous system

The central nervous system (CNS) receives and integrates signals to coordinate the activ-
ity of all parts of the body in bilateral symmetric animals. A long the longitudinal axis of the
CNS runs the (virtual) midline, which functions as an organizing center by secreting diffusible
molecules. Two different kind of axons exist along the midline. Ipsilateral neurons extend their
axons on the same side of the CNS as their cell bodies are located. Commissural neurons
have their cell bodies located on one side of the CNS but project their axons across the midline
to make contacts with target cells on the other side. The crossing of the midline involves two
steps: first the attraction towards the midline to cross it, and second the repulsive guidance
to prevent recrossing. Several studies in Drosophila and mice demonstrated that Slit/Robo
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signalling is a crucial for the axonal steering decision.

The midline cells secrete several diffusible proteins, among them Netrin and Slit2. Netrin is a
chemoattractive guidance cue that acts via the receptor deleted in colorectal cancer (DCC).
Therefore, the all the axons start migrating towards the midline (Placzek and Briscoe, 2005).
Robo receptors are expressed in the growth cones of ipsilateral and commissural neurons,
thus making them sensitive to the chemorepellant Slit2. This way, the ipsilateral axons stay
away and do not cross the midline (Fig. 2.7 B). However, the commissural axons have to cross
the midline (Fig. 2.7 A).
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Figure 2.7.: Slit/Robo signalling in axon guidance

A Schematic of cross section of the mouse spinal cord showing the midline in dark grey. The commissural axon
(dark grey) grows to the floor plate (yellow) under the attractive action of secreted Netrin (+), which can be sensed
by the DCC receptor. Before crossing the midline Robo1/2 expression is repressed by Robo3.1, thus rendering
the axon insensitive to secreted Slit (-) at the floor plate. After crossing the midline Robo1/2 are active to mediate
Slit repulsive signalling, supported by the expression of Robo3.2. B lllustration depicting how ipsilateral neurons
stay on the same side of the midline due to the expression of Robo1/2. First, the Robo receptors render the axons
sensitive to the repulsive cue Slit at the midline. Second, Robo1 dimerizes with DCC and inhibits the binding of
Netrin to DCC, thus preventing the attraction towards the midline.

In Drosophila the transmembrane protein Commissureless (Comm) has been found to nega-
tively regulate Robo surface expression levels in the growth cone. Before reaching the midline
Comm sorts Robo to late endosomes and lysosomes for degradation, not allowing it to reach
the growth cone (Keleman et al., 2002). After crossing the midline a still unknown mechanism
inhibits Comm expression. Therefore, Robo receptor levels increase at the plasma membrane
making the growth cone reponsive to Slit2 (Keleman et al., 2005). This repels the axons from
the midline and prevents recrossing.

In vertebrates no homologue of Comm could be identified. In stead, it has been assumed
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that the two differently spliced isoforms of Robo3, Robo3.1 and Robo3.2, regulate Robo re-
sponsiveness to Slit2. In this model Robo3.1 prevents Robo1 and Robo2 activation, thereby
blocking their repulsive activity. After crossing the midline Robo3.1 is down-regulated and
instead Robo3.2 is expressed, which cooperates with Robo1 and Robo2 in mediating Slit
repulsion (Fig. 2.7 A) (Sabatier et al., 2004; Chen et al., 2008).

Furthermore, it is thought that upon Slit2 binding Robo1 is able to dimerize with DCC, which
prevents the Netrin induced attraction. This might further enhance the repulsion of axons from
the midline, thereby preventing the crossing or re-crossing of ipsilateral or commissural axons,
respectively (Stein and Tessier-Lavigne, 2001).

After crossing the midline commissural axons turn longitudinally and extend their axons in

parallel tracts along midline, in the same way as ipsilateral neurons.

Development of other organs

The Slit and Robo protein expression is not restricted to the nervous system and has been
found in a variety of other organs implicating a general guidance role during development.
For instance, it has been shown that Slit/Robo activity is important for the correct alignment
of myocardioblasts during the formation of the heart chambers in Drosophila (Qian et al.,
2005). Slit/Robo is also expressed in the epithelium of mammalian lungs and tracheal cells in
Drosophila (Anselmo et al., 2003). Another example is the formation of mammalian kidneys,
that are mainly made of a set of convoluted tubes. Multiple ectopic ureteric buds form in
slit2 and robo2 deficient embryos that result in the formation and fusion of multiple ureters
(Grieshammer et al., 2004).

The vascular system

During embryonic development the vascular network forms, which is crucial to supply all or-
gans with oxygen and nutrients. Robo4 is specifically expressed in EC (Huminiecki et al.,
2002; Park et al., 2003). While Robo1, Robo2, Slit2 and Slit3 expression can be found in ECs
as well, Slit1 and Robo3 protein levels can be neglected (Liu et al., 2006; Small et al., 2010;
Zhang et al., 2009).

Slit2 has been shown to prevent EC migration towards VEGF by binding to Robo4 (Park et al.,
2003; Seth et al., 2005). Moreover, Slit2 signalling through Robo4 reduces VEGF induced
vascular permeability in vivo and in vitro, implying that Slit2/Robo4 stabilize existing blood
vessels (Jones et al., 2008; London et al., 2010). The interaction of Robo4 with the Unc5B
receptor, a vascular Netrin receptor, has been shown to control vascular stability, because
inhibition of their association induced vessel hyperpermeability in mice (Koch et al., 2011).
Surprisingly, Robo4 has been considered to be dispensable for development, because Robo4
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deficient mice are viable and fertile (Jones et al., 2008; Koch et al., 2011). However, adult
Robo4-/- mice show increased corneal neovascularization induced by VEGF (Jones et al.,
2008; Koch et al., 2011).

Thus, it has been proposed that Slit/Robo promote anti-angiogenic signalling pathways that

prevent EC migration and new vessel formation in order to stabilize the vasculature.

Conflicting reports have been published showing a pro-migratory effect of Slit on ECs by the
activation of Robo1 signalling (Wang et al., 2003; Kaur et al., 2008). Moreover, Slit2 has been
shown to mediate the association of Robo1 with Robo4 (Kaur et al., 2008; Sheldon et al.,
2009), and to facilitate filopodia extensions and thus migration in a Robo1/Robo4 dependent
manner (Sheldon et al., 2009). However, it remains unclear which one of the two receptor is
responsible for the Slit2 mediated migration of ECs. Kaur and colleagues reported that Robo4
is responsible, whereas Sheldon and colleagues showed that Robo1 mediates cell migration
upon Slit2 stimulation. In zebrafish the knock down of robo4 leads to the delayed outgrowth of
the intersomitic vessels, which are then also misdirected along the trunk, arguing that Robo4
is guidance receptor during the early steps of angiogenesis in the vasculature. However, no
ligand for Robo4 or any underlying mechanism have yet been suggested (Bedell et al., 2005).
These data link Slit/Robo signalling to pro-migratory effects on ECs and pro-angiogenic effect

on vessel formation.

A different scenario might be the requirement of diverse Slit/Robo signalling outcomes de-
pending on the stage of development, hence during embryonic development it might act as
a pro-angiogenic and in the adult organisms as anti-angiogenic signalling system. Dunaway
and colleagues propose a model of cooperative signalling between Slit2 and EphrinA1. If Slit2
is present alone it promotes angiogenesis through the activation of Akt and Rac1 in migrat-
ing ECs and vessel remodelling. In the presence of EphrinA1, Slit2 signalling switches to
repression of angiogenesis (Dunaway et al., 2011). The precise mechanisms how Ephrin/Eph
and Slit/Robo signalling pathways might be connected are unknown, apart from the observa-
tion that Vegf stimulates Ephrin synthesis (Cheng et al., 2002). Thus, Vegf might accumulate
Ephrin that alters the Slit2/Robo1 system from pro- to anti-angiogenic in order to balance ves-

sel formation.

To conclude, the role of Slit and Robo proteins in angiogenesis has been intensively studied,
however fundamental details about their function remain obscure. Specifically, the questions
if Slit is the ligand for Robo4, whether Robo4 requires a co-receptor and if there is a role for
Robo1 in angiogenesis are still unanswered. Moreover, whether Slit/Robo function contributes
to pro- or anti-angiogenic effects during angiogenesis is controversially discussed, as well as
its role in EC migration. The diverse outcomes of Slit/Robo signalling obtained in the different
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studies might be due to variations in the experimental set ups.

Slit/Robo in Cancer

The importance of Slit/Robo expression for the correct development of the CNS and other
organs implicates that under pathological conditions Slit/Robo function might be deregulated.
The first link between Slit/Robo and cancer was the finding that deletion of exon 2 of Robo1
results in reduced Robo1 levels in lung and breast cancer cells (Sundaresan et al., 1995;
Zabarovsky et al., 2002). Moreover, the promoters of Slit1-3 and Robo1-4 are hyperme-
thylated in a wide range of tumors and cancer cells and thus their expression is repressed
(Chang et al., 2012; Mertsch et al., 2008; Shibue and Weinberg, 2011). A recent prognosis
model even considers Slit2 and Robo1 expression levels as clinical parameters for predicting
brain metastasis in breast cancer patients, where low expression of Slit2 or Robo1 results in
poor survival prognosis for the patients with enhanced development of brain metastasis (Qin
et al., 2015).

However, it appears that the present data landscape about Slit/Robo activity in cancer cells
is controversial. Pro-oncogenic as well as tumor suppressor functions have been reported.
Thus, the obtained data need to be analysed dependent on the specific contexts and the
potential cross talk between the Robo receptors and also with other receptors should be taken

into account.

2.4. Angiogenesis

During embryonic development an extensive endothelial-lined tubular network has to establish
that forms the vascular system of the organism. This network is crucial to provide all tissues
with oxygen, nutrients and respiratory gases and to allow the circulation of humoral and cel-
lular molecules. These functions are required for the growth of organs during development
and early postnatal life, but is also essential to stabilize body temperature and homeostasis
and to defend disease in the adult (Carmeliet, 2003). Angiogenesis plays also an important
role under pathological conditions, for instance in vessel formation towards cancer cells or is
associated with diabetes (Heath and Bicknell, 2009).

2.4.1. Angiogenesis is a multistep process

Angiogenesis, also referred to as sprouting angiogenesis, is the process in which the primary
blood vessel network expands by sprouting of new vessels from preexisting vascular tubes.
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It is composed of several morphogenic events including spouting of new vessels, branching,
lumen formation, establishment of contacts with other vessels and finally their fusion, which
results in the formation of a tubular network (Fig. 2.8).

The master signalling molecule during angiogenesis is VEGF-A, which leads to the activation
of VEGF-receptor 2 (VEGFR2) in ECs. Few of these ECs differentiate into tip cells that will be
the sites of new vessel sprouting based on the fine-tuned feedback loop between VEGF and
Notch/DLL4 signalling.
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Figure 2.8.: Steps of sprouting angiogenesis

Schematic illustration of processes involved in sprouting angiogenesis. First, the endothelium becomes activated
and one cell is selected as tip cell due to a VEGF-A gradient in the extracellular environment. The adjacent cells
differentiate into stalk cells due to Notch mediated lateral inhibition of cell specification (see text above). Simulta-
neously, VEGF-A induces filopodia formation in the tip cell and thus the sprout growth out. Next, the newly formed
vessel migrates towards a specific target region, following the VEGF-A gradient. Moreover, stalk cell proliferation,
which is dependent on the VEGF-A concentration, contributes to the elongation of the sprout. Lumenisation of the
spouts involves the formation of intra- and intercellular vacuoles that fuse across the endothelial cells to form a lu-
minal space. Eventually, two tip cells make contacts with their filopodia and fuse in a process called anastomosis,
which has been shown to be assisted by macrophages. (Figure adapted from (Geudens and Gerhardt, 2011))

Briefly, local differences in the extracellular VEGF-A concentration lead to small imbalances in
VEGF-A/VEGFR2 signalling that induces slightly higher expression of DLL4 in one cell. The
increase in DLL4 expression in this cell dictates the neighbouring cells to activate more Notch
signalling and thereby decreasing their own DLL4 levels. This results in high DLL4 and low
Notch activity in one cell, which becomes the tip cell, whereas all the adjacent cells have in-
creased Notch and low DLL4 levels and become stalk cells (Fig. 2.8) (Hellstrém et al., 2007;
Lobov et al., 2006; Suchting et al., 2007; Leslie et al., 2007). VEGF-A is also the principle
regulator of tip cell filopodia formation and stalk cell proliferation during the sprouting process
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(Fig. 2.8). The adjacent stalk cells follow behind the guiding tip cell and form the body of the
sprout via proliferation to provide more cells (Gerhardt et al., 2003).

While the sprout grows out of the parent vessel a vascular lumen has to form. In different
model systems and even for different vascular systems of the same organism different mech-
anisms of lumenization have been proposed (Wang et al., 2010). For instance, in the brain
vasculature of zebrafish the lumen of a newly sprouting vessel continuous with that of the
parent vessel, implicating that stalk cells retain their apical-basal polarity when they bud of
from the parent vessel (Huisken and Stainier, 2009). In contrast, for the intersomitic vessels
(ISVs) the initial sprouts do not have a lumen when they grow out from the dorsal aorta and
thus requires intracellular vesicle formation and fusion to create an lumen (Kamei et al., 2006;
Blum et al., 2008).

During elongation and branching of a vessel, its tip cell makes contact with the tip cell of
another sprouts, which is followed by the formation of new cell-cell junctions to form a contin-
uous lumen in a process called anastomosis (Fig. 2.8). How the tip cells find each other and
how they establish contacts is not yet understood. In recent studies it has been suggested
that macrophages assist this process, since they reside at the filopodia that are in contact
between two tip cells (Checchin et al., 2006; Fantin et al., 2010; Rymo et al., 2011).

2.4.2. Role of Rho GTPases in angiogenesis

On the molecular level angiogenesis comprises of tight regulation of cell proliferation, migra-
tion, matrix adhesion and cell-cell signalling processes to allow the enzymatic breakdown of
the basement membrane followed by EC motility and proliferation resulting in vascular tube
formation (Merajver and Usmani, 2005; Adams and Alitalo, 2007). Rho GTPases are master
regulators of the cytoskeleton and thus their requirement for these angiogenic processes is
not surprising (reviewed in (Bryan and D’Amore, 2007; Carmeliet and Jain, 2011; Fryer and
Field, 2005)).

Additional, Rho GTPases have been observed to maintain vessel integrity as they can have
barrier-protecting and barrier-disturbing functions in ECs depending on the cellular context
(van Nieuw Amerongen et al., 2003; Gavard et al., 2008; Beckers et al., 2010). While new
vessels form, VEGF-A activates RhoA signalling to increase vascular permeability via the
breakdown of endothelial junctions and increased cell migration (Etienne-Manneville and Hall,
2002). After vessel formation Rac1 and Cdc42 are activated at inter-endothelial junctional
complexes and stabilize adherens and tight junctions, which results in sealing of ECs to a
monolayer and thereby maintaining its barrier function (Braga et al., 1997; Noren et al., 2001;
Broman et al., 2007).
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The contribution of Rac1 and Cdc42 to vacuole formation and lumenization was first observed
when GFP-Rac1 and GFP-Cdc42 targeted vesicles to the intracellular vacuole compartment.
Whereas, their dominant-negative mutants failed to induce lumenization in 3D- ECM matrices
(Bayless and Davis, 2002). The Rac1/Cdc42 effector proteins Pak2/Pak4 were found to be
strongly upregulated during lumen formation. Moreover, the cell polarity proteins Par3/Par6
were detected to establish EC polarity downstream of Cdc42 that allowed the formation of
intracellular vacuoles in vitro (Koh et al., 2008). Recently, it has been proposed that actin
remodelling is required for the formation of lumen. The multi-domain adaptor protein Nck was
observed to regulate the activation and localisation of the Cdc42/aPKC polarity complex in
ECs. Depletion of Nck was shown to impair the actin cytoskeleton and VE-cadherins junc-
tions, that led to the loss of endothelial apical-basal polarity and perturbed lumen formation
(Chaki et al., 2015).

Despite the knowledge that Rho GTPases regulate morphogenic processes during vascula-
ture formation, less is known about the upstream regulatory proteins involved. To shed light on
how Rho GTPase signalling is modulated in angiogenesis the involved regulatory GEF/GAP
proteins have to be identified and characterized.

2.4.3. Zebrafish is model organism to study angiogenesis in vivo

Danio rerio, commonly referred to as zebrafish, has been used as a model system for verte-
brate development in many research fields. The advantages of this model organism are the
optical clarity to visualize developmental processes of several organs and tissues, the ease to
experimentally handle them, the quick generation time, high number of offspring and straight-
forward strategies for forward and reverse genetic manipulations (Fig. 2.9 A) (Isogai et al.,
2001b; Chavez et al., 2016). Furthermore, several transgenic zebrafish lines exist expressing
fluorescent proteins in distinct tissues allowing to address developmental questions.

Despite the evolutionary distance between fish and mammals most of the molecular path-
ways during development are conserved, making zebrafish a well accepted model system to
study human diseases. Nevertheless, observations in zebrafish must be complemented with
studies in mammalian systems in order to validate the gained knowledge for potential clinical
applications. Since gene and protein functions are not 100% conserved and due to physiolog-
ical differences the outcomes of signalling pathways and morphogenesis might be divergent
(Chavez et al., 2016).
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2.4.4. Development of vasculature in zebrafish

The transgenic fish line Tg(fli1:egfp)’' expresses the green green fluorescent protein (GFP) in
all ECs and is a powerful tool to study the development of blood vessels (Lawson and Wein-
stein, 2002) (Fig. 2.9 A). The focus in this study is on the formation of ISVs that form between
each pair of somites, which are blocks of mesoderm that are located on either side of the neu-
ral tube. The ISVs sprout out of the dorsal aorta (DA) and migrate along the dorsoventral axis
between the intersomitic boundaries. Eventually, they branch into a T-shape structure and join
with their anterior and posterior neighbours to form the dorsal longitudinal anastomotic vessel
(DLAV) (Fig. 2.9 B).
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Figure 2.9.: Developing vasculature of the zebrafish embryo

A Development of the vasculature is shown at 48 hours post fertilization (hpf) (pictures from (Isogai et al., 2001a)) .
The dorsal aorta (DA), the posterior caudal vein (PCV) and the intersomitic vessels (ISVs) can be easily observed
at 48 hpf and are indicated by arrows. B Schematic illustration of ISV growth during development in the zebrafish
trunk. At 24 hpf sprouting ISVs are detected that start to grow continuously along the somite boundaries. At 48
hpf the tip cells reach the dorsal site of the somites the branch into a T-shape structure and make connections with
their anterior- posterior neighbours. C A first model assumed that the complete ISV consists of three cells: one
leading cell that fuses with the adjacent leading cells, one intermediate cell along the somite boundaries and one
cell at the base making contact with the DA, depicted as a green, purple and blue cell, respectively. More recently
it has been proposed that the ISVs are composed of four to six cells, with one leading cell but several cells paired
along the axis of the ISVs (see text).

First studies suggested that three cells arrange in a strictly choreographed fashion to form one
ISV. The lumen has been thought to form via intracellular and intercellular fusion of vacuoles
into a seamless tube (Kamei et al., 2006). More recently, the analysis of cell junctions in ISVs
revealed that they are composed of four to six cells. While the sprout is growing it contains
one leading tip cell and two to three stalk cells that show great overlap and are paired along
the axis of ISVs (Fig. 2.9 C). A model has been proposed in which the intracellular vacuoles
are released in a common intercellular space between adjacent ECs that is considered as
"extracellular" (Blum et al., 2008).
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By that, a simple vascular network is established in the zebrafish trunk. Due to their repetitive
organization and the simple anatomy, ISVs are a well suited model to follow sprouting angio-
genesis.

2.5. Human ARHGAP39

Human ARHGAP39 is a yet uncharacterized RhoGAP protein encoding two N-terminal WW
domains, a myosin tail homology (MyTH4) domain and a C-terminal RhoGAP domain.

The ARHGAP39 homologue in Drosophila has been initially characterised by two different
laboratories which named the protein Vilse or Crossgap (Lundstréom et al., 2004; Hu et al.,
2005). Both studied focussed on developmental guidance processes of axons and ganglionic
branches in the Drosophila embryo and revealed that Vilse/Crossgap is responsible for cor-
rect cell migration at the midline. Specifically the loss of vilse/crossgap led to misdirected
ganglionic branches (GBs) that stopped at the midline or did not turn correctly to reach their
target during development of the respiratory tracheal system (Lundstrém et al., 2004). In the
second study, the guided migration of longitudinal axons along the midline was investigated in
slit-/+,robo-/+ transheterozygous embryos. Both the depletion of vilse and its overexpression
led to enhanced misguidance of longitudinal axons across the midline (Hu et al., 2005). Fur-
thermore, its gain-of-function phenotype mimics the loss-of-function phenotypes of both robo
and rac, indicating that Vilse might be the regulator linking Robo to Rac1 signalling.

During this thesis work, murine Arhgap39 has been described to regulate spine morphology
(Lim et al., 2014), and the rat homologue, also referred to as preoptic regulatory factor 2 (porf-
2) to inhibit neural stem cell proliferation (Huang et al., 2016).

Drosophila {wwjww | mytHa H GAP | 13302
29% identity, 51% similarity //
human wwliww | mytha | eap |7 1083 aa

89% identity, 92% similarity

1075 aa

4 B &

mouse wwlww | MyTH4 |{ AP

Figure 2.10.: Predicted domain structure of ARHGAP39 and its identified homologues

Two WW domains, one MyTH4 and one C-terminal RhoGAP domain were identified by Pfam protein motif predic-
tion. The degree of identity and similarity is shown for each homologue compared to the human protein. Figure
adapted from (?).

The human protein and its homologues in Drosophila and in mouse share an identical domain
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structure with 29%/ 89% identity and 51% /92% similarity, respectively (Nagase et al., 2000;
Lundstrém et al., 2004), indicating that the domain functions are evolutionary conserved (Fig.
2.10).

The catalytic activity of the isolated RhoGAP domain of Vilse/CrossGAP was analysed in in
vitro revealing its substrate specificity for Rac1, and to a lesser extent, for Cdc42 (Lundstrém
et al., 2004). Rac1 specificity was also determined for murine Vilse (Lim et al., 2014), hence it
can be speculated that ARHGAP39 exhibits catalytic activity towards RAC1 and presumably
towards CDC42.

The putative protein-protein interaction mediating domains of ARHGAP39 are the WW do-
mains. For the murine and fly homologues of ARHGAP39 it was shown that the WW domains
associate with the Robo receptor and the neural scaffold protein connector enhancer of KSR-
2 (CNKSR2), respectively (Hu et al., 2005; Lundstrdom et al., 2004; Lim et al., 2014). Both
studies demonstrated that the WW domains bind to proline-rich sequences in the targeting
partners, which are the CC2 motif in Robo and a poly-proline stretch in CNKSR2, thereby
establishing a canonical WW domain interaction.

To better understand the action of WW domains and the MyTH4 domain | introduce these two
domains in more detail next.

2.5.1. Structure and function of WW domains

WW domains are the smallest and most compact globular protein structures that can be found
in nature. They were first identified in Yes-associated protein (YAP) (Chen and Sudol, 1995)
and compose only about 35 amino acids. The name was given after the two highly conserved
tryptophan (Trp) residues that are separated by 20-22 amino acids in the polypeptide chain,
additional there is a strictly conserved proline residue (Pro) at its C-terminus. They mediate
protein-protein interaction by recognizing proline rich sequences on binding partners.

WW domains form a stable, triple stranded antiparallel -sheet module (Fig. 2.11 A). The C-
terminus of the WW domain forms a hydrophobic core, where the proline rich ligands can bind
to (Jager et al., 2001, 2007). Two classification systems of WW domains have been proposed.
The first depends on the presence of conserved residues: N-terminal Pro and C-terminal Trp
(Group 1), only C-terminal Trp (Group 2), only N-terminal Pro (Group 3) (Macias et al., 2000).
In the second system the WW domains are divided into 5 classes based on their ligand motif
preference (Fig. 2.11 B) (Sudol and Hunter, 2000; Macias et al., 2002; Otte et al., 2003).

A prototype WW domain is depicted in Figure 2.11 C to illustrate which amino acid residues
contribute to ligand binding or folding (Macias et al., 2000). The majority of structural studies
are based on WW domains that recognize the PPxY motif as described for the Yes-associated
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protein YAP65 homolog (YAP1) and the E3 ubiquitin-protein ligase Nedd4 (Ingham et al.,
2004; Chen et al., 1997). Crystallization revealed that the central Tyr residue and the last
Trp residue bind the prolines, whereas the His resiude makes contact with the tyrosine of the
PPxY motif (Macias et al., 2002).

In contrast, the formin binding protein 11 (FBP11) and its homologue in yeast, the Pre-
mRNA-processing protein (Prp40), prefer stretches of proline residues as in the PPLP or
the (p/f)PPPPP motif (Bedford et al., 1998; Otte et al., 2003), because the presence of three
aromatic Tyr residues in the center of the WW domain reduces the space for binding of other
aromatic residues (Macias et al., 2002).

A B
A boopn3 Class recognition motif examples
o / -y | (LIP) Pp(Y/poY) YAP, NEDD4
‘ T 13 I PPLPp FBP11, Prp40
I | (p/f)P(p/g)PPpR / (P/f)PP(R/K)gpPp FBP21
< v (poS/poT)P PIN1
\Y (p/f)PPPPP Prp40
C
B1 B2 B3
Prototype WW domain -GLPPGWDEEYK-THNGKTYYYNHNT-KTSWTDPRM
A A
conserved residues for folding of the domain
conserved residues for classfication into groups variable residues involved in ligand binding class I/IV

conserved residues involved in ligand binding

Figure 2.11.: Structure and proline-rich binding motifs of WW domains

A A ribbon diagram of the prolyl-isomerase PIN1 WW domain is depicted. The three B-strands are shown and
the loop structures, as well as the side-chains of the two conserved tryptophan residues in red (Figure from
(Jager et al., 2001)). B Table of WW domain classes divided after their binding motifs. L: leucine, S: serine,
T: threonine, po: phosphorylated residue, lower case: favored residue, upper case: highly conserved residue
(adapted (Salah, 2012)) C A prototype WW domain is shown, which was generated by (Macias et al., 2000)
based on sequence alignment of distinct WW domains. The conserved residues required for the classification
into groups are indicated by purple arrow heads. Conserved residues responsible for correct folding of the WW
domain are shown in red. Conserved residues and semi-conserved residues (of the individual class) involved in
ligand binding are depicted in blue and green/orange respectively. Residues with double function are indicated by
an underline in the corresponding color of the second function. UniProt: YAP1 (P46937), Prp40 (P33203), FBP11
(O75400), NEDD4 (P46934), FBP21 (O75554), PIN1 (Q13526). Abbreviations: YAP1: Yes-associated protein
YAP65 homolog, Prp40: Pre-mRNA-processing protein, FBP11: formin binding protein 11, FBP21: formin binding
protein 21, NEDD4: E3 ubiquitin-protein ligase, PIN1: prolyl-isomerase

The prolyl-isomerase PIN1 and its related proteins exhibit a completely different binding prefer-
ence by recognizing phosphorylated Ser or Thr residues ahead of a Pro residue. In this case
the contacts are established between the phosphorylated residue in the target peptide and
the side chains of Ser or Arg residues in the N-terminal sequence of the WW domain (Macias
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et al., 2002). Recently more WW domain containing proteins have been identified to recog-
nize phosphorylated proline-rich ligands, even though not all of the Pin1 specific residues are
present in their sequence. For instance, the WW domains of YAP1, SMURF1 and NEDD4
recognize very specific phosphorylated residues on SMAD proteins (Aragon et al., 2011).
Surprisingly, the WW domain of ArhGAP9 interacts with none of the predicted proline-rich
binding motifs. lts WW domain binds to the common docking (CD) domain in Erk2 and p38a.,
which contains clusters of complementarily charges residues. Thereby, ArhGAP9 prevents
Erk2 and p38a activation and thus inhibits the MAP kinase signalling pathway (Ang et al.,
2007).

In most WW domain containing proteins the domain occurs in tandem, thus different binding
mechanisms how the WW domains recognize their binding targets are possible.

First, the individual domains of the tandem might recognize the same target motif, albeit with
different affinities, as it has been observed for YAP1.2 (Schuchardt et al., 2014), Secondly,
each individual WW domain binds a different set of target sequences (Hu et al., 2004). For
instance, it has been demonstrated that the first WW domain of YAP1 binds to the PPxY
motif in SMAD7, whereas the it recognizes the (poS)P ligand in SMAD1. Third, the two WW
domains of the tandem exhibit cooperative binding by chaperoning or stabilization of each
other. Chaperoning effects can be explained by structural instability of the interaction of one
WW domain with its target, which becomes stabilized through the other WW domain that binds
to the first WW domain. And Lastly, the binding of one WW domain to its target sequence
induces conformational changes in the neighboring WW domain, which leads to changes in
its affinity and structure for its own interaction motif (reviewed in (Dodson et al., 2015; Ingham
et al., 2005)).

Thus, the WW domain tandem creates a complex network of specificity and fidelity in cell
signalling by providing a platform for multi-protein assembly.

2.5.2. Structure and function of the MyTH4 domain

The Myosin tail homology (MyTH4) domain has been identified in unconvential myosins, plant
kinesin (Abdel-Ghany and Reddy, 2000) and in the non-motor protein PLEKHH (pleckstrin
homology domain-containig family H) (Huang et al., 2002). In vertebrates it appears in tan-
dem with a FERM (protein 4.1 - ezrin - radixin - moesin) domain (Wu et al., 2011). The
MyTH4-FERM domains of unconventional myosins are assumed to have similar functions in
the formation of filopodia and related structures such as microvilli and stereocilia (Bohil et al.,
2006; Wu et al., 2011; Rzadzinska et al., 2004; Belyantseva et al., 2003; Berg et al., 2000).

The crystal structures of the MyTH-FERM domains of human MYO X-MF, murine Myo VII-MF
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and Dictyostelium discoideum Myo7 show that the domain tandem organizes into a supramod-
ular structure that is evolutionary conserved (Planelles-Herrero et al., 2016) (Fig. 2.12). Within
the supramodule the relative orientations of the FERM and MyTH4 domain are limited due to
tight linkage of these two domains. However, variations or sequence insertions exist that
might lead to major surface remodelling and thus to functional consequences, for instance in
negative or positive cooperativity to bind a target protein (Planelles-Herrero et al., 2016).

The MyTH4 domains consist of 10 helices, with six structurally conserved helices forming a
right handed helical core and four more divergent helices at the periphery. The key polar
residues involved in forming the inter MyTH4-FERM boundary are highly conserved between
different MF domains (Wei et al., 2011).

Recent studies revealed that a positively charged patch on the MyTH4 surface facing the
FERM domain of MYO X is crucial for the binding to the C-terminal tail of tubulin, which con-
tains glutamic clusters and is thus negatively charged (Hirano et al., 2011). The interaction
with microtubules is a conserved function of MyTH4 domains, even though the interaction can
be mediated by different surfaces of the MyTH4 domain in evolutionarily distant MF myosins
(Planelles-Herrero et al., 2016).
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Figure 2.12.: The structure of the MyTH4-FERM domain tandem

A Ribbon diagram depicting the crystal structures of human MYO X-MF (Hirano et al., 2011), murine Myo VII-
MF2 (Wu et al., 2011) and DdMyo7-MF1 and DdMyo7-MF2 that are all presented in a similar orientation (from
(Planelles-Herrero et al., 2016) ). B Ribbon diagram showing the helix bundle of the MyTH4 domain of the MyoVII-
MF tandem. Conserved helices are represented in purple, divergent helices in grey. Two disordered regions in the
MyTH4 domain are shown as dotted lines. (Figure adapted from (Wu et al., 2011))

2.5.3. Putative binding partners of ARHGAP39

The Rocks lab undertook a systematic characterization of all mammalian RhoGEF and RhoGAP
proteins, including an analysis of their subcellular localisation, interactome and enzymatic
function (BioRxiv). The binding partners were identified by immunoprecipitation of ectopically
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expressed Rho regulators and subsequent mass spectrometry. ARHGAP39 was found to
associate with actin nucleators, scaffold proteins, adhesion proteins and the endothelial guid-
ance receptor ROBO4 (Fig. 2.13). Selected proteins, in addition to the previously introduced
ROBO4, will be briefly presented in the following paragraph.

The Connector Enhancer of Kinase Suppressor of Ras (CNKSR) protein family, originally
identified in Drosophila, regulates the RAS/ERK pathway at the level of RAF protein kinase
(Clapéron and Therrien, 2007). CNKSR2 and CNKSR3 act as multi-domain scaffold proteins,
for instance they bind to RAF, Src and Kinase Suppressor of Ras (KSR) (Lanigan et al., 2003;
Ziogas et al., 2005).

The following pathway has been elucidated. In the absence of Receptor Tyrosine Kinase
(RTK) signalling Raf is inhibited, but upon RTK activation, CNKSRs associates with SRC
and RAS to activate RAF, which in turn activates the MEK/ERK pathway (Douziech et al.,
2006; Laberge et al., 2005). Therefore, the ability of CNKSRs to regulate RAF activity in
the presence/absence of RTK signalling presents a scaffold to temporally and/or spatially
modulate the RAF and thus RAS/ERK signalling (Clapéron and Therrien, 2007).
Furthermore, several studies could show that the CNKSR proteins assemble regulatory pro-
teins of different members of the Rho GTPase family namely, Ras, Rho, Rac1, Ral and Arf
(Clapéron and Therrien, 2007). Thus, it can be speculated that their function in general is to
provide a platform for the individual Rho GTPase and their regulatory proteins. For instance,
CNKSR1 contributes to Rho-dependent (Jaffe et al., 2004) and Rac-dependent (Jaffe and
Hall, 2005) c-Jun N-terminal kinase (JNK) signalling by assembling different components of
theses pathways together.

While working on this project Cnksr2 was found to interact with Arhgap39 in a MS/IP screen
in NG108 cells (Lim et al., 2014). Cnksr2 expression is restricted to the postsynaptic density
(Ohtakara et al., 2002), where it contributes to synaptic signalling and spine formation (Lim
et al., 2014). As a scaffold protein it was shown to recruit proteins involved in Rac signalling,
including a-Pix and B -Pix, Git1/2 and Pak3/4 and also Arhgap39 (Vilse) (Lim et al., 2014).
Thus, it may act as a spatial modulator of Rac cycling during spine morphogenesis.

PEAK1 (Pseudopodium-enriched atypical kinase 1) was discovered as a cytoskeleton-associ-
ated kinase and belongs to the family of non-receptor atypical tyrosine kinases. It localises at
actin filaments and focal adhesions, as it was shown to co-localize with Vinculin and Paxillin
(Wang et al., 2010). Expression levels of PEAK1 regulate cell spreading and migration, pre-
sumingly by modulating focal adhesion dynamics, as it was observed that ectopic expression
of PEAK1 leads to increased focal adhesion length (Wang et al., 2010). Moreover, correct
assembly and disassembly of focal adhesions depends on the correct phosphorylation status
of PEAK1 (Bristow et al., 2013).
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Figure 2.13.: Hairball diagram of predicted interaction partners of ARHGAP39

The different proteins were identified in a co-immunoprecipitation/mass spectrometry (Co-IP/MS) screen with over-
expressed Flag-ARHGAP39 as bait in HEK 293T cells. They can be divided into different groups according to their
function indicated by different colors. ROBO4: (Magic) roundabout receptor 4; CNKSR2/3: Connector enhancer of
kinase suppressor of Ras 2/3; TANC2: tetratricopeptide repeat, ankyrin repeat and coiled-coil containing 2; NCK2:
NCK adaptor protein 2; PEAK1: Pseudopodium enriched atypical kinase 1; AMIGO1: adhesion molecule with
Ig-like domain 1; PNN: Pinin, 140 kDa nuclear and cell adhesion-related phosphoprotein, Desmosome-associated
protein; PPIG:Peptidyl-prolyl cis-trans isomerase G; PLK2: Serine/threonine-protein kinase Polo-like kinase 2;
RABEPK: Rab9 effector protein with kelch motifs; VPS13C: Vacuolar protein sorting-associated protein 13C;
SCFD1: Sec1 family domain-containing protein 1; COBL: Cordon-bleu

TANC2 (tetratricopeptide repeat, ankyrin repeat and coiled-coil domain-containing protein 2)
is a 220 kDa protein that localises in dendritic spines at the post synaptic scaffold together with
PSD-95/SAP90 (postsynaptic density-95/synapse-associated protein 90). It encodes sev-
eral protein-protein interaction domains, including ankyrin repeats, tetratricopeptide repeats
(TPRs), and a C-terminal PDZ domain-binding (PB) motif. TANC2 is widely expressed in
mouse brain and its overexpression increases dendritic spine density, hence has a positive
effect on excitatory synapses (Han et al., 2010).
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3. Objective

The previously uncharacterized human RhoGAP ARHGAP39 was identified in a preceding
systematic proteomics analysis of all 145 RhoGEFs and RhoGAPs to bind to the ROBO4
guidance receptor (Miller et al., BioRxiv). How ROBO receptors signal to the cytoskeleton to
elicit repulsive cell migration is only poorly understood. While for the neuronal ROBO1-3 re-
ceptors Rho regulatory proteins have been characterized no such regulators are known for the
endothelial-specific ROBO4 receptor. Because of the previously genetic and biochemical in-
teraction of its homologue Vilse/Crossgap with Robo in Drosophila melanogaster ARHGAP39
was a good candidate to link all human ROBO receptors including ROBO4 to RhoGTPase
signalling and thus to the control of guided cell migration both in neuronal development and
angiogenesis.

Therefore, this project aimed to functionally characterize ARHGAP39 and to investigate its
function in cell migration, including the following goals:

To characterise the enzymatic activity and substrate specificity of ARHGAP39.

To assess its subcellular localisation and identify potential targeting information.

To investigate if the catalytic GAP function of ARHGAP39 is subject to autoregulation and, if
so, to resolve the underlying mechanism.

To analyse the interaction of ARHGAP39 with the ROBO receptors and other binding partners
and to detail the binding mechanisms.

To study the role of ARHGAP39 in cell migration, and, specifically, in SLIT2/ROBO signalling-
dependent migration.

To investigate in vivo in the zebrafish embryo the effect of arhgap39 knockdown on the migra-

tion of the intersomitic vessels during angiogenesis.
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4. Materials and Methods

4.1. Materials

4.1.1. Chemicals and Equipment

Table 4.1.: Table of chemicals and consumables/equipment

chemical

company

Acetic anhydride

30 % (w/v) Acrylamide/bisacrylamide (37.5/1)
Agar-Agar, granulated

Agarose

Ammonium persulfate (APS)
Ampicillin sodium salt

Bovine Serum Albumin (BSA) powder
BSA 100x stock solution
Bromophenol Blue

Chloramphenicol water soluble
Chloroform

cOmplete Protease Inhibitor Cocktail Tablets
Coomassie Brilliant Blue R-250
Dimethyl sulphoxide (DMSO)
Dithiothreitol (DTT)

Dry milk powder

Ethanol

Ethidium bromide solution 1 %
Ethylenediaminetetraacetic acid (EDTA)
Ficoll

Formamide

Glycerol

Glycine

Glycogen

Goat serum

Hydrochloric Acid

Isopropanol

Kanamycin sulfate

Malic Acid

Methanol

2-Mercaptoethanol

Nuclease free water

Papanicolaou?s solution 2a Orange G

Sigma, Germany

Roth GmbH, Germany

EMD Chemicals, USA

Roth GmbH, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
New England BioLabs, USA
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Roche Diagnostics, Germany
Thermo Scientififc
Sigma-Aldrich, Germany
Gerbu Biotechnik, Germany
Roth GmbH, Germany
Sigma-Aldrich, Germany
Roth GmbH, Germany
Sigma-Aldrich, Germany

Sigma-Aldrich, Germany
Roth GmbH, Germany
Roth GmbH, Germany

Sigma-Aldrich, Germany
Sigma, Germany

Roth GmbH, Germany
Sigma-Aldrich, Germany

Roth GmbH, Germany
Sigma-Aldrich, Germany
Ambion, USA

Merck Millipore, Germany
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Paraformaldehyde (PFA)
D(+)-Saccharose (Sucrose)
Salmon Sperm DNA

Sigmacote

Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)
Sodium hydroxide (NaOH)
Sodium-Sodium Citrate (SSC), 20x
Spectinomycin
Tetramethylethylendiamin (TEMED)
Tris

Triethanolamine

Triton X-100

Trypan blue solution 0.4 %

Sigma-Aldrich, Germany
Roth GmbH, Germany

Applied Chemistry

Sigma-Aldrich, Germany
Roth GmbH, Germany
Roth GmbH, Germany

Roth, Germany

LKT

Roth GmbH, Germany
Roth GmbH, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany

consumable/equipment

company

Amicon Ultra-15, 100 kDa

CELLview glass bottom dishes, 4 compartments (35mm)
Costar flat bottom cell culture plates (24, 12, and 6 well)

coverslips round 19 mm

Falcon centrifuge eppendorf tubes, polypropylene, sterile
MatTek glass bottom culture dishes (35 mm)

Microscopy slides SuperFrost Plus

Tissue culture dishes, polystyrene, sterile (100 mm, 60 mm)
Transwell Unit, PET membrane clear inserts, 8 pm pore size

Amicon Ultra

VWR, Germany

Corning, USA
MatTekCorp., USA

Greiner Bio-One, Austria
Corning, USA

Thermo Scientific, USA

Corning, USA
Corning-Costar

4.1.2. Antibodies

Table 4.2.: Table of primary and secondary antibodies

antibody clone/order number species WB IF IP
ARHGAP39/KIAA1688 Bethyl A302-598 rabbit 1:500 - 4 g
FLAG Sigma-Aldrich M2/ F1804 mouse 1:5000 1:500 -
FLAG M2 affinity gel Sigma-Aldrich A2220 mouse - - 20 ul
GFP abcam ab290 rabbit 1:10000 1:1000 0.5yl
GFP abcam ab13970 chicken  1:10000 1:1000 -
GST CST 26H1 mouse 1:1500 - -
normal IgG control Santa Cruz sc-2027 rabbit - - 1l
Tubulin Sigma-Aldrich DM1a, T6199  mouse 1:5000 1:500 -
Phalloidin-594 Biotium CF594 - 1:200 - -
anti-rabbit IgG H+L (Alexa Fluor 488) Molecular Probes goat 1:1000 -
anti-mouse IgG H+L (Alexa Fluor 647)  Molecular Probes goat - 1:1000 -
anti-rabbit HRP coupled BioRad goat 1:10000 - -
anti-mouse HRP coupled BioRad goat 1:10000 - -
anti-chicken HRP coupled BioRad goat 1:10000 - -

WB: Western Blot, IF: Immunofluorescence, IP: Immunoprecipitation. Anti-GFP antibodies recognize YFP, CFP and GFP fluo-

rophores.
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4.1.3. DNA constructs

The full length (FL) cDNA of proteins used in this thesis have been assembled by Dr. Oliver
Rocks and were kind gifts of the Tony Pawson lab, Samuel Lunenfeld Research Institute
(SLRI), Toronto. If not otherwise stated, cDNAs were available as entry clones of the Gateway
or donor plasmids of the Creator system. MENA was a kind gift from Akihiro Toyoda, PAXILLIN
(HsCD00292821) was purchased from Harvard Medical School (DF/HCC) and zfAhrgap39
was cloned from zebrafish cDNA.

Most fluorescence and FLAG-tag expression constructs were created by recombinatorial Cre-
ator and Gateway cloning or required In-Fusion cloning to be introduced in the Creator/Gateway
recombination system. Gateway and Creator destination vectors (expression vectors) of Ta-
ble 4.3 were gifts of the Tony Pawson lab, except for Gateway Cherry/C-terminal from Erich
Wanker (MDC) and Gateway Venus/triple Flag C-terminal purchased from addgene (addgene
40999). The vascular specific Gateway expression plasmids pTolfli1ep:egfoDest and pTolfli1-
ep:cherryDest were a kind gifts from Ferdinand le Noble (KIT, Karlsruhe). Also the plasmids
pCS2+ for in vitro RNA synthesis and the Gateway entry plasmid pCR8/GW/TOPO (Invit-
rogen) were provided by the le Noble lab. The pGEM-T Easy vector was purchased form
Promega.

Table 4.3.: Creator and Gateway destination vectors

cloning system clone number acceptor plasmid backbone tag orientation
Creator v180 triple Flag N-term
Creator v3534 Citrine N-term
Creator v3535 Cherry N-term
Creator v4999 Citrine C-term
Gateway v4872 Cherry N-term
Gateway v4874 Venus N-term
Gateway v4978 triple Flag N-term
Gateway v4869 triple Flag C-term
Gateway 40999 Venus/triple Flag C-term
Gateway - Cherry C-term
Gateway pTolfli1ep:egfoDEST ! EGFP N-term
Gateway pTolflitep:cherryDEST ' Cherry N-term

vascular specifc expression.

Table 4.4.: Creator and Gateway expression vectors

construct name tag / orientation species  vector backbone

Cit-ARHGAP39 iso1 Citrine / N-term human Creator
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Cit-ARHGAP39 is02
Flag-ARHGAP39
ARHGAP39-Cit
Cherry-ARHGAP39
Cit-Arhgap39
ROBO1-Flag
ROBO1-Venus/Flag "
ROBO1-Cherry
ROBO2-Flag
ROBO3-Flag
ROBO4-Flag
ROBO4-Venus/Flag "
SLIT2-Cherry
SLIT2-Venus/Flag
Cit-CNKSR2 iso2
Flag-CNKSR2 is02
Cit-CNKSR3
Flag-TANC2
Cit-PEAK
Flag-PAXILLIN
Flag-MENA
Cit-Cherry 2
Flag-Cherry 2

Citrine / N-term
triple Flag / N-term
Citrine / C-term
Cherry / N-term
Citrine / N-term
triple Flag / C-term
Venus/Flag / C-term
Cherry / C-term
triple Flag / C-term
triple Flag / C-term
triple Flag / C-term
Venus/Flag / C-term
mCherry / C-term
Venus/Flag / C-term
Citrine / N-term
triple Flag / N-term
Citrine / N-term
triple Flag / N-term
Citrine / N-term
triple Flag / N-term
triple Flag / N-term
Citrine / Cherry
Citrine / Cherry

human Creator
human Creator
human Creator
human Creator
zebrafish  Creator
human Gateway
human Gateway
human Gateway
human Creator
human Gateway
human Gateway
human Gateway
human Gateway
human Gateway
human Creator
human Creator
human Creator
human Creator
human Creator
human Gateway
human p3xFLAG-CMV

Creator
Creator

N plasmids used for microscopy

2)

control plasmids for IPs

The primers used for QuikChange mutagenesis or In-Fusion HD cloning are shown in Table

A.1 and Table A.2, respectively (Appendix). Primer sequences are depicted in 5’ to 3’ ori-

entation. The deletion and truncation constructs of ARHGAP39 were created from isoform2.

Primers used for sequencing or standard PCR-based cloning are summarized in Table A.3

(Appendix).

4.1.4. Small synthesized oligomers

Table 4.5.: Sequences of small synthesized oligomers

species  type target gene sequence

human shRNA virus B4 CCACCGTGTATAGAGATATAA

human shRNA virus B5 CCTGGAAAGAAACACTAAGAA
human shRNA virus B6 ARHGAP39 CTATGAGATTTACCGGGATTA

human shRNA virus B7 TCCCGCTTCTACTACTACAAT

human shRNA virus C8 GAAGAGCAGAAAGCCCTCTTT
zebrafish  morpholino oligomer 1 Arhaan39 CCACCCATTCCAACCTCTCCGCCAT
zebrafish  morpholino oligomer 2 gap AGATGCGGATGGTGTTTACCTCTCC
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4.1.5. Primers for in situ hybridization probes

Table 4.6.: Primers to generate in situ hybdridization probes

species  targeting transcript sequence vector
Fw: AT AGAGGTTGGAAT T

zebrafish  Arhgap39 W GGCGGAGAGGTTGG GeGTG pGEM T Easy
Rv: TGGTTTTCGTGCCGGAGAACGATC
Fw: GTATGTGGAGCAAGCAGGCTC

mouse Arhgap39 W pGEM T Easy

Rv: GCATTTAGATACCAGCTTCATG

4.1.6. Buffers Biochemistry

Table 4.7 shows recipes of buffers that were prepared in this thesis. PBS and PBS with

Ca®* and Mg?* (PBS**) were commercially available (Dulbecco’s Phosphate-Buffered Saline

(DPBS), Corning).

Table 4.7.: Composition of buffers

Name

Composition

Coomassie Staining solution

Coomassie Destaining solution

NP40 lysis buffer
Permeabilization buffer
SDS running buffer
SDS sample buffer 6x

Stripping buffer
TBST
Wet Transfer buffer

0.1 % Coomassie Brilliant Blue R-250, 50 % Methanol and 10 % Glacial
acetic acid

40 % Methanol, 10 %G Acetic Acid

1 % NP40, 50 mM Tris-HCL pH 8, 150 mM NaCl
0.2 % Triton X-100, 100 mM Glycine in PBS

192 mM Gilycine, 25 mM Tris, 0.1 % SDS, pH 8.3

375 mM Tris-HCI pH 6.8, 300 mM DTT, 12 % SDS, 60% Glycerol, 0.06 %
Bromophenol Blue, 20 % 2-Mercaptoethanol

100 mM 2-Mercaptoethanol, 2 % SDS, 62.5 mM Tris-HCI, pH 6.7
50 mM Tris, 150 mM NaCl, 0.1 % Tween 20, pH 7.4
192 mM Gilycine, 25 mM Tris, 20 % Methanol, pH 8.3

6x Orange G loading buffer
TAE
TE

50% Glycerol, 25 mM EDTA, 0.5 % Orange G
40 mM Tris, 20 mM Acetic Acid, 1 mM EDTA, pH 8
10 mM Tris-HCI, 1 mM EDTA, pH 8.0

E3 buffer for zebrafish
anesthesation buffer

5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO,4
0.16 mg/ml Tricaine /1 % 1-Phenyl-2-Thiourea in E3 buffer
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4.1.7. SDS-PAGE gels

Table 4.8.: Composition of SDS-PAGE’s

Gel Composition

Resolvi | 7.5, 10 or 12 % (w/v) Acrylamide/bisacrylamide (37.5/1), 0.1 % (w/v) SDS, 0.1 % (w/v) APS
esoViNg 981 and 0.1 % (w/v) TEMED in 375 mM Tris-HCI (pH 8.8)

Stacking gel 4 % (w/v) Acrylamide/bisacrylamide (37.5/1), 0.1 % (w/v) SDS, 0.1 % (w/v) APS and 0.1 %

(w/v) TEMED in 125 mM Tris-HCI (pH 6.8)

4.1.8. Buffers for in situ hybridization

Table 4.9.: Ingredients used for in situ hybridization buffer

Name

Composition

Acetylation buffer

B1 buffer
Blocking solution
Denhart’s 50X

Hybridization Buffer

2 ml Triethanolamine, 0.25 ml 37 % HCI, 0.375 ml Acetic Anhydride,
ddH,0 to 150ml

0.1 M Tris pH 7.5, 0.15 M NaCl
10 % Goat serum in B1 buffer

5g Ficoll, 5g Polyvinylpyrolidone, 5g BSA, 500 ml ddH,O (sterile fil-
ter)
50 % Formamide , 5x SSC pH 5, 5x Denhart’s, 150 pg/ml Yeast

cryosections
tRNA, 150 pg/ml Sperm DNA
In situ staining solution 1 I NBT/1 ml, 1 pl BCIP/1 mlin NTMT
NTMT 0.1 M Tris-HCI 1M pH 9.5, 0.1 M NaCl 5M, 0.1 % M Tween 20, 50
mM MgClI
PBT 100 ml 10x PBS, 10ml 10 % Tween 20
10 % Tween 20 10ml Tween 20 in 100ml ddH-O
Boehringer Blocking Reagent 10 % Boehringer Blocking Reagent in MAB
Hybridization Buffer 50 % Formamide , 5x SSC pH 5, 0.1 % Tween 20, 4.6 mM Citric
Acid, 100 pg/ml Yeast tRNA, 50 wml Heparin
Pre-Hybridization Buffer 50 % Formamide , 5x SSC pH 5, 0.1 % Tween 20, 4.6 mM Citric Acid
5x MAB (Maleic acid buffer) 58g Malic Acid, 43.5g NaCl, 37.5g NaOH, ddH»O to 11, pH 7.5
MAB-T 1 % Tween 20
ztembryos — n\pyr 0.1 M Tris-HCI 1M pH 9.5, 0.1 M NaCl 5M, 1 % M Tween 20, 50 mM
MgCl
PBT 100 ml 10x PBS, 10ml 10 % Tween 20

RNAse Buffer

0.1 M Hepes 1M pH 7.5, 0.15 M NaCl, 0.1 % Tween 20
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4.1.9. Bacterial strains of Escherichia coli

Table 4.10.: E. coli strains used in this thesis

F-endA1 gInV44 thi-1 recA1 relA1 gyrA96 deoR nupG ¢80dlacZ15
A(lacZYA-argF)U169, hsdR17(rK- mK+), A-

E. coli DH5a

endA1 gInV44 recA1 thi-1 gyrA96 relA1 lac | A(mcrA)183 A(mcrCB-

XL10-Gold Ultracompetent Gells 1, ya\R mir)173 tetR F[proAB laclqZAM15 Tn10(TetR Amy CmR)]

4.1.10. Bacterial growth media and agar plates

Table 4.11.: Recipes for bacterial growth media and agar plates

Name Recipe
LB medium 1 % (w/v) Bacto-Tryptone, 0.5 % (w/v) Yeast extract, 0.5 % (w/v) NaCl
LB agar plates 1.5 % (w/v) agar, 1 % (w/v) Bacto-Tryptone, 0.5 % (w/v)Y extract, 0.5 % (w/v) NaCl, 100

pg/ml Ampicillin or 50 ug/ml Kanamycin or 150 pg/mlSpectinomycin

Sucrose agar plates 1.5 % (w/v) Agar, 7 % (w/v) Sucrose, 1 % (w/v) Bacto-Tryptone, 0.5 % (w/v) Yeast extract,
0.5 % (w/v) NaCl, 30 pg/ml Chloramphenicol

4.1.11. Cell culture media and additives

Dulbecco’s Modified Eagle Medium (DMEM) Gibco, USA

Minimum Essential Medium (MEM) GE Healthcare, UK
OptiMEM Reduced Serum Medium with GlutaMAX  Gibco, USA
Trypsin/EDTA Sigma-Aldrich, Germany
Penicillin-Streptomycin (P/S) (10,000 U/mL) Gibco, USA

Fetal Bovine Serum Albumin (FBS) Biochrome, Germany

4.2. Molecular Biology

4.2.1. Transformation

Unless otherwise indicated, 100 ul DH5a were briefly thawed on ice before addition of plasmid
(20-50 ng) or reaction to be transformed. Bacteria were incubated for 30 min on ice, before
heat shock at 42 °C for 45 s. After 2 min on ice, 500 pl of LB medium and 20 mM Glucose
was added. Subsequently, bacteria were shaken for 1 h at 37 °C before plating on LB agar
plates with the required antibiotic, then left to form colonies overnight at 37 °C. XL10-Gold
Ultracompetent Cells were transformed according to manufacturer’s instructions.
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4.2.2. Plasmid DNA Purification

For Minipreps single colonies were picked from LB agar plates and grown in 5 ml LB medium
in presence of the required selection antibiotic overnight at 37 °C shaking. The DNA was
purified from pelleted bacteria using the Zymogen Research ZR Plasmid Miniprep Classic kit
(D4054), according to manufacturer’s instructions. When more DNA was required, Midipreps
were performed from 100 ml of bacterial culture, using the Invitrogen Midi kit (K210005). DNA
concentrations were then measured using 1 pl of DNA with a NanoDrop 1000 Spectropho-
tometer (Thermo Scientific, USA).

4.2.3. Glycerol Stock

Glycerol stocks were prepared from the same cultures as those for Minipreps. 700 pl bacteria
in LB media was combined with 300 pl glycerol, thoroughly mixed and frozen at -80 °C.

4.2.4. Agarose gel electrophoresis

Agarose gels of 0.8-2 % were prepared by dissolving agarose in TAE. DNA samples were
mixed with 6x Orange G loading buffer and then loaded into the gel. The 1 kb DNA Ladder
(New England BioLabs, USA) was used as a marker. After running the agarose gels in TAE
buffer, they were incubated in an Ethidium bromide bath (0.025 mg/ml) and subsequently visu-
alized under UV light using a transilluminator gel documentation device. For gel extractions,
the DNA was excised with a scalpel and purified using the microcentrifuge protocol of the
QlAquick Gel Extraction Kit (Qiagen, Germany).

4.2.5. Polymerase chain reaction

Polymerase chain reaction (PCR) was used to amplify selected sequences of DNA during
subcloning. Standard PCR reactions were performed using Phusion High-Fidelity DNA Poly-
merase (New England BioLabs, USA) in a 50 pl reaction that was prepared as shown in Table
4.12. All components were mixed on ice and cycling conditions were chosen as depicted in
Table 4.12, bottom part

Additional, PCR was used to verify the presence of a gene of interest after cloning and trans-
formation into bacteria by performing colony-PCR. Here, instead of template DNA a small bit
of bacteria from bacterial colonies on agar plates were added to the 50 pl reaction. To the
cycling an initial start phase of 5 min at 95 °C was added to break down the bacteria.
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Table 4.12.: Standard Polymerase Chain Reaction

Component Amount
5x Phusion GC Buffer 10 pl
dNTP Mix 10 mM 1ul

DNA template 10 ? 20 ng

10 uM primer 1 Forward 2.5y
10 uM primer 2 Reverse 2.5 pl
DMSO (optional) 1l
nuclease free ddH-O to 50 pl
Phusion DNA Polymerase 0.5 pl
Total 50 pl

Cycle Temperature Time

1x 98 C 60 sec

98 C 10 sec
35x 65-72C 30 sec

72C 30 sec per kb
1x 72C 5 min

4.2.6. Gateway recombination

The Gateway system enables recombination of DNA sequences between the Gateway- cas-
settes, which occurs either between the attB/attP sites or attL/attR sites to create Gateway
Entry or Gateway Destination vectors, respectively. Most of the Gateway Entry plasmids used
in this study were gifts from the Tony Pawson Lab. The sequences of ROBO1, ROBO4 and
PXN had to be introduced into the Entry vector via the respective PCR products containing
attB sites to recombine with the attP sites of the Entry vector during BP Clonase reaction.
To obtain expression plasmids of a gene of interest LR Clonase reactions were performed to
shuffle the gene of interest between the Gateway Entry and Destination plasmids. Both, the
Gateway BP Clonase Enzyme Mix and the Gateway LR Clonase |l Enzyme Mix (Invitrogen,
USA) were carried out following the manufacturer’s instructions. Gateway Destination vectors
used in this study are listed in Table 4.3.

4.2.7. Creator Recombination

Donor clones with cDNAs of ARHGAP39 and other genes were available as donor plasmids
of the Creator recombination system (Tony Pawson lab, Toronto). Subcloning into acceptor
expression plasmids with the different epitope tags was then done by Creator recombination
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that was described previously (Colwill et al., 2006). The acceptor vectors used are listed in
Table 4.3 and the components of the reaction and their amounts used are shown below.

Component Amount

Donor Plasmid 500 ng
Acceptor Plasmid 500 ng

BSA 1ul
Cre 10x Buffer 1l
Cre Enzyme 0.5 ul
ddH,O up to 10 pl
Total 10 pl

The reaction was pipetted at room temperature (RT) and incubated for 15 min before heat
inactivation of the Cre enzyme for 10 min at 70 °C. After cooling the total reaction was trans-
formed into DH5a and plated onto sucrose chloramphenicol plates. If possible three colonies
were picked to be screened. Colonies were then grown overnight in approximately 5 ml LB
media containing kanamycin. Purified DNA was digested at 37 °C for 1 h with the restric-
tion enzymes Ascl and Pacl (New England Biolabs), to cut out the insert from the backbone.
Resulting fragments were then assessed by agarose gel electrophoresis. Where necessary
clones were sequenced by Source Bioscience with primers O19 and O20.

4.2.8. Site-directed mutagenesis

Subsequent point mutation and deletion/truncation constructs were created by site-directed
mutagenesis using the QuikChange Il XL kit (Agilent Technologies, USA), following manu-
facturer’s guidelines by using the Pfu polymerase. After PCR reaction the amplified product
was incubated with Dpn1 at 37 °C for 4 h, digesting methylated template DNA, leaving the
newly made unmethylated mutant DNA. Part of the reaction was transformed into XL10 Gold
bacteria according to protocol (Invitrogen).

4.2.9. In-Fusion HD cloning

The In-Fusion Cloning technology (Clontech) is the recombination of DNA fragments with a
15 bp overlap at their ends into any linearized vectors containing the complementary 15 bp
at the ends. The advantages are that no restriction digestion, phosphatase treatment, or
ligation are required during the cloning process. In-Fusion cloning was performed to obtain
ROBO1, ROBO4, SLIT2 and zfARHGAP39 Gateway Entry plasmids and ROBO2 Creator
Donor plasmid (see Table 4.4).

According to the manufacturer’s protocol gene specific primers were designed with a 15 bp
overlap at their ends being complementary to the ends of the linearized vector. Therefore,
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the vectors were cut with the required restriction enzyme(s), run on a 0.8 % agarose gel and
purified from the gel using the QIAquick Gel Extraction Kit (Qiagen, Germany). Primers for
PCR-based amplification of the insert with containing the overlap were designed using the on-
line tool provided by Clontech (at http://bioinfo.clontech.com/infusion/). Phusion polymerase
was used for standard PCR to amplify the insert. Part of the PCR product was run on a 0.8 %
agarose gel to check its purity and the rest was spin-column purified (Thermo Scientific). Fi-
nally, the In-Fusion reaction was pipetted containing the linearized vector, the amplified insert,
the In-Fusion enzyme mix and water up to 10 pl. The reaction was incubated for 15 min at
50 °C and transformed into XL10 Gold Ultracompetent cells (Agilent) following manufacturer’s
instruction. Grown colonies on agar plates were tested via colony-PCR.

4.2.10. RNA isolation

Samples for RNA isolation were either whole zebrafish embryos, FACS-isolated endothelial
cells of zebrafish embryos or cultured cell lines. To isolate RNA from cells, they were collected
in TRIzol reagent (Ambion) according to manufacturer’s guidelines. After 5 min of incubation
at RT Chloroform was added to the samples, vigorously shaked and centrifuged for 15 min at
max. speed at 4 C. The upper phase was transferred into a new eppendorf tube, to which ice
cold isopropanol was added. The samples were incubated for 10 min at RT and centrifuged
for 10 min at max. speed at 4 C. The RNA pellet was then washed with 75 % ethanol and
centrifuged for 5 min at 7.500 g at 4 C. The obtained pellet was then air-dried for 15 min and
dissolved in 30 pl of RNAse-free ddH>O while incubating in a heat block set at 55-60 °C for
10-15 minutes. The integrity of the isolated RNA was tested on a 2 % agarose gel and then
stored at -70 °C.

Differences in the RNA isolation protocol for the collected fish embryos were that they were
resuspended in 800 pl of TRIzol. Then 200 pg glycogen was added as a carrier molecule to
increase the RNA yield. Subsequently, 160 pl Chlorofom was added, vigorously shaked and
centrifuged for 15 min at max. speed at 4 C. After phase separation, 400 pl isopropanol was
added to the upper phase and incubated for 1 h at -20 °C. The last steps are identical to the
procedure for harvested cells described before.

4.2.11. cDNA synthesis

First strand cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific) following the manufacturer’'s guidelines. Oligo (dT)18 primer were used for human
RNA, random hexamer primer were added to samples of zebrafish RNA. The reagents RNase
free water, template RNA, primer, 5x Reaction Buffer, RNase Inhibitor, ANTP Mix and Revert
Aid M-MulV Reverse Transcriptase were pipetted in the order suggested by the manufacturer.
Negative controls contained the same reagents, but the Reverse transcriptase was missing.
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4.2.12. Quantitative Real Time PCR

Quantitative real time PCR (gRT-PCR) was performed differently for detection of ARHGAP39
mRNA in human cell lines or in zebrafish tissue. For human cell lines 2x Absolute gPCR
SYBR Green Mix (Thermo Scientific) was used according to manufacturer’s conditions, using
0.5 uM of primers and 100 ng of cDNA. A three step cycling protocol was chosen, following
the guidelines of the manual by using a Bio-Rad C1000 Thermal Cycler to amplify cDNA
fragments and the Bio-Rad iQ software to analyse the melting curves. Obtained data of gene
expression were normalized against GAPDH.

cDNA from zebrafish was subjected to the TagMan Gene Expression Assay (Applied Biosys-
tems) following the manufacturer’s protocol. 25 ng of cDNA and 100 pmol/ pl of each Arhgap39
primer and FAM-5’-Arhgap39-3’-TARA probe were added to the TagMan Master Mix. Primer
probe sets (FAM and TAMRA labels) were obtained from BioTez (Berlin Germany). Amplifi-
cation was carried out using an ABI Prism 7000 thermocycler (Applied Biosystems), running
the PCR cycle 50 times. Gene expression data were normalized against elongation factor 1-o.
(EF1-0).

4.2.13. DNA amplification for generation of riboprobes for in situ hybridization

Specific DNA fragments of mouse and zebrafish Arhgap39 were amplified from E12.5 or 72
hpf whole embryo cDNA, respectively. Murine cDNA was provided from Dr. Ines Lahmann
(Birchmeier lab, MDC), zebrafish cDNA was provided from Katja Meier (Gerhardt lab, MDC).
For amplification the Taq polymerase (Thermo Fisher) was used according to the manufac-
turer’s guidlines including 0.5 pM of primers, 200 uM of dNTPs, 1 pl of cDNA and 1 U of
Taqg polymerase. Cycling parameters were identical to Table x. The purified PCR products
(QlAquick Gel Extraction Kit) were cloned into pGEM-T Easy plasmid using T4 DNA ligase
(Promega). After transformation into XL10 Gold Ultracompetent cells colonies were applied
to colony-PCR to check if the cDNA was inserted into the plasmid. The enzyme Sacll was
used to linearize 10 pg of plasmid containing the msArhgap39 or zfArhgap39 fragment for 4 h
at 37 °C. In vitro transcription of the antisense probe was performed using DIG-RNA labeling
kit (Roche) to transcribe 500ng of plasmid for 2h at 37 °C. Labeled cDNA was then purified
using RNeasy clean-up kit (Qiagen) and eluted in 50 pl ddH»>O. The probes were stored in 50
% formamide at -80 °C.

4.2.14. Preparation of frozen sections

Frozen mouse embryos were cut in approximately 16 pum thick slices for in situ hybridiza-
tion on a cryostat (Microtom HM560, Walldorf). The sections were collected on glass slides
(Marienfeld) and dried for 2h at 37 °C. The slides were stored at -80 °C.
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4.2.15. In situ hybridization of cryosections

In situ hybridization of cryosections was performed in collaboration with Maciej Czajkowski.
Cryosections were postfixed in cold 4 % PFA for 10 min and washed 3 times in PBS. The slides
were incubated for 10 min in acetylation buffer, washed 3 times in PBS and prehybridized for
2h at RT in hybridization buffer. The DIG-labeled probes were diluted in hybridization buffer
(1l probe per 100 pl) and denatured for 5 min at 80 °C before adding it onto the slides and
covering it with Sigmacote (Sigma) coated coverslips coverslips. The hybridization was car-
ried out overnight at 65 °C in a humidified chamber. Washing of the slides followed in 5x SSC
for 5 min, then in 0.2x SSC for 1h at 70 °C, followed by 5 min in 0.2x SSC and 5 min in B1
buffer at RT. After incubation with blocking solution for 1h at RT, the slides were then incu-
bated overnight at 4 °C with AP-conjugated anti-DIG Fab fragments (Roche) diluted 1:2000 in
blocking solution. The next day, the slides were washed three times for 5 min in B1 buffer and
one time with NTMT. Then they were incubated at RT in /n situ staining solution containing
NBT (Roche) and BCIP (Roche). After the signal was detected, the reaction was stopped by
washes in ddH2O. The slides were air dried and covered with Shandon Immu-Mount (Thermo
Scientific). Images of cryosections were captured using the automated stitching function of
the Keyence Fluorescence Microscope BZ-X.

4.2.16. In situ hybridization of zebrafish embryos

Zebrafish embryos were dechorinated (removal of the chorion) and then fixed in 4 % PFA for 2
h at RT. After washing three times in PBT they were dehydrated in PBT containing increasing
concentrations of MeOH (from 25 %, 50 %, 75 % to 100 %), each step for 5 min at RT and
then stored at -20 °C.

The next day animals were re-hydrated in PBT containing decreasing amounts of MeOH (from
100 % to 25 %) and washed three times in PBT, each step for 5 min at RT. Subsequently,
embryos were treated with Proteinase K (10 ug/ml in PBT) at RT for 8 min. The fish were then
washed three times in PBT for 10 min and fixed again in 4 % PFA for 20 min, followed by three
more washes in PBT for 5min, all steps were performed at RT. The animals were incubated
with Pre-hybridization mix (Hybridization mix without heparin and tRNA) for 1 h at 65 °C in a
humidified chamber. Before hybridization, the probes were denatured for 5 min at 95 °C, using
500 ng of probe in 500 pl of Hybridization buffer. The Hybridization mix was pre-warmed to 65
°C, then added to the embryos together with the probes and incubated together over night at
65 °C in a humidified chamber.

The following day embryos were washed in Pre-Hybridization mix with increasing concentra-
tions of 2x SSC buffer (from 0 %, 25 %, 50 %, 75 % to 100 %), each washing step was
performed for 5 min at 65 °C in a humidified chamber. Next, the animals were incubated with
0.2x SSC buffer for 5 min at 65 °C, followed by 15 min at RT. RNAse digestion followed by
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treating the fish with RNase buffer for 5 min at RT before addition of 150 pl of RNAse (stock 10
mg/ml) to 15 ml of RNAse buffer and incubation for 45 min at RT. The fish were then washed
twice in MAB-T buffer for 5 min at RT and blocked in 2 % Boehringer Blocking reagent in MAB-
T buffer for a minimum of 1 h at RT. The antibody diluted 1:4000 in 2 % Boehringer Blocking
reagent/MAB-T (1 ml) was added to the fish and incubated over night at 4 °C while shaking.
The next day, the embryos were transferred into new Falcon tubes and washed four times in
MAB-T buffer for 30 min at RT. After transferring them into 24 well plates, they were washed
twice for 15 min in NTMT buffer at RT and then incubated with BM Purple staining solution
(Sigma, Germany) at 65 °C in a humidified chamber and afterwards at 4 °C for varying time
points. To stop the reaction the animals were washed twice in NTMT buffer. They were further
washed twice in PBT for 5 min at RT and incubated in 70 % EtOH for 1 h at RT. To store them,
the embryos were incubated with increasing concentrations of glycerol in PBT (from 20 %,
40 %, 60 % to 80 %), each step for 20 min at RT. Th emebryos were imaged using a Zeiss
intravital microscopy (Zeiss Axioscope A1, Carl Zeiss Microlmaging, Jena, Germany) with a
20x (N.A.0.50) water-emersion objective.

4.3. Biochemistry

4.3.1. Cell Lysis

The preparation of protein samples was carried out on ice at all times. Cells were washed in
ice cold PBS with Ca®* and Mg?* (PBS**) once and resuspended in 5 ml PBS**. As HEK293T
cells easily detach they were harvested by merely pipetting up and down in PBS**. HelLa cell
were scraped directly into PBS** with a cell scraper (Nunc, USA). Cells were then pelleted by
centrifugation at 400 RCF for 5 min at 4 °C. After aspiration of the supernatant the cells were
resuspended in NP40 lysis buffer with cOmplete Protease Inhibitor and incubated 10-15 min
on ice. Lysates were then cleared by spinning at 18,000 RCF for 5 min at 4 °C and subse-
quently transferred to new eppendorf tubes. 10 pl of cell lysate was used for determination of
protein concentration if necessary. The rest was mixed with 6x SDS sample buffer and boiled
for 5 min at 95 °C. Protein samples were stored at -20 °C for short term and -80 °C for long
term storage.

4.3.2. Determination of protein concentration

Overall protein concentration in lysates was measured with Precision Red Advanced Protein
Assay (Cytoskeleton) according to manufacturer’s instructions. 10 pl of the protein lysate was
combined with 1 ml of Precision Red reagent and the absorbance was measured after 1 min
at 600 nm. Multiplying the absorbance with 10 equals the total protein concentration in pg/ul.
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4.3.3. Immunoprecipitation

Immunoprecipitation (IP) experiments of transiently expressed protein were performed using
HEK293T cells, which were transfected when 80 % confluent. For a 100 mm dish up to 25
pg of DNA were transfected using PEI (section 2.4.2). Cells were harvested as described
above the following day in 400 pl NP40 lysis buffer with cOmplete Protease Inhibitor. 60 pl of
the cleared lysates were kept for blotting controls, combined with 12 pl 6x SDS sample buffer
and boiled for 5 min at 95 °C. The rest of the lysates were added to 20 pl of either Flag-M2
affinity gel (Sigma), or Protein G Sepharose beads (Fast Flow, Sigma) coupled with anti-GFP
(ab290, Abcam). 20 pl of ProteinG Sepharose bead slurry had been conjugated with 0.5 pl
of rabbit anti-GFP for 10 min at 4 °C before, for control IPs 1 pul normal rabbit IgG was used.
After minimum of 1 h rotation at 4 °C, beads were washed three times in NP40 lysis buffer and
eluted with 2x SDS sample Buffer for 20 min at 37 °C. Samples were again centrifuged at 800
x g for 1 min at 4 °C, subsequently the supernatant was separated from the beads and boiled
at 95 °C for 5 min. Lysates and IP samples were analyzed by Western Blot.

For endogenous IP of ARHGAP39, HEK 293T cells grown on 150 mm dish were transfected
with 20 ug DNA of ROBO1. The transfected cells were directly lysed in NP40 lysis buffer sup-
plemented with cOmplete protease inhibitor cocktail (Roche) and scraped of the cell culture
dish. 4 mg protein was incubated over night at 4 °C with 4 ug of ARHGAP39 antibody or IgG
control. 40 pl of beads were then added per sample for 30 min. Samples were centrifuged
and the supernatant was kept to check if there is unbound protein in the lysate. Next, the
samples were washed three times in NP40 lysis buffer and eluted with 2x Sample Buffer for
20 min at 37 °C.

In the case of stimulation with recombinant SLIT2 (Peprotech), ROBO1 transfected HEK 293T
cells were treated with 5 pg/ml of SLIT2 in DMEM- containing 0.2 % BSA for the indicated

time points.

4.3.4. SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate
proteins according to their molecular weight. 7.5 %, 10 % or 12 % acrylamide gels with a 1.5
mm thickness and the following composition were prepared as described in Table 2.11. After
complete polymerization, samples in 2x SDS sample buffer were heated to 95 °C for 5 min.
1x SDS running buffer was added and samples were first run at 80 V for 10 min anf then up
to 200 V until proteins were sufficiently separated. 3 pl of PageRulerTM Prestained Protein
Ladder, 10 to 180 kDa (Thermo Fisher Scientific, USA) were used as marker.
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4.3.5. Coomassie Brilliant Blue staining

Gels were rinsed briefly with water before staining solution containing Coomassie Brilliant
Blue was added for a minimum of 1 h at RT whit gentle agitation. Gels were destained us-
ing destaining solution that was replenished several times until background of gels was fully
destained.

4.3.6. Western Blotting

Subsequently, gels were transferred onto 0.45 um Amersham HybondTM ECLT Nitrocellulose
(GE Healthcare) using a Mini Trans-Blot Electrophoretic Transfer Cell (BioRad) for 90 min at
100 V in Wet Blot Transfer Buffer. Afterwards, membranes were washed briefly with distilled
water before staining with Ponceau S solution (Sigma-Aldrich, Germany) for 5 min. After
washing with TBST membranes were blocked with 5 % Milk Powder in TBST for approximately
1 h, before incubating with the primary antibody overnight at 4 °C. They were then washed
three times for 5 min in TBST, followed by incubation with HRP-coupled secondary antibodies
for 1 h at RT. After washing again three times for 5 min in TBST membranes were incubated
with the LumiGlo Peroxide Substrate (Cell Signaling Technology, USA) for 1 min. Super RX
X-ray films (Fuijifilm, Japan) or for higher sensitivity Amersham Hyperfilm ECL (GE Healthcare
Europe GmbH, Germany) films were exposed for varying times before developing.

In some cases the membrane was subjected to staining with another antibody. Bound antibod-
ies were stripped off by incubating the membrane in stripping buffer (Table 2.10) for 30 min at
65 °C. The membranes were washed twice x 10 min in TBST and blocked in 5 % milk for 1 h.
For subsequent staining, the same protocol as described above was carried out. Membranes
were stored in plastic wrap at -20 °C.

4.3.7. INSTA-BLOT with human tissues

A commercially available INSTA-Blot PVDF membrane (IMB-103, Imgenex) containing 20 pug
denatured proteins from human lysates was processed according to manufacturer’s instruc-
tions using anti-ARHGAP39 antibody.

4.3.8. Peptide Spots

Peptide spot membranes were prepared by the lab of Enno Klussmann, MDC. Peptide spots
(Fmoc-protected amino acids, Intavis) were automated SPOT synthesised on Whatman 50
cellulose membranes (amino-modified acid-stable cellulose membrane with PEG-spacer, In-
tavis) using Fmoc (9-fluorenylmethyloxycarbonyl) chemistry with an AutoSpot-Robot ResPep-
SL (Intavis Bioanalytical Instruments). The spots on the membrane are overlapping 25 amino
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acid peptides, with each spot shifted by five amino acids. Thereby, the N-terminus of ARHGAP-
39 (1-689 aa) and the C-terminus of ROBO4 (494-1003 aa) were spot synthesised.

Membranes were activated with MeOH for 1 min, washed three times for 10 min in TBST and
subsequently blocked for at least 2 h in 3 % filtered BSA. Next, membranes were incubated in
a sealed plastic bag with 5 ml of 10 pg/ml recombinant purified GST-ARHGAP39 WW domains
overnight at 4 °C. The next day, membranes were washed three times for 10 min in TBST and
then incubated with anti-GST primary antibody for 2 h at RT. After three more washes in
TBST, membranes were incubated for 1 h at RT with HRP- conjugated anti-mouse secondary
antibody and developed as explained for Western blot in 2.3.6.

Cloning, bacterial expression and purification of the recombinant GST-ARHGAP39 WW-domain
tandem (1-121 aa) was performed by Anja Schiitz, MDC.

4.3.9. SLIT2 purification

To visualize ROBO1 internalization, ROBO1-Venus transfected HelLa cells were stimulated
with SLIT2 that was purified from conditioned media. To purify SLIT2 from media, SLIT2-
Cherry or -Flag/Venus expression plasmids were transfected in HEK 293T cells plated on 150
mm cell culture dishes. 6h after transfection the medium was changed to 6 ml of DMEM
without phenolred containing 2 % FCS. The next day the media was transferred to a 15 ml
Falcon tube and centrifuged at 4000 RPM for 5 min to remove cells and cell debris. The
supernatant was then added to a concentrator with 100 kDa cut off (Amicon) to concentrate
proteins bigger than 100 kDa in the medium. The total protein concentration was measured as
described in x. 60 pg of the samples were loaded on a 7.5 % SDS-PAGE together with a BSA
standard (100-1000 ng of BSA) to estimated the protein concentration of SLIT2 by Coomassie
Brilliant Blue staining (section 2.3.5).

4.4. Cell culture

4.4.1. Cell Lines

All cell lines were cultured at 37 °C with 5 % CO2, and split every 2-3 days at the indicated
ratios. Cells were washed once with PBS (PAA) before incubation with Trypsin/EDTA (PAA)
for the indicated times. Subsequently, cells were resuspended in the indicated media plus
additives and replated. Cell lines used in this thesis and splitting ratio, trypsination times and
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used media are described in Table 4.14.

Table 4.13.: Cell lines, culturing conditions and splitting ratio

Cell line Origin  Type Media  Additives

MDCK Dog Madin-Darby canine kidney I MEM 10 % FBS, 1 % P/S
Hela Human  Cervical Cancer DMEM 10 % FBS, 1 % P/S
HEK 293T Human Human Embryonic Kidney DMEM 10 % FBS, 1 % P/S
NIH 3T3 Mouse  Fibroblast DMEM 10 % FBS,1 % P/S

Cell line Splitting Density  Trypsination Time DNA Transfection

MDCK 1:8 10-15 min Effectene

Hela 1:10 3-5 min PEI

HEK 293T 1:8 3-5 min PEI

NIH 3T3 1:10 3-5 min Lipofectamine 3000

4.4.2. Transient DNA Transfection

For the individual cell lines different transfection methods were used (Table 2.16). Transfec-
tions were performed according to manufacturer’s instructions of the respective commercially
available transfection reagent. For live cell microscopy, cells were transfected the same day as
they were seeded, a minimum of 3 h later, after cells had adhered. For Co-Immunoprecipitation
(Co-1P), immunofluorescence (IF) and other applications, cells were transfected the day after
seeding.

Polyethylenimine (PEI, Polysciences, USA): Stock solution was prepared by dissolving 1 mg/ml
PEI in water, pH 7 and sterile filtered before use. OptiMEM was incubated with the DNA and
PEI at a ratio of 1:3 (ug:pl) for 15-60 min. The mix was then added dropwise to the cells.

Effectene (Qiagen, Germany): DNA and Enhancer were incubated together in Buffer EC for 5
min. Effectene was added to the DNA:Enhancer mix and incubated for 10 min, before vortex-
ing of the complete mixture for 10 s and adding it to cells. Enhancer and Effectene were both
vortexed before use, and were used at a ratio of 3:1:1 (ul:pl:pg) with DNA. Medium on cells
was changed to OptiMEM (Invitrogen) before transfection.

Lipofectamine 3000 (Thermo Fisher Scientific, USA): The medium on the cells was changed
to OptiMEM before transfection. DNA and p3000 were added to OptiMEM in one eppendorf
tube and Lipofectamine was also added to Opti-MEM in a second eppendorf tube. Both mix-
tures were combined with a final ratio of 1:2:3 (DNA (ug): p3000 (ul): Lipofectamine (ul)) and
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incubated for 5 min before the mixture was added dropwise to the cells.

4.4.3. Counting of Cells

A Neubauer Bright-Line Hemocytometer was used to count cells. 10 pl Trypan blue solution
(0.4 %) were added to 90 pl cell suspension and 10 pl were loaded into the Hemocytometer.
Four squares of 1 mm? were counted. The averaged cell number was multiplied by 10*, which

is the cell number per ml of cell suspension.

4.4.4. Virus Infection

Lentiviruses were produced previously in the Pawson laboratory containing shRNA in a pLKO.1
vector and a puromycin selection cassette. The stuffer control virus contains 1.9 kb stuffer se-
quence in place of the shRNA cassette in the pLKO.1 plasmid. HeLa cells were infected with
the lentiviruses and after 24 h puromycin was added to the media at 2 ug/ml. HelLa cells were
expanded and cultured in the presence of puromycin.

4.4.5. Scratch Wound Assay

HeLa cell lines containing stuffer shRNA or ARHGAP39 shRNA viruses were seeded with
150,000 cells per well on a 24 well plate and were grown to confluence for the next 12 h,
afterwards the medium was changed to starvation medium (DMEM without FCS) for another
12 h. The medium always contained 2 pg/pl Puromycin. Scratches on the cell monolayer
were done with 10 pl pipette tips. Subsequently, cells were washed once in PBS and Imaging
media containing 10 % FCS and 2 ug/ul Mitomycin C (Sigma), to eliminate the effect of cell
proliferation, was added. Mineral oil (Sigma) was added to the wells to avoid evaporation
during imaging. Images of the migrating cells were taken every 15 min using a LUCPLFLN
20X / 0.45 NA, long working distance (6.6-7.8 mm) objective of an Olympus Fluoview 1000
Confocal Microscope, equipped with a temperature controlled incubation chamber that was
heated to 37 °C and set to 5 % CO2 and 65 % humidity.

4.4.6. Transwell Assay

HelLa cell lines containing stuffer shRNA or ARHGAP39 shRNA viruses were seeded on 6 cm
cell culture dishes and starved over night in DMEM (without FCS) containing 0.2 % BSA. The
next day cells were washed with PBS** before trypsinization and resupension in complete
DMEM. Cells were centrifuged for 5 min at 1200 RPM at 4 °C. The supernatant was aspirated
and the cells resuspended in PBS**. Cells were then counted and diluted to 4x10* or 8x10*
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cells in 200 pl per insert in 0.2 % BSA/DMEM containing 2 pg/ul Mitomycin C (Sigma) to
eliminate the effect of cell proliferation.

500 pl DMEM with 10 % FCS were added to the bottom chambers of the 24 well plate. The
PET Transwell inserts were assembled ino the chambers and allowed to become moistened
with the medium. Inserts had been coated with 1 pg/ml Fibronectin (Sigma) before. SLIT2
arrived as powder (Peprotech) and was dissolved in 20mM Tris-HCI pH 8.8 and 150mM NaCl
to a stock concentration of 0.5 pg/ul. If not otherwise stated, 2.5 ug SLIT2 was added to each
well to a final concentration of 5 ng/ul. Subsequently, the 200 pl of cell suspension was added
into the Transwell inserts. In some cases recombinant human Robo1-Fc (stock 100 pg/ml,
RD systems) was added either with 10 pg or with 20 pg to the bottom chambers. After carful
shaking forth and back, the plate was left under cell culture hood for 30 min to allow cells to
settle, before inserts were incubated for the indicated time points at 37 °C and 5 % CO2 in the
incubator.

Inserts were then washed gently in PBS several times to remove unattached cells, followed by
fixation of inserts in 4 % PFA for 10 min at RT. After trying the inserts up-side down for 10 min,
they were washed again three times in PBS**. The inserts were stained with Crystal violet
for 20 min. Cells on the upper surface of the insert membranes were removed with a cotton
swab by wiping the insert relatively strongly. Next, inserts were washed in distilled water and
air dried over night, before their middle regions were imaged in four consecutive rows using
an automated stitching function of the Keyence Fluorescence Microscope BZ-X.

4.5. Zebrafish experiments

Care of zebrafish embryos

Zebrafish were kept at 26.5 °C and bred under standard conditions. Tg(fli:egfo)’?, Tg(flk1:gfp),
Tg(gatata:Dsred) and Tg(flk1:gfp;gatala:Dsred) transgenic zebrafish line were used during
this thesis. After 24 hpf fish were bleached with 1-phenyl 2-thiourea (PTU), an inhibitor of
tyrosinases during melanin formation to stop pigmentation of the embryo and the chorion was
opened with forceps to enable imaging of the embryo.

4.5.1. Hemoglobin staining

On order to visualize the circulating blood cells in zebrafish embryos o-dianisidine staining
was performed. Fish were dechorinated and incubated with the staining buffer (0.6 mg/ml
o-dianisidine, 10 mM sodium acetate (pH 5.2), 0.65 % hydrogen peroxide, and 40 % ethanol)
for 15 min in the dark (after (Kawahara and Dawid, 2001)).
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4.5.2. Morpholino oligomers

In order to study the function of genes during zebrafish development morpholino oligermers
(MO) can be applied to inhibit gene expression that allow to examine effects on the pheno-
type of the fish. Researchers have intensely employed this antisense RNA technique, which
revealed new insight into developmental processes and into gene function (Eisen and Smith,
2008).

MOs typically consist of 25 morpholino bases (morpholino ring and any of the four DNA bases)
and a non-ionic phosphorodiamidate backbone (Fig. A.3 A, Appendix). They are designed to
target a gene transcript via complementary base pairing. The charged backbone allows the
MO to interact with high affinity to the RNA, thereby facilitating steric hindrance of correct
transcript processing or translation (Summerton and Weller, 1997; Summerton, 1999). MO
are usually injected into the yolk of 1 to 8 cell-staged embryos. During these early embryonic
stages cytoplasmic bridges, which connect the cells, allow the rapid diffusion of the hydrophilic
MOs. This leads to a ubiquitous delivery throughout the blastocyst (Nasevicius and Ekker,
2000).

Two types of MOs exist that are classified after the target sequence they bind to in the desired
mRNA transcript. First, translational blocking MOs bind to 5’ untranslated region (UTR) near
the translational start of the pre-mRNA and inhibit the initiation of translation by hindering ribo-
some assembly (Fig. A.3, Appendix) (Summerton, 1999). Second, splice blocking MOs bind
to the pre-mRNA at splice binding sites and thus prevent the spliceosomal components from
binding. Thereby, it creates spliced mRNAs lacking an exon or with an additionally inserted
intron (Fig. A.3, Appendix) (Bill et al., 2009). For this MO Real-time PCR can be used to
identify the knock down of mRNA (Morcos, 2007).

When utilizing MOs to investigate early developmental processes scientist have to consider
potential drawbacks. One problem is that the efficiency of a MO cannot be estimated without
a functioning antibody. Also, the reproducibility of experiments may suffer from the very small
volumes of injected MO. Moreover, a commonly known problem of MOs are their potential
"off-target” effects. Injected MOs may inhibit the function of non-targeted genes or in addition
to the intended gene and thus, the observed phenotype may be only partially the result of the
targeted gene. Suggested controls are for instance the usage of a control MO, of different
MOs targeting the same gene and rescue experiments (Eisen and Smith, 2008).

4.5.3. Injection of morpholino oligomers and expression constructs

Morpholino antisense oligomers (MOs; Gene Tools) were prepared at a stock concentration of
1 mM according to the manufacturer’s instructions and were injected into the yolk of one-cell
stage embryos. Two MOs were used targeting arhgap39: ATG-blocking morpholino oligomer
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M1 and intron-exon splicing morpholino oligomer M2. A MO working solution of 75 uM was
prepared in Danieau solution (58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSOg4, 0.6 mM Ca(NO3)a2,
5.0 mM HEPES, pH 7.6) and water (up to 10 pl). Approximately 2.4 ng of each MO was
injected per egg.

To study the phenotype of Arhgap39 expression and for rescue experiments, poly(A)-capped
arhagp39 mRNA was injected into one-cell stage embryos. Before, arhagp39 had to be cloned
into pCS2+ vector. Sense-capped mMRNA was generated by SP6 Message mMachine (Am-
bion). After purification of poly(A)-capped arhagp39 mRNA approximately 0.5 nl were injected
with 100 ng/ pl.

4.5.4. Zebrafish arhgap39 cloning

To express arhagp39 specifically in the vasculature under the control of the fli promoter, it was
introduced into the Gateway recombination system. arhagp39 was amplified by PCR using
the GoTaq polymerase (Promega) following manufacturer’s guidelines and arhgap39 specific
primers: Fw: ATGGCGGAGAGGTTGGAATGGGTGG and Rv: CTATAGCACCCCGTCCAT-
GAAGCTG. For the BP reaction, arhgap39 PCR product was cloned into the pCR8/GW/TOPO
(Invitrogen) plasmid by TOPO cloning. This method exploits the addition of a single de-
oxyadenosine (A) to the 3’ ends of PCR products, which ligates efficiently with the linearized
vector pCR8 vector containing an overhanging 3’ deoxythymidine (T) residue in the presence
of the enzyme Topoisomerase | from Vaccinia virus. Subsequently, the LR reaction was per-
formed to recombine the pCR8 plasmid with pTolfliep:cherry and pTolfliep:egfp destination
vectors. The obtained constructs, pTolfliep:cherry/egfp-arhgap39 were injected along with
Tol2 transposase RNA into one-cell stage embryos.

4.5.5. FACS of endothelial cells

To measure arhagp39 gene expression in the vasculature, ECs were isolated from non-ECs
by fluorescence-activated cell sorting (FACS). Approximately 1000 Tg(fli-egfo)’’ fish were col-
lected in total at 48 hpf. Fish were separated into 200 fish per 15 ml Falcon tube. Pronase
(0.5 mg/ml, Roche) in E3 buffer was added to each tube to enzymatically remove the chorion,
followed by three washes with E3 buffer. Subsequently, fish were treated with 0.5 % Trypsin
(10x, Sigma) for 3 h, with resuspension of the fish every 30 min with a pipette. The last resus-
pension step was carried out with a syringe to help the dissociation of embryos into individual
cells. The obtained fish lysate was poured through a cell strainer and combined in a 50 ml Fal-
con tube The lysate was centrifuged at 300 g for 10 min at 4 °C. After addition of 500 plof 0.5
% Trypsin and 100 pl of FCS the lysate was centrifuged again as in the previous step. Next,
the lysate was washed in 1 ml of 2 % FCS in PBS. 10 pl of the sample was taken to count
the number of cells (section 2.4.3). The remaining lysate was centrifuged again and 0.5 to 2
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ml of autoclaved PBS was added to the cell pellet depending on the cell number (maximum
of 5x107 cells/ml per tube). The cell suspension was then transferred to a FACS tube. After
FAC-Sorting the sorted cells were centrifuged at 3000 g for 10 min at 4 °C. The supernatant
was aspirated and the cell pellet resuspended in TRIzol and immediately frozen at -80 °C.

4.6. Microscopy

4.6.1. Fluorescence microscopy

Confocal laser scanning microscopy was used for both live and fixed cells, and performed on a
Fluoview 1000 confocal laser scanning microscope (Olympus). Cells were observed through
a UPLSAPO 60X/1.3 NA silicon immersion oil immersion lens. Images were taken with the
following Excitation and Emission settings:

Table 4.14.: Excitation and emission settings

Exitation Emission
Hoechst Ex: 405 nm diode laser (50 mW) Em: 425-475 nm
mCerulean Ex: 440 nm diode laser (25 mW) Em: 460-500 nm
GFP, AlexaFluor488  Ex: Multi-Line Argon laser 488 nm (40 mW)  Em: 500-545 nm
mCitrine, Venus Ex: Multi-Line Argon laser 515 nm (40 mW)  Em: 530-545 nm
AlexaFluor555 Ex: 559 nm diode laser (20 mW) Em: 570-625 nm
mCherry Ex: 559 nm diode laser (20 mW) Em: 575-675 nm
AlexaFluor647 Ex: 635 nm diode laser (20 mW) Em: 655-755 nm

4.6.2. Immunofluorescence

Cells seeded on glass coverslips in a 12-well tissue culture dish, were washed once with
warm PBS**, before fixing with 4 % PFA in PBS for 10 min. Cells were washed twice for 5 min
with PBS at RT between every further step. After washing twice with PBS for min, cells were
treated with permeabilisation buffer for 10 min at RT. Subsequently, blocked for 20 min in 3 %
BSA in PBS. Primary antibodies were incubated in blocking solution for minimum 1 h at RT or
at 4 °C over night. Cells were washed again three times for 5min with PBS before incubation
with Alexa Fluor secondary antibodies for 30 min in blocking solution. Cells were washed three
more times with PBS. The CF568 Phalloidin conjugate (Biotium) was added to the secondary
antibody mixture (1:50). Coverslips were mounted using ProLong Gold Antifade Mountant
(Molecular Probes).

4.6.3. Live Cell Imaging

Cells were seeded on glass bottom MatTek dishes or CELLview dishes containing 4 compart-
ments and transfected later the same day after having time to adhere. Transfected cells were
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imaged the following day in OptiMEM if not otherwise stated.

4.6.4. Time-lapse microscopy of SLIT2 treated cells

For time-lapse microscopy, Hela cells grown on glass bottom dishes (Matek, CELLview, Ibidi
24 well plate) were transfected the same day after the cells had time to adhere. Cell were
transfected with ROBO1 (0.5 pg or 1.5 ug for CELLview and Matek/Ibidi wells, respectively)
or co-transfected with ROBO1 and ARHGAP39 in a 1:1 ration with final amount of 0.6-1 pg of
DNA. Cells were imaged the next day in Imaging medium (FluoroBrite DMEM, Fisher Scien-
tific). Postions of cells chosen to image were saved with the motorized stage (multi-area time-
lapse imaging) of the Olympus Fluoview 1000 Confocal Microscope. Subsequently, SLIT2
purified from conditioned media was added. Amount of SLIT2 in conditioned media was esti-
mated via Coomassie Brilliant Blue staining, comparing the amount of SLIT2 to a BSA stan-
dard (section 2.3.9). Imaging started with acquiring images every 5 min for 30-60 min through
a 60X silicone immersion oil objective.

4.6.5. Live Imaging of zebrafish embryo

In vivo blood flow was imaged using a Zeiss intravital microscopy setup (Zeiss Axioscope
A1, Carl Zeiss Microlmaging, Jena, Germany) with a 20x (0.50 NA) water-emersion objective.
Fish were anesthetized with 0.16 mg/ml tricaine /1 % 1-phenyl-2-thiourea (Sigma) diluted in
E3 buffer after dechorination at the indicated developmental stages.

To image the development of the vasculature in Tg(fli:egfo)’’ fish, they were embedded in
0.5 % low melt agarose (Lonza) diluted in E3 buffer after removing of the chorion. Fish were
first injected with MOs or synthesised mRNA and anesthetized with 0.16 mg/ml tricaine/1
% 1-phenyl-2-thiourea (Sigma) diluted in E3 buffer. At 48 hpf confocal stack images of the
complete fish or the trunk region were acquired using UPLSAPO 20X (0.75 NA, WD 0.6 mm)
or 60X UPLSAPO 60XS (1.3 NA, WD 0.3 mm, silicone oil) objectives, respectively, of the
Olympus Fluoview 1000 Confocal Microscope.

For confocal time-lapse imaging of ISV sprouting, ISV growth and blood circulation Tg(fli:egfo)’
or Tg(flk1:gfp;gatala:Dsred) fish were imaged, respectively. Imaging was done using the HC
PL APO CS2 20x (0.75 IMM, WD 0.68 mm) objective of the inverted Leica TSC SP8 confocall
microscope, equipped with a tandem resonance scanner and 2 Hybrid detectors (HyD), con-
taining laser lines 488/561/633 nm. Fish were embedded as described before and kept at 37
°C and 5 % CO2 in a live cell incubator. Confocal stack mages were acquired of the sprout-
ing/growing ISVs of Ty(fli:egfp)’’ fish every 1.5 min for 10 h. To visualize blood circulation in
To(flk1:gfp;gatala:Dsred) fish with or without MO treatment stacks were imaged for various
times.
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4.6.6. Rho activity sensors

In order to determine the GTPase substrate specificity for ARHGAP39, novel fluorescence
resonance energy transfer (FRET) biosensors for RhoA, Rac1 and Cdc42 were used (Fritz
etal.,, 2013, 2015; Martin et al., 2016). All FRET experiments were performed by Paul Markus
Muller, MDC (transfection, image acquisition, image analysis).

Experiments were performed in HEK293T cells that were plated on a poly-L-Lysine coated
96 well plate (5.5 x 10* cells/well) and transfected with RhoA (pTriEx RhoA-2G WT, Olivier
Pertz, Universitat Bern), Cdc42 (pTriEx Cdc42-2G WT, Olivier Pertz, Universitat Bern) or Rac1
(pTriEx Rac1-2G WT, Olivier Pertz, Universitat Bern) FRET sensors, together with mCherry-
tagged ARHGAP39 and its truncation constructs in the ratio 1:9 (sensors:ARHGAP39 con-
structs). Images were taken 48 h post transfection using an 1X81 inverted microscope (Olym-
pus, Japan) with a 10x UPlanSAPO Objective and a MT20 150 W xenon arc burner (Olympus,
Japan) light source with the following excitation filters, dichroic mirrors and emission filters (Ta-
ble 2.18).

Table 4.15.: FRET excitation and emission settings

Channel Exitation Dichroic mirrors Emission

Donor 430/25 zt442RDC 483/32
FRET 430/25 zt442RDC 542/27
Acceptor  430/25 zt442RDC 542/27
mCherry  572/23 HC BS 593 623/24

All images were shade- and background corrected and a threshold was set based on the
acceptor channel. The FRET ratio is the average intensity of the FRET channel divided by the
average intensity of the donor channel. For each condition five different fields of view were
recorded. Experiments were carried out at 37 °C and always performed in triplicates (three

independent transfections).

4.6.7. Image Analysis

To analyse localisation at focal adhesions together with PXN, Fiji software was used to deter-
mine fluorescence intensity along a selected line (line scan). The Plot Profile tool was used to
analyze pixel intensity along this line.

The Fiji plugin MTrackd was used to track single cells during woundhealing in the Scratch
Wound Assay. Ten cells per scratched well were tracked every 15 min. The cell velocity, mi-
gration distance in total and migration distance into the wound were calculated in Excel using
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the provided raw data from the MTrackd plugin.

To analyse the cell number of migrated cells in the Transwell assay the middle of the inserts
were imaged in four consecutive rows using the automated stitching function of the Keyence
Fluorescence Microscope BZ-X Every second image that did not show border regions of the
insert was then automatically analysed with the free software CELLCOUNTER (Li et al., 2014).

Thickness of ISVS of zebrafish embryos were measured in Fiji. Length of filopodia of growing
sprouts was measured with the plugin Neurite Tracer in Fiji.

4.6.8. Colocalisation analysis

For the colocalisation analysis of co-expressed ROBO1-mcherry and Venus-ARHGAP39 the
JACOP colocalisation analysis toolbox under ImagedJ was used (Bolte and Cordelieres, 2006).
The Venus channel and the mCherry channel images were background corrected and thresh-
olded. Pearson?s correlation coefficient r was calculated and Manders’ coefficients M1 and
M2 were calculated as the fraction of mCherry overlapping with Venus (M1) and the fraction
of Venus overlapping with mCherry (M2). For the object-based colocalisation approach the
option 'Geometricle centre’ was chosen with the Costes’ automatic threshold in the JACoP
colocalisation toolbox. The images shown in this thesis are centres-particles maps showing
the centres-particles coincidence.

4.7. Statistics

For statistical analysis of significance between two sets of data an unpaired Student’s T-test
was used. For comparison of multiple data sets, statistical significance was determined using
the One-way analysis of variance (ANOVA), followed by Tukey’s multiple comparisons. Values
are expressed as the mean (+) standard deviation (SD) or standard error mean (SEM) as
indicated. Significance was set at the 95 % confidence level and ranked as * p<0.05, **
p<0.01, *** p<0.001.
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5. Resulis

5.1. ARHGAP39 interacts with all human ROBO receptors

The starting point of my doctoral thesis was the observation of a preceding mass-spectrometry
screen that ectopically expressed ARHGAP39 associates with endogenous ROBO4. ARH-
GAP39 has not been characterized in mammals and nothing was known about its interaction
and potential function down stream of ROBO receptors. The only evidence about its involve-
ment in ROBO mediated cell locomotion came from two studies of its Drosophila homologue
Vilse/Crossgap and its role in axonal pathfinding (Lundstrém et al., 2004; Hu et al., 2005).

| therefore set out to confirm the interaction of ARHGAP39 with all four ROBO receptors. This
was particularly interesting to study, since it would be the first RhoGAP protein described to be
able to transmit signals from all ROBO receptors to Rho GTPases, including the endothelial-

specific ROBOA4.
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Figure 5.1.: ARHGAP39 binds to all four ROBO receptors
HEK 293T cells transfected with Cit-ARHGAP39 or Cit-Cherry control and Flag-ROBO receptors. Lysates were

subjected to immunoprecipitation with Flag-beads and proteins were detected with anti-GFP and anti-Flag anti-
bodies. Asterisk: Fraction of denatured GFP-IgG antibody.
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| performed co-immunoprecipitation (Co-IP) experiments of the ROBO receptors co-expressed
with Cit-ARHGAP39 or Cit-Cherry control. Indeed, ARHGAP39 specifically bound to all recep-
tors (Fig. 5.1), supporting the hypothesis that ARHGAP39 binds to a sequence motif present
in all human ROBO receptors. Overexpressed ROBO3 (MW 150kDa) showed three bands
with slightly different MWs in the lysate and in the eluate. Post translational modifications
such as phosphorylation or glycosylation might account for these different populations.
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5.2. ARHGAP39 is involved in vessel growth during angiogenesis

| demonstrated that ARHGAP39 interacts with the vascular-specific ROBO4 receptor. This
implies a novel role of ARHGAP39 in cell guidance in the vascular system. While it has not
been convincingly demonstrated whether SLIT/ROBO signalling promotes or inhibits EC mi-
gration, or whether it stabilizes or destabilizes the vasculature, it is apparent that deregulation
of the SLIT/ROBO pathways dramatically impairs the morphology and function of the vascular
system (Park et al., 2003; Seth et al., 2005; Bedell et al., 2005; Jones et al., 2009a).

In order to examine the potential function of ARHGAP39 during angiogenesis the formation of
the intersomitic vessel (ISV) in zebrafish was chosen as a model system. The following ex-
periments in this section were conducted in collaboration with the laboratory of Dr. Ferdinand
le Noble (now at the Karlsruher Institute of Technology) under the supervision of Katja Meier
(MDCQ).

5.2.1. Identification of arhgap39 genes in zebrafish

To commence with experiments in zebrafish | had to first confirm the existence of an ARHGAP-
39 homologue in the zebrafish genome. By searching for the human ARHGAP39 protein
sequence using the Basic Local Alignment Sequence Tool (BLAST) | found 3 predicted par-
alogous genes in zebrafish. The appearance of duplicated genes is not uncommon in the
zebrafish genome, about 30 % of the mammalian genes have two or more orthologues (Howe
et al., 2014). The highest score in the BLAST alignment was obtained for the transcript of the
gene si:ch211-218p13.1 (ENSDART00000113684.1) on the forward strand of chromosome
20, which was therefore chosen for gene targeting and further experiments. The other two
paralogues were predicted on chromosome 11 and chromosome 23, the genes zgc:92107
and si:ch211-218g4.2, respectively (Fig. 5.2 A, indicated with arrow heads). The transcripts
and their putative domain architecture are summarized in the Appendix (Fig. A.1, Appendix).

By PCR I then confirmed the presence of this predicted arhgap39 transcript ENSDART00000
113684.1 on chromosome 20 in the zebrafish genome. Six sequenced clones showed varia-
tions in their nucleotide sequence at the same positions compared to the predicted sequence.
However, the only observed change on the protein level was a deletion of two amino acids
(Fig. A.2, Appendix). From here on, | refer to this gene as arhgap39 and its translated protein
as Arhgap39. This transcript was cloned into a Cit-expression vector and overexpressed in
MDCK cells. Overexpressed Arhgap39 localised at the plasma membrane and basal mem-
brane in MDCK cells (Fig. 5.2 B), similar to the human orthologue, which will be described
later in section 5.3.2 (Fig. 5.16), strongly suggesting that its subcellular targeting information

is evolutionary conserved.
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Figure 5.2.: Identification of the predicted arhgap39 paralogous genes in zebrafish

A lllustration of the of the location of the Arhgap39 paralogues on the zebrafish chromosomes, depicted with
red arrow heads. Dark red arrow head shows the Arhgap39 transcript (ENSDART00000113684.1) with the
highest similarity to the human ARHGAP39 transcript. B Overexpression of zebrafish Cit-Arhgap39 (ENS-
DART00000113684.1) in MDCK cells. Live cells were imaged by confocal microscopy. Abbreviations: zf: ze-
brafish. Scale bar: 10 um

| verified the existence the transcript ENSDART00000113684.1 in zebrafish functionally. Sur-
prisingly, the ENSDARTO00000113684.1 transcript is no longer annotated in the databases
at the time of writing. According to Ensemble the entry was retired and replaced by the
another transcript (CABZ01087488.1), which is also located on chromosome 20 on the re-
verse strand (Fig. A.1, Appendix ). The new transcript contains the C-terminal half of the
ENSDART00000113684.1 transcript and could thus be a shorter isoform. Therefore, it is

questionable if the new transcript is functional relevant.

5.2.2. arhgap39 is expressed in neural and endothelial tissue in zebrafish

Next, | next wanted to investigate where and when arhgap39 is expressed in the developing
fish. | designed in situ probes for whole mount hybridisation to detect its expression at different
stages during embryonic development.

The onset of arhgap39 expression was observed at 24 hours post fertilization (hpf), which
then increased over time. The signal was restricted to different parts of the brain, whereas
the arhgap39 sense probe, used as a negative control, did not give a signal (Fig. 5.3 A). |
could not detect arhgap39 expression in the vasculature. This might be due to low mRNA
transcript levels or insufficient probe sensitivity. By fluorescence activated cell sorting (FACS)
GFP labelled ECs of the transgenic fish strain Tgfli:egfp)’' (Lawson and Weinstein, 2002) were
separated from the remaining cell population and arhgap39 mRNA levels were determined by
TagMan quantitative real time (QRT-)PCR. This way arhgap39 mRNA expression was readily
detected in EC, albeit at a lower level than in the non-ECs (Fig. 5.3 B).
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Figure 5.3.: arhgap39 RNA expression in brain and in EC in zebrafish

A Embryos were fixed at the indicated developmental stages and subjected whole-mount in situ hybridisation
with arhgap39 anti-sense or sense riboprobes for 30 h. arhgap39 expression was only detectable in the brain,
appearing at 24 hpf with increasing signal until 48 hpf. Brain structures showing arhgap39 expression are: 1: the
forebrain, 2: the midbrain and 3: the hindbrain. B Results of the TagMan gRT-PCRs show relative arhgap39 levels
in endothelial cells (ECs) compared to non-ECs. Fish were collected from two independent rounds of injection at
48 hpf. Abbreviations: hpf: hours post fertilisation, EC: endothelial cells. Scale bar: 100 um

5.2.3. arhgap39 knockdown impairs vessel growth in zebrafish

Robo4 receptor signalling was shown to be required for correct vesssel sprouting and growth
of the ISVs (Bedell et al., 2005). | asked if arhgap39 depletion would also affect the formation
of blood vessels, because | speculated that Arhgap39 is a downstream effector of Robo4.

To knock down arhgap39 gene expression | designed two different morpholino oligomers
(MO). One is a translation blocking morpholino (MO1), that binds at the start ATG codon
and the sequence upstream in the 5’ UTR of the arhgap39 transcript. The second morpholino
is a splice blocking morpholino (MO2) that binds at the exon1-intron1 boundary (Fig. A.3,
Appendix)

The first step in using morpholino oligomers is to determine the optimum delivery dose. This
provides information regarding phenotypic severity and MO toxicity. For instance with increas-
ing dosage of the MO also morpholino toxicity is enhanced. Critical guidelines for MO use
suggest to consider the lethal dose 50 (the dose at which 50 % of the injected fish die) for
each MO as the upper limit of injection dose (Bill et al., 2009; Bedell et al., 2011). Tg(fli:egfo)
fish were injected with varying concentrations of MO1 and MO2 (Fig.). At 48 hpf | classified
the fish into three groups: without phenotype; with defects in the ISVs (MO phenotype); and
dead/severe phenotype (‘monster’ phenotype showing severe overall deformity, (Bedell et al.,
2011)).

| observed that animals injected with 2.4 ng per embryo showed the highest percentage of fish



70 5.2. ARHGAP39 is involved in vessel growth during angiogenesis

A B

100- 100 0w 107
: : Emm e
3 3 >
& g <
(0] (0]
T 50 T 504 € 05
- = E
O (@] [0)
s S 2
5 5 5
R 01— : T R 0-— . . = 0.0-
o © © ©O © © Yy A
O " a8 SR
LS NS S
o OO g I ©
ANUSEENEER NN\

3 normal phenotype
3 MO phenotype
@@ severe phenotype

@)

24 hpf

control

MO2 1

MO2

_

o

o
1

-

o

o
]

% of MO1 injected fish
3

% of MO2 injected fish
($)]
?

Figure 5.4.: see next page



5. Results 71

Figure 5.4.: Delayed and aberrant vessel growth in arhgap39 knockdown zebrafish

A Diagrams depict the percentage of observed phenotypes of MO1 and MO2 injected embryos at 48 hpf (left and
right diagram, respectively) depending on the dosage amount that was injected. Embryos were classified into three
groups: no phenotype, fish having defects in ISVs, severe phenotype. B TagMan qRT-PCR results show reduced
expression level of arhgap39 in MO2 injected fish compared to non-injected control fish. Fish were collected from
three independent rounds of injection. C Control fish and arhgap39 morphants (MO1 and MO2) were imaged
after 24 hpf and 48 hpf with a confocal microscope, respectively. arhgap39 MO1 injected fish was imaged with
normal light microscope after 48 hpf, therefore, the yolk sac gave more background during imaging. MO1 is an
ATG translation blocking morpholino and MO2 is an exon-intron splice boundary blocking morpholino. Morphant
fish were injected with 2.4 ng of the corresponding morpholino per embryo. Scale bar: 100 um D y-axis depicts
percentage of MO1 injected fish (left) and MO2 injected fish (right) that showed the arhgap39 knockdown pheno-
type. Injection was repeated in three independent experiments with a total number of 571 fish for MO1 and 281
animals for MO2. Asterisk: indicates enlarged heart. Abbreviation: MO: morpholino, hpf: hour post fertilization.

with defective ISVs and simultaneously the percentage of embryos showing a severe pheno-
type was relatively low according to the LD50 (Fig.5.4). Therefore, this dose was used in the
following experiments. Moreover, this amount is within the recommended range from 1.5 ng
to 5 ng of MO, since it was shown that fish injected with 6 ng or more displayed defects that
can be considered as off-target effects (Bill et al., 2009).

After determining the working concentration of the morpholino oligomers | analysed the
arhgap39 knockdown phenotype in three independent rounds of injections. The morpholino
oligomers were each injected in Tg(fli:egfo)’! fish and compared to uninjected control fish.
During the first 24 hpf of development | observed a delay in vessel growth in arhgap39 de-
pleted animals (Fig. 5.4 A). After 48 hpf the knockdown fish showed defects in their ISV
compared to the control fish. Furthermore, arhgap39 embryos were smaller in size, some
showed slightly bent tails (Fig. 5.4 B), and frequently enlarged hearts were observed, indicat-
ing problems with the blood flow in their ISVs (asterisk in Fig. 5.4 B, middle panel). Of the
MO1 and MO2 injected fish approximately 60% were then classified as morphants in three
independent rounds of experiments. Whereas, 23% of the injected fish showed no obvious
phenotype and the rest were counted as dead or severely damaged fish.

The decrease of the arhgap39 mRNA in the morpholino injected animal was confirmed by
TagMan gRT-PCR. This approach was only possible for animals injected with MO2, since the
mRNA is still properly processed using the translation blocking MO1. The relative levels of
arhgap39 mRNA in the MO2 morphants was reduced by approximately three fold compared
to control fish (Fig. 5.4 C).
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Figure 5.5.: arhgap39 knockdown fish show defects in ISVs

A Confocal images of ISVs in control or arhgap39 knock down fish at 48 hpf. Scale bar: 100 um B Schematic
drawing of a zebrafish. Red box indicates the rostral part of the animal, where the ISVs were analysed for
the statistics. C lllustration depicts ISVs phenotypes used for their classification. D Bar diagram showing the
percentage of the different vessel phenotypes observed in the rostral region of MO1 and control animals at
48 hpf. E Diagram depicting the average vessel diameter of ISVs in the rostral region of MO1 and control
fish. For MO1 injected and the control uninjected fish 47 and 18 animals, respectively, were examined. To-
tal numbers of measured ISVs for MO1 morphants and control fish are 601 and 182, respectively. F Bar di-
agram showing the percentage of the different vessel phenotypes observed in the rostral region of MO2 and
control fish at 48 hpf. G Diagram depicting the average vessel diameter of ISVs in the rostral region of MO2
and control animals. For MO2 injected and the control uninjected fish 27 and 6 animals, respectively, were
examined. Total numbers of measured ISVs for MO2 morphants and control fish are 543 and 130, respec-
tively. The difference in the average vessel diameter in F and G is due to imaging wit a light microscope
or a confocal microscope, respectively. Both MOs were injected with 2.4 ng per embryo. Asterisks denote
statistical significance as calculated by Student’s t-test. Significance was ranked as *** p<0.001. Abbrevia-
tions: MO: morpholino, ISV: intersomitic vessel, DA: dorsal aorta, DLAV: dorsal longitudinal anastomotic vessel.

5.2.4. arhgap39 morphants exhibit reduced vessel diameter

| then further analysed the defective ISVs in the rostral part of arhgap39 zebrafish embryos
in more detail, because they exhibited various phenotypic changes. For instance, the vessel
lumen was defective, the sprouts were incompletely formed or showed aberrant branching.
Representative images of the observed defects are depicted in Figure 5.5 A. Each individual
vessel along the yolk tube was then classified into the categories: missing vessels, aberrant
branching, very thin vessels or with an enlarged lumen (Fig. 5.5 B and C). The analysis was
performed in MO1 and MO2 injected fish and compared to uninjected control animals. In the
arhgap39 morphant fish | observed a drastic increase in ISVs showing a very thin lumen, but
also missing vessels, vessels with enlarged lumen or branching defects were found. In control
animals only a small fraction of very thin ISVs were counted, whereas the other defects could
not be found (Fig. 5.5 D: for MO1, E: for MO2).

Since the most frequent phenotype of the impaired rostral ISVs was the reduction in vessel
lumen | measured the vessel diameter of all the ISVs included in the analysis in Figure 5.5
E and D. For both morpholinos | found that the vessel diameter of the rostral ISVs was sig-
nificantly decreased (p<0.0001) compared to ISVs of control fish (Fig. 5.5 F: for MO1, G: for
MO2).
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5.2.5. arhgap39 mRNA fish show impaired ISV development

After studying the effects of arhgap39 loss in zebrafish | set out to examine the effect of
arhgap39 overexpression on ISV formation. | therefore generated arhgap39 mRNA and tested
its optimum delivery dose. At 48 hpf the injected animals were categorized into: without phe-
notype, defects in the ISVs (RNA phenotype), and dead/severe phenotype. The apparent best
ratio of fish with no phenotype to RNA phenotype to severe phenotype was obtained at a dose
of 50 pg per embryo, which was used in subsequent experiments, if not otherwise stated (Fig.
5.6 B). This dose is in the recommended dose range between 50 pg to 1 ng per embryo (Bill
et al., 2009), and thus a good indication that observed defects are due to mMRNA expression
and not due to toxicity.

The Arhgap39 fish showed a moderate bending of the tail and their ISVs exhibited similar
defects as mentioned before for the knockdown fish (Fig. 5.6 A) Approximately 60 % of the
arhgap39 mRNA injected fish were classified as fish with abnormal RNA phenotype, 23 %
had no obvious phenotype and a fraction of dead or severely damaged animals was also
observed (Fig. 5.6 C). With TagMan gqRT-PCR | measured a three fold increase in relative
arhgap39 mRNA levels in the Arhgap39 animals compared to the uninjected control (Fig. 5.6
D).

Next | examined whether the defects in the ISVs resemble those found in the arhgap39 knock-
down fish, using the same analysis as for the morphants. For the Arhgap39 expressing an-
imals a drastic increase in ISVs showing a very thin lumen was observed. Missing vessels,
vessels with branching defects or enlarged lumen were detectable in the Arhgap39 animals
with higher frequency compared to control fish (Fig. 5.6 F). The vessel diameter of all ISVs
included in the analysis were measured, revealing a significant decrease (p<0.0001) of the
diameter in the arhgap39 mRNA fish compared to control animals (Fig. 5.6 E).

Taken together, the phenotypic characterisation revealed the same morphological changes
for arhgap39 knockdown and its ectopic expression. In both conditions ISV formation was
impaired during zebrafish development and specifically the vessel diameter was significantly
reduced.
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Figure 5.6.: arhgap39 mRNA expression causes similar defects in ISVs as the arhgap39 knockdown

A Confocal images showing Tg(fli.'egfp)y1 fish injected with arhgap39 mRNA or uninjected control fish at 48 hpf.
Scale bar: 100 um B Diagram depicts the percentage of observed phenotypes of arhgap39 mRNA injected em-
bryos at 48 hpf depending on the dosage amount that was injected. Embryos were classified into three groups: no
phenotype, fish having defects in ISVs, severe phenotype. C TagMan gRT-PCR revealed an increase in arhgap39
mRNA levels in arhgap39 mRNA expressing fish compared to control animals. Fish were collected from two in-
dependent rounds of injection. D y-axis shows percentage of arhgap39 mRNA injected fish that exhibited the
abnormal phenotype due to arhgap39 mRNA expression. Injection was repeated in four independent experi-
ments with a total number of 344 fish E Diagram depicting the average vessel diameter of ISVs in the rostral
region of arhgap39 mRNA fish and control fish. Fish were injected with 50 pg of arhgap39 mRNA. F Bar dia-
gram showing the percentage of the different vessel phenotypes observed in the rostral region of the zebrafish
at 48 hpf. For arhgap39 mRNA injected and uninjected control fish in total 37 and 17 fish, respectively, were
examined. Total numbers of analysed ISVs in the rostral part of the embryos were 690 and 262 for arhgap39
mRNA and control animals, respectively. Asterisk denotes statistical significance as calculated by Student’s t-
test. Significance was ranked as *** p<0.001. Abbreviations: Gap39: Arhgap39, hpf: hours post fertilisation,
ISVs: intersomitic vessels, MO: morpholino, DA: dorsal aorta, DLAV: dorsal longitudinal anastomotic vessel.

5.2.6. Functional characterisation of the intersomitic vessels in arhgap39
morphants

The loss of arhgap39 led to delayed ISV growth in the zebrafish trunk at 24 hpf and later to
the deformation of ISVs. Therefore, it is conceivable that sprouting and/or migration of the
ISVs in the knockdown fish is perturbed. | concentrated on the role of Arhgap39 first during
the sprouting process and then during growth of the newly formed vessels. Furthermore, |
asked if the detected reduction in lumen diameter leads to the functional loss of those vessels
in carrying blood.

Impaired growth of newly formed vessels in Arhgap39 morphants

| injected the arhgap39 MO2 into Tg(fli:egfp)’! fish and performed live cell time-lapse imaging
of whole mounted zebrafish embryos to follow the growth of the ISVs and compared this to an
uninjected control fish. The experiments were carried out with a resonant scanning confocal
microscope equipped with a ultrasensitive Hybrid detector. This enabled faster imaging and
allowed me to use low laser power, thereby reducing photo-damage of the EGFP signal and
sample heating during the 9 h period of imaging acquisition.

In Figure 5.7 the sprouting of vessels in the control and arhgap39 knock down fish is shown
over the time frame of 1 h. At 0 min the sprouts have just emerged from the dorsal aorta.
The sprouts of the control fish rapidly formed and retracted filopodia that dynamically probed
their environment. This was already seen from the early time points on. In the morphants, in
contrast, less filopodia were detectable and the filopodia length was reduced. However, the

sprout initiation was not impaired.
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control arhgap39 MO

Figure 5.7.: Sprouting of ISVs is not impaired in arhgap39 knockdown fish

Control and arhgap39 MO2 injected Tg(fli:egfo)?! fish embedded at 22 hpf in low melt agarose. Images were
acquired with an inverted Leica TCS SP8 confocal microscope equipped with 2 Hybrid detectors (HyD). Imaging
interval was 1.5 min for 1 h. Scale bar: 50 pm

| then assessed the subsequent growth of the sprouts toward the dorsal site of the animals,
as well as their branching and fusion. Images are shown from the same fish as presented in
Figure 5.7 (Fig. 5.8 and Fig. 5.9). After 1 h the vessels had already grown out of the dorsal
aorta in the control (Fig. 5.8) and the arhgap39 knock down fish (Fig. 5.9).
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Figure 5.8.: Control fish exhibit dynamic formation and retraction of filopodia along the growing inter-
somitic vessels

Control Tg(fli:egfo)! fish embedded at 23 hpf in low melt agarose. Images were acquired with a Leica TCS SP8
confocal microscope equipped with 2 Hybrid detectors (HyD). Imaging duration was 9 h, pictures were taken every
1.5 min. Scale bar: 100 um

In the control fish a rapid appearance and disappearance of the filopodia was very prominent,
with elongation and retraction of filopodia at the time scale of minutes (Fig. 5.8). After 7
h the tip of each sprout started to divide into a T-branch. Over the next hours the arms
of the T-branch made contact with their neighbours and eventually fused with them. This
process is necessary to form the dorsal longitudinal anastomotic vessel (DLAV), enabling
blood circulation.
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Figure 5.9.: The arhgap39 morphant shows a delay in intersomitc vessel growth and impaired filipodia
dynamics

MO2 injected Tg(fli:egfo)’! embedded at 23 hpf in low melt agarose. Images were acquired with a Leica TCS SP8
confocal microscope equipped with 2 Hybrid detectors (HyD). Imaging duration was 9 h, pictures were taken every
1.5 min. Scale bar: 100 um

In the arhgap39 morphant the growth of the sprouted vessels was delayed (Fig. 5.9). After 4
h of imaging a reduced sprout size became apparent. | observed the greatest difference after
9 h, when the vessels in the morphant were only two-third the size of the vessels in the control
fish. Furthermore, vessels did not exhibit proper T-branching in the arhgap39 depleted animal
and the filopodia density along the vessels was reduced compared to the control fish.
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Filopodia are required to sense guidance cues in the environment thereby enabling directed
migration towards gradients. The observed reduction of filopodia in arhgap39 depleted ani-
mals was further quantified next. A representative image shows the filopodia of the vessels
of uninjected control and arhgap39 knock down animals (Fig. 5.10 A). The filopodia density
is calculated as the total filopodia number divided by the length of the sprout. For the MO2
injected fish a reduced filopodia density was observed for the posterior sprouts along the yolk
tube (Fig. 5.10 B).

A control arhgap39 MO2

B 1.0

BN GAP39 MO

0.8
I control

0.6

0.4

filopodia/um

0.2

0.0

X H o A > 9 O N
X & X Q NS x X X N N
NN NN 0\} 00«0\) S &

O O > O N
EO O S £ &L %Q‘o %Q"o &’\0
from anterior to posterior
Figure 5.10.: The filopodia density is reduced in arhgap39 morphants
A Control and MO2 injected animals were imaged at 30 hpf with a confocal microscope. Filopodia were traced
using the Simple Neurite Tracer plugin in Imaged. B The growing rostral ISVs of 6 control fish and 10 MO2

morphants were imaged and analysed. Asterisk denotes statistical significance as calculated by Student’s t-test.
Significance was ranked as * p<0.05. Scale bar: 10 um

Impaired blood flow in newly formed vessels of arhgap39 morphants

The ISV formation is mostly completed after 48 hpf. By that time most of the vessels in the
arhgap39 morphants had reached the dorsal site of the fish to form the DLAV, however in
nearly 50% of the ISVs the lumen was reduced. | therefore investigated if these very thin
ISVs are functional to carry blood. In order to study the blood flow in living fish the trans-
genic fish strain Tg(gataia:dsred), that has red fluorescent erythrocytes, was mated with the
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Tg(flk:egfp) strain. Their offspring showed green fluorescent vasculature and red fluorescent
erythrocytes. First, | confirmed that the formation of erythrocytes is not compromised in the
morphants compared to the uninjected control animals by performing a hemoglobin staining.
No obvious changes were detected, neither in the amount of stained erythrocytes nor for the
intensity of stained cells (Fig. 5.11 A).
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Figure 5.11.: In arhgap39 morphants have a number of intersomitic vessels with blood

A Ty(flk:egfp;gatala:dsred) fish injected with MO2 or uninjected were stained for hemoglobin at 48 hpf. B The
blood flow in a control Tg(flk:egfp;gatala:dsred) or MO2 injected animal was imaged by confocal microscopy. The
vasculature and erythrocytes are depicted in green and red fluorescence, respectively. MO2 was injected with 2.4
ng per embryo. Confocal stack images were acquired with an inverted Leica TSC SP8 microscope equipped with a
tandem resonance scanner and 2 Hybrid detectors (HyD), using a HC PL APO CS2 20x (0.75 IMM, WD 0.68 mm)
objective. C The ISVs of either control or Tg(fli:egfo)’! fish injected with MO1 (2.4 ng per embryo) were analysed
if they carry blood. This experiment was repeated three times independently. At 48 hpf in total 17 and 32 fish
were analysed for control fish and MO1 morphants, respectively. At 72 hpf 16 and 36 fish analysed for uninjected
or MO1 injected animals, respectively. Asterisk denotes statistical significance as calculated by Student’s t-test.
Significance was ranked as *** p<0.001. Abbreviation: MO: morpholino, gap39: arhgap39. Scale bar: 100 um

In the double transgenic animals | observed then a dramatically reduced blood flow in the
ISVs of arhgap39 morpholino fish compared to control animals. As the blood flow is very fast
no individual erythrocyte can be captured in one image-stack, rather a continuous flow can be
seen. In the presented examples the arhgap39 morphant showed proper flow of erythrocytes
in only two out of the 6 depicted ISVs. In contrast, in the control animal only 1 out of 7 ISVs
was without flow (Fig. 5.11 B).
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Additionally, the blood flow in the ISVs can be also easily seen in the bright field channel
of a conventional light microscope. | thus quantified the blood flow in the individual ISVs in
MO1 injected animals. At both 48 and 72 hpf the percentage of vessels without blood flow
was significantly higher (p<0.0001) in the morphants compared to control fish. The number of
defective vessels without blood flow was reduced in the arhgap39 depleted animals at 72 hpf
compared to 48 hpf (Fig. 5.11 C), indicating that over time more vessels become functional
and do have a blood flow.

5.2.7. Experimental set up to rescue effects of the arhgap39 knockdown

Off-target effects have been described for all gene expression manipulating small molecules.
Therefore, control experiments are necessary to establish a clear link between the observed
phenotype and the gene target to show that the phenotypes are morpholino specific.

One approach is to use two morpholinos with independent sequence recognition sites, be-
cause the chance of the two off-target effects being the same is considerably low (Eisen and
Smith, 2008). With the two different morpholinos MO1 and MO2 | observed the same pheno-
types in injected fish, which is a first proof that the observed phenotype might be due to the
specific targeting of arhgap39. Another strategy is to inject RNA in the gene depleted animals
to rescue the induced phenotype.

| attempted to conduct rescue experiments by co-injecting MO2 and arhgap39 mRNA in
Tg(fli:egfp)y1 animals. The embryos were divided into three experimental groups. The first
group was injected only with MO2, in the second and third group arhgap39 mRNA and MO2
were injected consecutively or simultaneously into the yolk, respectively. Hence, two injec-
tion strategies were tested to determine the extent of rescue. With the first, the egg has to
be injected twice, whereas only one round of injection is required for the second approach,
which makes this strategy technically easier. However, consecutive injections of morpholino
DNA and the mRNA are considered to improve the mRNA transcription efficiency, because
the mRNA distribution is not as uniform as the morpholino molecules and depends on active
transport processes from the yolk into the overlying blastomeres. Therefore, the mRNA should
be injected earlier to take advantage of the ongoing transport processes in the developing em-
bryo (Bill et al., 2009).

Figure 5.12 depicts the data of two independent experimental rounds. For the first experiments
| used MO2 and the arhgap39 mRNA with the same dose as used in previous experiments.
The co-injection of both components, in either way, did not result in a rescue. Instead, the
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percentage of animals without phenotype decreased and the animals observed with a severe
phenotype increased (Fig. 5.12 B). Also reduction in mRNA dosage (37.5 pg) resulted in an
increased number of fish with a severe phenotype compared to animals injected only with
MO2, whereas the percentage of fish without phenotype remained about the same (Fig. 5.12
C). Several further attempts to rescue the arhgap39 knockdown phenotype with varying con-
centrations of both MO2 and arhgap39 mRNA failed. The fact that the co-injection of MO2
and arhgap39 mRNA increased the amount of fish with a severe phenotype indicates that the

two components injected together have an additive effect.
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Figure 5.12.: arhgap39 mRNA did not rescue the arhgap39 knock down phenotype

A lllustration of a single-cell egg at 1-2 h after post-fertilisation. Arrow depicts where the morpholino DNA and
mRNA are injected. B Bar diagram of three different groups of injected fish. In the first group only MO2 was
injected. The second and third group were injected with MO2 and arhgap39 mRNA into the yolk consecutively
(consec) or simultaneously (simul), respectively. The injected fish were classified as no phenotype, mild phenotype
and severe phenotype. Injection of 2.4 ng of MO2 and 50 pg of arhgap39 mRNA per embryo. C Bar diagram of
three different groups of injected fish. Everything is the same as in B, but 37.5 pg of arhgap39 mRNA per embryo
was injected. Abbreviation: MO: morpholino.

It should be considered that with this experimental set up the arhgap39 mRNA was ubiqui-
tously expressed, which might affect the formation of the ISVs indirectly. To rule out unwanted
developmental defects due to the lack of spatial control of the mRNA expression a tissue
specific expression system would be preferable. To this end, arhgap39 was cloned into Gate-
way pTol2fli1:egfp/cherry destination vectors in order to specifically express arhgap39 in the
developing blood vessels. These plasmids, pTol2fli1ep:egfp-arhgap39 and pTol2fli1ep:cherry-
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arhgap39, were co-injected with the enzyme Tol2 Transposase, which cuts and randomly inte-
grates the Gateway cassette into the genome. Unfortunately, ectopic expression of pTol2fli1ep:egfo-
arhgap39 and pTol2fli1ep:cherry-arhagp39 was not apparent in ISVs and thus this vascular
specific expression system was not further utilized to establish the rescue of the arhgap39
morphant phenotype.

Shortly after | performed these experiments the CRISPR gene editing system was established
to introduce site-specific modifications in the gene of interest. Nowadays, it is considered
as the 'gold standard’ to create a CRISPR mutant fish and to validate the corresponding
morphant phenotype (Kok et al., 2015). However, due to time limitations this approach was
not further pursued.

To conclude, the data suggest a novel role of Arhgap39 in zebrafish angiogenesis. In partic-
ular, the growth and lumenization of ISVs is perturbed, as well as filopodia formation of the
migrating sprouts. The caveat here is the missing rescue experiment to ultimately prove the
detected arhgap39 knockdown phenotype.

To link the observed defects in ISV growth and migration to Robo signalling | next aimed to un-
derstand ARHGAP39 activity on the cellular level. It is conceivable that as a RhoGAP protein
it may modulate cell migratory processes, which could then be further studied in the presence
of SLIT/ROBO signalling. Moreover, mapping of the ARHGAP39 and ROBO interaction sites
would enable me to study Robo defective binding mutants of Arhgap39 in zebrafish for their
effect on vessel growth.
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5.3. Functional characterisation of ARHGAP39

Two isoforms of ARHGAP39 are annotated in UniProt. These differ only by a 31 amino acid
insertion at position 840 in isoform 2 (ENST00000377307.2) compared to the shorter isoform
1 (ENST00000276826.5) and is based on alternative splicing (Fig. 5.13). Ensemble reports
an additional isoform (ENST00000528810.1) that cannot be processed into protein.
ARHGAP39 contains its RhoGAP domain at the C-terminus, two N-terminal WW domains
and a myosin tail homology (MyTH4) domain just ahead of the RhoGAP domain. Further-
more a proline rich sequence is suggested to be encoded between amino acids 227 and 367
on UniProt. The additional 31 aa insertion in isoform 2 is located inside the MyTH4 domain.

isoform1 canonical sequence
25-5863-97 297-367 690-879 890-1078
MyTH4 H GAP | 1083aa 121.2kDa
proline rich
region

isoform2 840-840: K — KVTQHIKELLERNTKKKSKLRKKPKPYVEEPD

25-5863-97 297-367 690-911 922-1110

mytia H cap | 1114aa 125kDa

Figure 5.13.: Two isoforms of ARHGAP39 are genetically encoded
Protein architecture of ARHGAP39 (Q9COHS5) isoforms 1 and 2.

5.3.1. Sequence analysis of the ARHGAP39 WW and MyTH4 domain

The WW domains

WW domains mediate protein-interactions by binding to proline rich motifs on partner proteins.
In order to predict putative proline-rich recognition motifs of the ARHGAP39 WW domains on
binding partners | aligned their sequences with those of different WW domain containing pro-
teins. | chose the WW domains of YAP1, NEDD4, FBP11, its homologue in yeast Prp40, PIN
and Arhgap9, which are all well characterized regarding their proline binding motifs, which are
summarized in Figure 5.14 A.
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Class recognition motif examples
| (L/P) Pp(Y/poY) YAP, NEDD4

I PPLPp FBP11, Prp40

| (p/f)P(p/g)PPpR / (P/f)PP(R/K)gpPp FBP21

v (poS/poT)P PIN1

v (p/f)PPPPP Prp40
B

Bl B2 B3y
7 7 I
YAP1-1 (hs) 170 DVPLPAGWEMAKTSS-GQRYFLNHIDQTTTWQDPRK
YAP1-2 (hs) 229 SGPLPDGWEQAMTQD-GEIYYINHKNKTTSWLDPRL
NEDD4-1 (hs) 609 PSPLPPGWEERQDIL-GRTYYVNHESRRTQWKRPTP | Group |
NEDD4 -2 (hs) 766 SSGLPPGWEEKQDER-GRSYYVDHNSRTTTWTKPTV | Class/
NEDD4-3 (hs) 839 QGFLPKGWEVRHAPN-GRPFFIDHNTKTTTWEDPRL
NEDD4-4 (hs) 891 LGPLPPGWEERTHTD-GRIFYINHNIKRTQWEDPRL
PIN1 (hs) 4 EEKLPPGWEKRMSRSSGRVYYFNHITNASQWERPSG Group I, Class IV
Prp40-1 (sc) 1 ----MSIWKEAKDAS-GRIYYYNTLTKKSTWEKPKE
Prp40-2 (sc) 42 ----ENGWKAAKTAD-GKVYYYNPTTRETSWTIPAF | Group Il
FBP11-1 (hs) 139 ASGAKSMWTEHKSPD-GRTYYVYNTETKQSTWEKPDD | Class I’V
FBP11-2 (hs) 180 QLLSKCPWKEYKSDS-GKPYYVYNSQTKESRWAKPKE
ARHGAP9 (hs) 214 --QRLDAWEQHLDPNSGRCFYINSLTGCKSWKPPRR non-canonical
*v43 *ws3
ARHGAP39-1 (hs) 23 GSNTRLEWVEIIEPRTRERMYANLVTGECVWDPPAG
*vg1 * w2

ARHGAP39-2 (hs) 61 KRTSENQWWELFDPNTSRFYYVYNASTQRTVWHRPQG

Figure 5.14.: Sequence alignment reveals highly conserved residues in ARHGAP39 WW domains

A Classification of WW domain containing proteins used in sequence alignment. L: leucine, T:Tyrosine, po: phos-
phorylated residue, lower case: favored residue, upper case: highly conserved residue (adapted (Salah, 2012)) B
Alignment of representative WW domains generated with Clustal Omega. WW domains are characterised by the
presence of two strictly conserved Trp residues and a strictly conserved Pro residue at the C-terminus (indicated by
arrows). The strictly conserved Pro residues that is characteristic for group | WW domains is shown in purple. The
first Trp, the central Tyr and the last Pro residues (in red) are essential for the structural stabilization of the domain.
The central Tyr/Phe, the Thr/Ser and the Trp in the third textbeta-strand (in blue) are conserved for ligand binding.
Additional residues involved in ligand binding are shown in green or in orange for class I/IV and class II/V, respec-
tively. The side-chains of the Arg and Ser residues (in pink) are responsible to bind to (pS/pT)P motifs in PIN1. The
residues chosen for mutagenesis in the ARHGAP39 WW domains are indicated with an asterisk. UniProt: YAP1
(P46937), NEDD4 (P46934), PIN1 (Q13526), Prp40 (P33203), FBP11 (075400), ARHGAP9 (Q9BRR9). Abbrevi-
ations: YAP1: Yes-associated protein YAP65 homolog, NEDD4: E3 ubiquitin-protein ligase, PIN1: Peptidyl-prolyl
cis-trans isomerase NIMA-interacting 1, Prp40: Pre-mRNA-processing protein, FBP11: formin binding protein 11,
hs: Homo sapiens, sc: Saccharomyces cerevisiae
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Based on the sequence alignment the following assumptions can be made (Fig. 5.14 B).
First, both WW domains contain the two conserved Trp residues and the C-terminal conserved
Pro residue that characterize WW domains (indicated by arrows). Furthermore, they can be
classified as Group || WW domains because a Pro residue (depicted in purple for Group I)
ahead of the first Trp residue is missing (Macias et al., 2000).

Second, the first Trp residue, the Tyr residue in the center and the C-terminal Pro residue,
which have all been described to be essentially required for proper folding of the domain, are
present in both WW domains (in red) (Wiesner et al., 2002).

Third, while the first WW domain contains the conserved Trp residue in the third B-strand, it
misses the Ser/Thr residue ahead and the Tyr/Phe residue in the center. These two residues
together with the last Trp are strictly conserved residues for ligand binding (in blue) (Macias
et al., 2002; Otte et al., 2003). In contrast, these three residues are present in WW2.

And fourth, the numbers of the aromatic residues in the central region of the second B-strand
are different between the two ARHGAP39 WW domains. In WW1 there is only one Tyr residue
(Y43) present, as in YAP1, NEDD4 and PIN1, whereas in WW2 there are three consecutive
Tyr residues (Y81-Y83) similar to Prp40 and FPB11.

WWS2 thus aligns well with the class Il WW domains of FBP11 and PrP40 and should prefer-
ably bind to stretches of proline in the PPLP or (p/f)PPPPP motifs.

The sequence aligment of WW1, in contrast, is inconclusive. It may prefer the PPxY motif
and/or the (pS/pT)P ligand because of the single Tyr residue present in the second B-strand.
Moreover, the presence of three Arg residues in the center of WW1 might suggest a pref-
erence for phosphorylated Pro residues as in PIN1 (Ranganathan et al., 1997). However,
besides missing the Tyr/Phe and Ser/Thr residues a highly conserved His residue of class |
WW domains (in green), which is also involved in ligand binding, is missing as well (Sudol,
1996; Macias et al., 2002; Wiesner et al., 2002; Otte et al., 2003). Moreover, WW1 has simi-
larity to the WW domain of ARHGAP9 that also misses one of the strictly conserved residues
and all of the other class specific residues responsible for ligand binding. ARHGAP9 is one of
the few examples that binds in a non-canonical way to its target proteins involving electrostatic
interactions (Ang et al., 2007).

During the course of my project | aimed to analyse the specific interaction of the WW domains
with potential binding partners. Therefore, | created point mutations in the two WW domains.
The residues chosen for site-directed mutagenesis were selected based on this sequence
alignment and should impair either the structural stabilization of the domain (Y43) or the bind-
ing to proline rich ligands (W53, Y81, W92) (Fig. 5.14, B) (Macias et al., 2002; Wiesner et al.,
2002). The effects of the generated mutants will be discussed after.
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The MyTH4 domain

The MyTH4 domain is a common domain in unconventional Myosins, where it appears in
tandem with a FERM domain. | compared the MyTH4 domains of ARHGAP39 isoform 1 and
isoform 2 with the domains of MYO VIIA, MYO X and MYO XV. The ARHGAP39 sequences
can be aligned with high confidence in the regions of the conserved helices (Fig. 3.15, purple
helices). The sequence similarity is also strong for the N-terminal and C-terminal linker region.
Moreover, the strictly conserved motif responsible for the correct folding of the MyTH4-FERM
domain interface (Planelles-Herrero et al., 2016) can be found in ARHGAP39 as well. Only
for the highly variable insertions between the conserved helices, as illustrated for MYO VIIA,
MYO X and MYO XV, no similarity was detected.

This indicates that the ARHGAP39 MyTH4 domain, even without the FERM domain, might
fold in the same way as the MyTH4 domain of MF-Myosins. The 31 amino acid long insertion
in isoform 2 locates between the conserved helices 8 and 9 and is therefore expected not to
effect the structural folding of the domain (Fig. 5.15).

Five highly conserved residues (black star with red border) in the MYO VIl MyTH4 domain
mutations have been reported to cause deafness in humans (Usher syndrome | (USH1)) (Fig.
3.15, indicated by black stars). | selected these for mutagenesis in the MyTH4 domain of
ARHGAP39. It has been assumed that the mutations either disrupt the proper folding of the
domain itself, the interaction sites with the FERM domain or the binding with other proteins,
however experimental validation is still missing (Wu et al., 2011). These mutant forms of the
ARHGAP39 protein were later used for structure-function relation experiments.
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a1

rYyYyy N-term linker MYO10-LO
L4444
MYO7A-N (hs) 997 SEYKFAKIAATYFQGTTTH SYTRRPLKQPLLYHDD--EGD-—=—=—=—=——
MYO7A-C (hs) 1710 KPYTLEEFSYDYF RPPPKHT------— LSRVMVSKARGKDRLWSHTREPLKQATL.LKKLLGSEEL-=—===—==—=——
MYO10 (hs) 1515 ENCLNSDVVEQIVKR NPILRYTHHPTLHSPLLPLPYGDINLNLLKDKGYTTL

MYO15-N (hs) 2022 PQV-APVRTPRLOAEPRVTLPLDINNYPMAKFVQCHFKEPAFGMLTVPLRTPLTQLPA-~EH-—————e————m
MYO015-C (hs) 3008 PPYTMLEFAQKYFRDPQRRPQD-GLRLKSKEPRESRTLEDMLCFTKTPLQESLIELSD--SSL-——————————

ARHGAP39-2(hs) 689 SETDIENWASKHINKHTQG-—----—- LFRRK----VSIANMLAWSSES T KKPMIVTSD--RHV-==———-—m—e——
ARHGAP39-1(hs) 689 SETDIENWASKHFNKHTQG-—---—- LFRRK----VSIANMLAWSSES TKKPMIVTSD--RHV-=—=————=———
a2 a3 a4
TEWwWw L4444
S 11045T

MYO7A-N (hs) 1035 QLAALAVWITILRFMGDLPEPKYHTAMSDGSEKIPVMTKIYETLGKKTYKRELQALQGEGEAQLPEGQKKSSVR
MYO7A-C (hs) 1767 SQEACLAFIAVLKYMGDYPSKRTR
MYO10 (hs) 1566 QDEAIKIFNSLQQ LESMS
MYO15-N (hs) 2082 HAEAVSIFKLILRFMGDPHLHG-A
MYO015-C (hs) 3068 SKMATDMFLAVMRFMGDAPLKG-Q

ARHGAP39-2(hs) 739 KKEACELFKLIQMYMGDRRAK
ARHGAP39-1(hs) 739 KKEACELFKLIQMYMGDRRAK

as a6
R1168P ¢ P E1170K
MYO7A-N (hs) 1109 HKLVHLTLKKKSKLTEEVTKRLHDGESTVQGNSMLEDRPTSNLEKLHFI IGNGILRPALRDEIYCQISKQLTHN
MYO7A-C (hs) 1790 SVNELTDQIFEGPLKAEPLKDEAYVQILKQLTDN
MYO10 (hs) 1584 DPIPIIQGILQTGHDLRPLRDELYCQLIKQTNKV
MYO15-N (hs) 2105 RENIFGNYIVQKGLAVPELRDEILAQLANQVWHN
MYO15-C (hs) 3091 SDLDVLCNLLKLCGDHEVVMRDECYCQVVKQITDN
ARHGAP39—2(hs) 761 ADPLHVALEVATKGWSVQGLRDELY IQLCROTTEN
ARHGAP39-1(hs) 761 ADPLHVALEVATKGWSVQGLRDELYIQLCRQTTEN
a7 a8 . X .
H insertion ARHGAP39 isoform 2
% P1183T % G1218R
MYO7A-N (hs) 1182 PS--KSSYARGWILVSLCVGCFAPSEKFVKYLRNFIHG GPP
MYO7A-C (hs) 1825 HIR--YSEERGWELLWLCTGLFPPSNILLPHVQRFILQSRKHC
MYO10 (hs) 1583 PHPGSVGNLYSWQILTCLSCTFLPSRGILKYLKFHLKRIREQ
MYO15-N (hs) 2139 H--NAHNAERGWLLILAACLSGFAPSPCFNKYLLKFVSDY—-—-—GRN:

MYO015-C (hs) 3125 TSSKQDSCQRGWRLLYIVTAYHSCSEVLHPHLTRIL.QDVSRTPGLP

ARHGAP39-2(hs) 796 FR--LESLARGWELMAICLAFFPPTPKIFHSYLEGYIYRHM---DPVNDTKVTQHIKELLERNTKKKSKLRKKPK
ARHGAP39-1(hs) 796 FR--LESLARGWELMAICLAFFPPTPKIFHSYLEGYIYRHM---DPVNDT

a9 C-term linker g .,(;1505
i!iﬁieisasaea‘ L4 4 4]

R1240Q/W¥ WP1244R

MYO7A-N (hs) 1221 ———————————= GYAPYCEERLRRTFVN=—==—=—— GTRTQP--PSWLELQATKSK
MYO7A-C (hs) 1865 ———————m——— PLAIDCLORLQKALRN-—-——=—— GSRKYP--PHLVEVEAIQHK
MYO1l0 (hs) 1659 ———————- FPGSEMEKVALFTYESLKKT-—————— KCREFV--PSRDEIEALIHR
MYO15-N (hs) 2179 —--—-—--oe-—- GF'QAVCQHRLMQOAMGRAQQQGSGAARTLP --PTQLEWTATYEK
MYO15-C (hs) 3171 —————————— FOGIAKACEQNLQKTLRF——————— GGRLEL--PSSTIELRAMLAG
RXXX--PXXXE strictly conserved residues in

ARHGAP39-2(hs) 865 PYVEEPDGVAISTYAKYCYHKI.QKAALT-—————— GAKKGI.KKPNVEETRHAK MYTH4-FERM domain interface

ARHGAP39-1(hs) 839 ——-——--—- VAISTYAKYCYHKLQKAALT——————— GAKKGLKKPNVEETRHAK

Figure 5.15.: see next page



90 5.3. Functional characterisation of ARHGAP39

Figure 5.15.: The ARHGAP39 MyTH4 sequence aligns with the highly conserved helical regions of the
MF-MYOSINS

Structure based amino acid sequence alignment analysis using Clustal Omega. The conserved helices refer to
the MyTH4 domain nomenclature of MYO VIl in this sequence. The 6 conserved o-helices forming the MyTH4
domain of MYO VIIA are colored in red. The a-helices in grey are more variable. The conserved N-terminal and
the C-terminal linker region that interact with the MyTH4 core domain on opposing sites are shown in beige and
in orange, respectively. Hydrophobic, negatively charged, positively charged and highly conserved residues are
shown orange, red, blue and green letters, respectively. Non-conserved insertions of the different MyTH4 domains
are represented in indicated colors for MYO VIIA, MYO X and ARHGAP39 isoform 2. The reported seven missense
mutations in Usher syndrome | of the N-terminal MyTH4 domain of MYO VIIA are illustrated with black stars. Black
stars with a red border show the residues chosen for mutagenesis in the ARHGAP39 sequence. Abbreviations: hs:
Homo sapiens, MYO7A: MYOSIN7A, MYO10: MYOSIN10, MYO15: MYOSIN15, -N/C: N/C-terminal MyTH4 do-
main. UniProt: MYO7A (Q13402), MYO10 (Q9HD67), MYO15 (QOUKN?7) (Figure adapted from (Wu et al., 2011))

5.3.2. ARHGAP39 localises at the plasma membrane and focal adhesions

In order to get an indication of the cellular context where ARHGAP39 operates | determined
its subcellular localisation. Therefore, Cit-tagged ARHGAP39 was ectopically expressed in
different cells lines. In MDCK and HelLa cells, both ARHGAP39 isoforms localised at the
plasma membrane and at the basal membrane (Fig 5.16 A, B). In addition, in a notable fraction
of cells, ARHGAP39 was enriched in the cytoplasm and/or in the nucleus. The two isoforms
showed no obvious differences in the subcellular localisation and thus | continued working
with the longer isoform 2.

To better visualize the basal membrane enrichment, | transfected Cit-ARHGAP39 isoform 2 in
NIH 3T3 cells, which are much flatter. Here, ARHGAP39 localised on structures resembling
focal adhesions (Fig. 5.16, A).

Next, | generated different truncation and deletion constructs of ARHGAP39 and analysed
their subcellular localisation. Like the full length protein the GAP deletion construct also local-
ized at the plasma membrane (Fig. 5.17 A, dGAP). Progressive deletion of the N-terminus in
the constructs dWW, dm1, dm2, Cterm1 and Cterm2 had no influence on membrane targeting
(Fig. 5.17 A). All these constructs still comprise the MyTH4 domain. The MyTH4 domain only,
with the size of 229 amino acids, exhibited the strongest localisation at the plasma membrane
(Fig. 5.17 A, MyTH4). The other parts of ARHGAP39 did not show a specific localisation and
resided in the cytosol (Fig. 5.17 B). This demonstrates that the Myth4 domain is critical for
plasma membrane targeting of ARHGAP39. Moreover, it appeared that the MyTh4 domain is
required for correct protein folding of ARHGAP39. Ectopic expression of constructs missing
these domains (dMyTH4, Nterm1, Nterm2) led to the formation of protein aggregates (Fig.
5.17 C).
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Figure 5.16.: ARHGAP39 localises at plasma membrane and at focal adhesion
A and B ARHGAP39 isoform 2 or isoform 1 were overexpressed with a Cit-tag in cells as indicated. Images were
obtained in live cells by confocal microscopy. Abbreviations: Scalebar 10 pm
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Figure 5.17.: see next page



5. Results 93

GAP GAP 202aa 23.2kDa
WWs 121aa 14.3kDa
middle 583aa 63.4kDa

-@-@—-—\ - , 900aa 100.1kDa

dMyTH4
Nterm1 -@-@—-— 696aa 76.7kDa
Nterm2 -@-@—-— 407aa 45.5kDa

Figure 5.17.: Localisation and domain architecture of ARHGAP39 truncation constructs
A, B and C ARHGAP39 truncation constructs overexpressed in MDCK cells with an N-terminal Cit-tag. Schematic
domain architecture, number of amino acids and predicted size in kDa are shown on the right. Images were

acquired by confocal micrcoscopy. Scalebar 10 um
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Furthermore, | observed that ARHGAP39 truncation constructs missing the WW domains do
not localize at the basal membrane anymore. To further investigate this, | transfected Cos7
cells stably expressing Cherry-Paxillin, a focal adhesion marker protein, with ARHGAP39 or
different truncation or deletion constructs and imaged them by total internal reflection fluo-
rescence (TIRF) microscopy. TIRF is ideally suited for imaging proteins located at the basal
membrane of cells due to the low signal to noise ratio compared to confocal microscopy. Cos7
cells are well- suited because of their flat morphology. All images were acquired by Paul
Markus Muiller (AG Rocks, MDC).

ARHGAP39 clearly colocalised with Paxillin, thus confirming its enrichment at focal adhesions.
Both proteins showed the same fluorescence intensity profiles at focal adhesion structures
(Fig. 5.18, top panel). In contrast, colocalisation was not detectable for ARHGAP39 dWW
missing the WW domains (Fig. 5.18, second panel). While the truncation dm1 containing
both WW domains was detected at focal adhesions, truncation dm2, missing the second WW
domain, was cytosolic (Fig. 5.18, 3rd and 4th panel, respectively). To further investigate the
binding mode of the second WW domain to focal adhesions | examined if point mutations
in WW2 could prevent its targeting there. The two mutations were generated based on the
WW domain sequence alignment in section 3.3.1 and should be defective in ligand binding.
TIRF microscopy revealed that focal adhesion targeting of the ARHGAP39 Y81A mutant was
strongly reduced, whereas no effect was observed to the W92A mutant (Fig. 5.18, bottom

panels).

In summary, by analysing the structure-function relationship | discovered that the second WW
domain located in the N-terminus targets ARHGAP39 to focal adhesions. The MyTH4 domain
is required for ARHGAP39 localisation at the plasma membrane and for correct folding of
ARHGAP39.
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Figure 5.18.: The WW domains are required for binding to focal adhesions

Images of Cit-tagged ARHGAP39, dWW, dm1, dm2 and ARHGAP39 Y81A and W92A mutants ectopically ex-
pressed in Cherry-Pxn-Cos7 cells are shown in the first and second column, respectively. The merged image of
both channels is depicted in the third column. For the truncation constructs schematic illustrations are shown on
the left. For each panel a line scan diagram is shown which represents the intensity profile of both channels, which
was measured for as a line through two or more focal adhesions (indicated as white dashed line in the magnified
box). All images were acquired after 24 h with a TIRF microscope by Paul Markus Mueller (AG Rocks, MDC).
Abbreviations: GAP39: ARHGAP39, Pxn: Paxillin.
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5.3.3. ARHGAP39 exhibits substrate specificity for Rac1 and Cdc42

The identification of the substrate specificity of a GAP protein is crucial to understand its poten-
tial role in Rho GTPase signalling pathways. Previous work showed that Vilse, the ARHGAP39
homologue in Drosophila, is a Rac1/Cdc42 specific RhoGAP. This was shown for the isolated
RhoGAP domain in an in vitro GTPase activation assay (Lundstrém et al., 2004).

To analyse the Rho GTPase specificity of ARHGAP39 | employed a novel Fluorescence Reso-
nance Energy Transfer (FRET) based activity assay (Mdlller et al., BioRxiv). The advantage of
this method over other cell-based assays is that the cellular context of Rho GTPase signalling
is maintained, including interacting proteins and subcellular protein distribution. Moreover,
the technique is not susceptible to artifacts due to the intrinsic GTPase activity of nucleotide-
loaded recombinant Rho proteins used in pulldown assays or to GTP/GDP exchange during

cell lysis.

FRET efficiency
(acceptor/donor intensity)

Figure 5.19.: ARHGAP39 is a Rac1 and Cdc42 specific GAP

HEK293T cells were transfected with RhoA, Cdc42 or Rac1 FRET sensors, together with mCherry-tagged
ARHGAP39, or indicated truncation constructs or Cherry-Flag alone. Images were taken after 48 h and average
FRET ratio was calculated form three independent experiments for which five fields of view were recorded each.
Student’s t-test was used to determine conditions that were significantly different from Cherry-control. The positive
controls, ARHGAP1 or ARHGAP31, were not included in statistical calculations. Error bars represent standard
deviation of three independent experiments. Significance was ranked as *** p<0.001, ** p<0.01. Abbreviations:
GAP39: ARHGAP39.
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This assay uses genetically encoded optimised biosensors for the Rho GTPases RhoA, Rac1
and Cdc42 (Fritz et al., 2013, 2015; Martin et al., 2016). Their domain architecture consists of
a donor fluorophore mTealFP1, an effector Rho-binding domain that detects the GTP loaded
(active) Rho GTPase, a linker region, the acceptor fluorophore mVenus and the functional Rho
GTPase. Upon GTP loading the Rho GTPase binds its effector binding domain, resulting in a
conformational change that brings the two fluorophores into close proximity and thereby leads
to an increase in FRET efficiency. In cells the exogenously expressed biosensors exhibit an
elevated GTP bound state, because the excess GTPase cannot be sufficiently sequestered
to the cytosol by the endogenous pool of RhoGDI and thus is activated by endogenous GEF
proteins at the membrane (Pertz et al., 2006). Therefore, the biosensors can be readily used
to analyse a potential inactivation of Rho GTPases by ARHGAP39 co-expression, as seen by
a decrease in FRET efficiency.

mCherry-tagged ARHGAP39 or its truncations were expressed together with the biosensors in
HEK 293T cells. mCherry alone was used as a negative control and ARHGAP1 (a known Rho-
specific GAP) or a truncation of ARHGAP31 (a Rac1/Cdc42 specific GAP) as positive con-
trols. As anticipated, ARHGAP1 and ARHGAP31 robustly inactivated RhoA or Rac1/Cdc42,
respectively. ARHGAP39 FL clearly reduced Rac1 and to a slightly lesser extend also Cdc42
activity, but did not affect the activity of RhoA (Fig. 5.19).

As expected, dGAP lacking the GAP domain did not exhibit catalytic activity towards Rac1 or
Cdc42. In contrast, Cterm2 only comprising the RhoGAP domain in tandem with the MyTH4
domain further increased the catalytic efficiency of the GAP, leading to the strongest reduc-
tion in Rac1 and Cdc42 activity (Fig. 5.19). This observation implicates that ARHGAP39 is

subjected to auto-regulation.

Next, | investigated if the reduction in Rac1/Cdc42 activity levels in ARHGAP39 expressing
cells would result in changes in cytoskeletal organisation. ARHGAP39 transfected MDCK
cells were immunostained for microtubules (tubulin) and focal adhesions (vinculin) and the
actin cytoskeleton was visualised by phalloidin. Ectopic ARHGAP39 expression did not have
any obvious effect on any of the mentioned structures (Fig. 5.20). It also did not induce other
significant cell morphological changes that could arise from locally confined changes in Ract
or Cdc42 activities. Since | did not observe any obvious phenotype | did not further examine
the impact of ARHGAP39 on cytoskeletal dynamics.
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Figure 5.20.: ARHGAP39 overexpression does not obviously influence the cytoskeleton
A MDCK cells were transfected with Cit tagged ARHGAP39, fixed after 12 or 24 h and subjected to IF using rabbit
anti-GFP and mouse anti-Vinculin antibodies and phalloidin. B Cit-ARHGAP39 was transfected in MDCK cells,
fixed after 12 h and and subjected to IF using rabbit anti-GFP and mouse anti-Tubulin antibody.

5.3.4. A single point mutation in the MyTH4 domain disrupts plasma
membrane binding of ARHGAP39 and reduces GAP activity

| demonstrated that the MyTH4 domain is responsible for targeting ARHGAP39 to the plasma
membrane. In order to examine the functional importance of this domain point mutations
were introduced, based on the sequence alignment with the unconventional MF-MYOSINs
(Fig. 5.21 A). These mutants were generated in the MyTH4 truncation construct as well as in
the ARHGAP39 FL construct and their subcellular localisation was analysed.

Point mutations at amino acids 1749T, R781P, K896W and P901R in the MyTH4 domain
showed no difference in binding to the plasma membrane. However, the MyTH4 mutant E783K
completely lost its ability to bind to the membrane and was only found in the cytoplasm (Fig.
5.21 B). To directly compare the localisation of MyTH4 WT and MyTH4 E783K | co-expressed
them in MDCK cells. As shown in Figure 3.21 B, the MyTH4 WT localised at the membrane
whereas the E783K mutant was exclusively cytoplasmic, which was also detected for the full
length ARHGAP39 E783K (Fig. 5.21 D).
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To test if the E783K mutation in the MyTH4 domain would also affect the GAP activity of
ARHGAP39 a FRET biosensor activity assay was conducted. The E783K mutant could de-
crease Rac1 activity, albeit to a significantly lower level than wild type ARHGAP39. This indi-
cates that the plasma membrane localisation of ARHGAP39 enhances the catalytic activity of
the GAP domain (Fig. 5.21 E).

A

MyTH4 1749T MyTH4 R781P MyTH4 E783K MyTH4 K896W MyTH4 P901R

Cit-MyTH4 E783K

Cit-E783K

Rac1 biosensor activity
(acceptor/donor intensity)
o =
[e ] o
| 1

Figure 5.21.: A single point mutaion in the MyTH4 domain abolishes binding to the plasma membrane

A MyTH4-WT or MyTH4 point mutants expressed with an N-terminal YFP-tag in MDCK cells. B Co-expression of
Cherry-MyTH4 and YFP-MyTH4 E783K in MDCK cells. C Overexpression of ARHGAP39 full length or ARHGAP39
E783K mutant with an N-terminal YFP-tag in MDCK cells. All images were acquired in live cells with a confo-
cal microscope. Scalebar 10 um D HEK293T cells were transfected with Rac1 FRET biosensor, together with
mCherry-tagged ARHGAP39, or ARHGAP39 E783K or Cherry-Flag alone. Images were taken 48 h after transfec-
tion and average Rac1 biosensor activity was calculated from three independent experiments for which five fields
of view were recorded each. Student’s t-test was used to determine conditions that were significantly different
from the GAP39 FL condition. The positive control ARHGAP31 (truncated form) was not included in statistical
calculations. Error bars represent standard deviation of three independent experiments. Significance was ranked
as *** p<0.001. Abbreviations: GAP39: ARHGAP39.
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5.3.5. ARHGAP39 is N-terminally auto-regulated

Auto-regulation is a common mechanism for RhoGEF proteins to regulate their catalytic ac-
tivity, but has been described for only a few RhoGAPs so far. It is assumed that the Rho
regulatory proteins are auto-regulated by intramolecular backfolding of one of their terminal
regions. In this "closed" conformation the Rho GTPases are prevented from accessing the
catalytic domain. The intramolecular folding is released by specific cues and allows access of
the Rho GTPases to the catalytic domains.

ARHGAP39 comprises an N-terminus containing the two WW domains, a structurally disor-
dered central part containing a proline rich region, followed by the MyTH4 domain, which is
essentially required for correct folding of ARHGAP39. Due to the location of the GAP do-
main at the C-terminus of ARHGAP39 it is conceivable that the N-terminal region folds over
to establish intramolecular interactions in the central region and/or MyTH4 domain, thereby

masking the GAP domain.

*k kkk

I * *k*k
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Figure 5.22.: Subsequent deletion of N-terminus increase activity of ARHGAP39

HEK293T cells were transfected with Rac1 FRET biosensor, together with mCherry-tagged ARHGAP39, or
ARHGAP39 deletion mutants or Cherry-Flag alone. Images were taken 48 h after transfection and average Rac1
biosensor activity was calculated from three independent experiments for which five fields of view were recorded
each. Student’s t-test was used to determine conditions that were significantly different from the GAP39 FL con-
dition. The positive control ARHGAP31 (truncated form) was not included in statistical calculations. Error bars
represent standard deviation of three independent experiments. Significance was ranked as *** p<0.001. Abbre-
viations: GAP39: ARHGAP39.

Rac1 sensor activity
(acceptor/donor intensity)
?

Thus, | set out to examine if deletion of the N-terminal region containing the WW domains
(dWW) or deletion of the central region (dm1, dm2) would increase the activity of ARHGAP39.
Therefore, Rac1 biosensor activity was measured in the FRET activity assay. | observed a
slight increase of GAP activity for the dWW construct and even more for the constructs with-
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out the central region (dm1, dm2) (Fig. 5.22) The strongest decrease in Rac1 biosensor
activity was detected for the Cterm2 construct, missing both regions. This implies that sub-
sequent deletion of the N-terminal and central regions increases the GAP activity, which is
the strongest when both regions are deleted. Thus, both regions are involved in ARHGAP39
auto-inhibition (Fig. 5.23).

Speculating that the N-terminal region binds in cis to the central region and/or MyTH4 domain |
co-expressed Cit-FL or Cit-dWW with Flag-dm1 and Flag-dm2. The N-terminal region present
in dm1 and dm2 should not be able to fold back, because the central region is missing in
these deletion mutants (Fig. 5.23 B, C). Moreover, considering a potential association with
the MyTH4 domain this might also be prevented due to the lack of flexibility to fold back as
the unstructured central region is deleted between the N-terminus and MyTH4 domain. In
dWW the central region and /or MyTH4 domain should be unmasked due to deletion of the
N-terminal region. Thus, | assume that the N-terminal regions of dm1 and dm2 bind to dWW
in trans, but not to FL since its central region is masked by its own N-terminus (Fig. 5.23 C)
Cterm2 was considered as a negative control that cannot bind to FL and dWW.

Indeed, dm1 and dm2 bound strongly to the dWW mutant, whereas only weak binding to
ARHGAP39 FL protein was observed (Fig. 5.23 D). As anticipated, Cterm2 failed to interact
with dWW and FL.

Additionally, | used the isolated WW domains as bait to pull down dWW or FL ARHGAP39 and
| could show that the isolated WW domains pulled down the co-expressed dWW construct.
Moreover, as expected, interaction with the FL construct was dramatically reduced (Fig. 5.23
E, F).

Together, the data strongly implicate that the N-terminal region containing the WW domains is
able to bind to ARHGAP39 and thus mediates the intramolecular binding in cis. Thus, | aimed
next to understand where it would bind to. Due to the presence of the two WW domains in the
N-terminal region | assumed that they would recognize proline-rich peptide targets. Further-
more, the WW1 domain was observed to be sufficient to mediate the binding of dm2 to dWW
(Fig. 5.23 D). Therefore, it is conceivable that the N-terminus folds back to the central region
and/or MyTH4 domain by establishing contacts between WW1 and proline-rich target motifs.
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Figure 5.23.: The WW domains mediate the intramolecular folding of ARHGAP39

A Schematic representation of all the ARHGAP39 truncation constructs used in these experiments. B Scheme
illustrating the backfolding of the N-terminal region of ARHGAP39. Thereby, the central region and/or the MyTH4
domain could be masked. C lllustration how the different ARHGAP39 deletion mutants could bind to ARHGAP39
FL or ARHGAP39 dWW. See description in text. D HEK 293T cells were transfected with Flag-ARHGAP39 trunca-
tion constructs or Flag-Cherry control together with Cit-ARHGAP39, Cit-dWW. Co-IP was performed using GFP-
beads and proteins were detected with anti-Flag and anti-GFP antibodies. E lllustration of assumed binding
mechanism of the WW domains to ARHGAP39 FL and dWW. See description in text. F HEK 293T cells were co-
transfected with Flag-ARHGAP39 FL (full length) and Flag-dWW and with YFP-WW. Co-IP was performed after
24 h of transfection using GFP-beads and proteins were detected with anti-Flag and anti-GFP antibodies.
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Since the central region of ARHGAP39 contains a proline-rich sequence | speculated that the
N-terminus would bind there. Peptide spot overlay assays indicate peptide sequences that
might be involved in protein-protein interactions. To this end, the N-terminal ARHGAP39 se-
quence (amino acids 1-690) was spot-synthesized on a cellulose membrane (kindly provided
by Dr. Klussmann, MDC), which was then incubated with a recombinant GST-WW fusion pro-
tein containing the WW domains of ARHGAP39 (amino acids 2-115, purified by Anja Schiitz,
MDC).

The strongest signals were observed for the peptides 13 to M3 (amino acids 242-288) that
reside in the annotated proline rich region (Fig. 5.24 A, B). Eight single Pro residues are
located within this sequence, three of them with a Ser residue ahead that might be poten-
tial phosphorylation targets (poSP) (Lu et al., 1999). Two more spots were detected that
showed strong interaction with the recombinant WW domains. The spot K1 (amino acids 51-
79), a sequence located in the WW domain itself and the spot A7 (amino acids 601-629), an
unstructured region in N-terminal proximity of the MyTH4 domain (Fig. 3.24 A). In these two
peptide sequences a pair of Pro residues or one single Pro residue can be found, respectively.

To sum up, | demonstrated that ARHGAP39 is subjected to auto-regulation. The backfolding
mechanism requires the N-terminal region containing the WW domains. The results of the
peptide spot assay implicate that the WW domains recognize two sequence motifs in the
central part of ARHGAP39. Interestingly, one peptide sequence contains multiple (pS)P motifs
that could be recognized by WW1 (Fig. 5.24 B), however binding to the MyTH4 domain could
not be ruled out.
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Figure 5.24.: The WW domain bind strongly within in the proline rich region of ARHGAP39

A Peptide spot overlay assay depicting spots were the GST-WW fusion protein (amino acids 2-115) bound to
ARHGAP39 (amino acids 1-690) spotted on a cellulose membrane. The strongest spots are highlighted in colored
boxes and the corresponding sequences are shown. B Sequence of the N-terminal ARHGAP39 protein (amino
acids 1-690). The two WW domains and the putative proline rich region are indicated in light grey and dark grey
boxes, respectively. The identified sequences in the overlay assay are depicted in bold letters, with the color code
corresponding to the identified spots.
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5.3.6. ARHGAP39 is broadly expressed in human

In the previous experiments ARHGAP39 was characterized on the molecular level including
its subcellular localisation, auto-regulation and its GAP specificity. However, in order to in-
vestigate its cellular function on the endogenous level | had to identify a cell line with optimal
expression levels to set up cell-based assays.
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Figure 5.25.: ARHGAP39 is broadly expressed in cell lines

A Detection of ectopically expressed Flag-ARHGAP39, YFP-ARHGAP39 or endogenous ARHGAP39 in MDA MB
231 cells and in ARHGAP39 shRNA mediated knock down cells with an anti-ARHGAP39 antibody. B Detection of
ARHGAP39 knock down by gPCR. C Detection of expression levels of endogenous ARHGAP39 in different cell
lines with an anti-ARHGAP39 antibody. Asterisks: unspecific bands. Abbreviations: shRNA: small hairpin RNA,
gPCR: quantitative PCR
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First, | validated the suitability of the commercially available anti-ARHGAP39 antibody from
Bethyl (cat. A302-598), which recognized the overexpressed Flag-ARHGAP39 and Cit-ARHGAP39
constructs in MDA MB 231 cells (Fig. 5.25 A). In untransfected control cells a band with a sim-
ilar molecular weight (MW) to Flag-ARHGAP39 was detected. This band disappeared in MDA
MB 231 cells stably transduced with different ARHGAP39 targeting shRNA viruses.

Notably, the expected MW of endogenous ARHGAP39 is 125 kDa and thus slightly differs
from the observed band at 150 kDa (Fig. 5.25 A). This could be due to post translational
modifications of the protein or different folding, resulting in different migratory properties in the
gel. Additional bands at 120 kDa, 50 kDa and 30 kDa were observed, but were unaffected by
the knockdown (Fig. 5.25 A, asterisks). Based on these results, | concluded that the upper
band of 150 kDa represents endogenous ARHGAP39. The knockdown of ARHGAP39 in the
different shRNA cell lines could additionally be confirmed at the mRNA level by qRT-PCR (Fig.
5.25 B).

Knowing that its homologue Vilse was characterised in axons (Hu et al., 2005; Lundstrdom
et al., 2004; Lim et al., 2014) and that zebrafish Arhgap39 is expressed in brain and in ECs
(Fig. 5.3) | questioned if its expression would be restricted to neural and endothelial cell lines.
Surprisingly, ARHGAP39 was found to be expressed in almost all cell lines tested, apart from
Jurkat T lymphocytes (Fig. 5.25 C). No signal was detected in MDCK cells, however these
are dog derived cells and therefore the antibody might not recognise the canine homologue.
ARHGAP39 was most prominently expressed in commonly used cell lines such as HEK 293T,
Hela, but also in breast cancer cell lines, (MDA MB 231, MCF7, HCC1419), in endothelial
cells (HUVEC) and in human glioblastoma (U87) and neuroblastoma cells (NGP, SKNBE2).

Next, | examined if the observed expression pattern of Arhgap39 in zebrafish also applies for
the murine and human homologue.

First, the expression of Arhgap39 in mouse tissue was examined. | designed mouse in situ
probes to detect Arhgap39 mRNA and tested them on mouse slices from embryonic stage
E16. This was done in collaboration with Maciej Czajkowksi (AG Rocks, MDC). Predominant
expression was detected in the neural tissue, specifically in the cortex, olfactory bulb, midbrain,
hindbrain and in the olfactory epithelium (Fig. 5.26 A), with a similar pattern in E11 and E14
mice (data not shown). | then analysed mouse tissue lysates from adult mice by Western blot.
Arhgap39 was found to be strongly expressed in the brain, which is in line with the observation
in the mouse in situ hybridization experiment, and in testis (Fig. 5.26 B).

| assessed the expression pattern of ARHGAP39 in human tissue lysate. A commercially
available PVDF membrane with different human tissues lysates was incubated with anti-
ARHGAP39 (Fig. 5.26 C). Again, ARHGAP39 expression was detected in brain and testis.
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Figure 5.26.: ARHGAP39 is enriched in neural tissue

A in situ hybridization to detect Arhgap39 mRNA in mouse tissue of E16 embryo. Arhgap39 mRNA was observed
in: 1 cortex, 2 olfactory bulb, 3 midbrain, 4 hindbrain and in 5 olfactory epithelium. In collaboration with Maciej
Czaijkowksi (AG Rocks, MDC). Scale bar: 3mm B Endogenous Arhgap39 levels in mouse tissue lysates. C En-
dogenous ARHGAP39 expression pattern in human tissue lysates. D Endogenous ARHGAP39 levels in human
endothelial cell lines. Abbreviations: HPAEC: human pulonary artery endothelial cells (EC), HCAEC: human coro-
nary artery EC, HIAEC: human illiac artery EC, HAEC: human aortic EC, HMVEC-L: human lung microvascular
EC, HUVEC: human umbilical cord EC, HUAEC: human primary umbilical artery EC, HMVEC-d Ad: human dermal
microvascular EC from derived from adults

Lastly, | confirmed ARHGAP39 expression in various human ECs. Probing of a commercial
PDVF membrane containing different human endothelial cell line samples demonstrated a
broad expression of ARHGAP39 in endothelial cells (HPAEC, HCAEC, HIAEC, HAEC, HU-
VEC, HUAEC, HMVEC-d Ad), except for HMVEC- L (Fig. 5.26 D).

To sum up, ARHGAP39 is strongly expressed in the brain and shows robust expression in
ECs and testis. The expression pattern of ARHGAP39 applies to the human, the murine and
the zebrafish homologue, suggesting a conserved expression pattern.

To study basic cellular functions of ARHGAP39 | decided to use Hela cells, because en-
dogenous expression levels of ARHGAP39 was among the highest, the cell line is easily

transfectable and suitable to create knock down cells by shRNA virus transduction.

5.3.7. Knockdown of ARHGAP39 impaires cell migration

Since ectopic expression of ARHGAP39 had no effect on the cytoskeleton and showed no
cellular phenotype, | aimed to study its function in ARHGAP39 depleted Hela cells. A widely
used assay to examine the migratory behaviour of cells is the scratch wound assay that can
be used to address basic cell migration without stimulation. In this set up an artificial gap is
created on a confluent cell monolayer. Then the migration of either the cell monolayer as a
whole or individual cells on the edge into the gap is monitored.

Because this assay takes place over multiple hours or even days | decided to stably knock
down ARHGAP39 to avoid problems as transient shRNA mediated knockdown may be lost
over the course of the long experiment. arising from different siRNA transfection times. Based
on the extend of the shRNA mediated knockdown in MDA MB 231 cells in the previous ex-
periment (Fig. 5.25 A, B) | decided to use the shRNA viruses B6 and B7 for the generation
of ARHGAP39 knockdown Hela cells. Western blot analysis revealed that ARHGAP39 pro-
tein expression is not detectable in shRNA B6 cells and strongly reduced in shRNA B7 cells
compared to control Hela cells and stuffer virus shRNA cells (Fig. 5.27 A). Subsequently, the
migratory behaviour of these cells was compared to a non-targeting stuffer virus shRNA cell
line. Since Hela cells tend to migrate as individual cells rather than as a monolayer | analysed
single cells.



108 5.3. Functional characterisation of ARHGAP39

The migratory activity of ARHGAP39 shRNA and stuffer shRNA cells was then examined in
the scratch wound assay. Briefly, cells were grown until confluency in a 24 well plate and upon
wounding they were then allowed to migrate into the wound. After 10 h, | consistently observed
slower migration of shRNA B6 and B7 cells into the wound compared to stuffer control shRNA
cells, as exemplified in Fig. 5.27 B. This is also illustrated as an overlay of individual tracks of
the ARHGAP39 shRNA B6, shRNA B7 and stuffer shRNA cell lines (Figure 5.27 C).

Next, | analysed the migratory behaviour of individual cells in detail and quantified their total
migration distance, velocity and migration distance into the wound (x-axis migration). For both
ARHGAP39 knockdown cell lines | detected a significantly reduced total migration distance
(B6: p<0.0001, B7: p=0.0031) and cell velocity (B6, B7: p<0.0001) compared to stuffer shRNA
cells (Fig. 5.27 D, E). Moreover, the locomotion into the wound was significantly impaired in
the ARHGAP39 knockdown cells as well (B6, B7: p<0.0001) (Fig. 5.27 F).

Taken together, the results implicate a role of ARHGAP39 in cell migration.
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Figure 5.27.: Impaired migration of ARHGAP39

A Endogenous ARHGAP39 expression was tested in HeLa control cells, GAP39 shRNA B6, GAP39 shRNA B7
and stuffer shRNA cells with anti-ARHGAP39 antibody. B ARHGAP39 shRNA B6, B7 and stuffer shRNA cells were
cultured in 24 well plate until dense. A scratch was made with a filter tip and cells were imaged with a confocal
microscope in 15 min intervals for the next 10 h. Images of Hela cells stably transfected with shRNA B6, B7 or
stuffer lentiviruses taken at 0 h or 10 h after the scratch was made. Cells migrated in the presence of Mitomycin
C to inhibit cell division. C Scatter plots depicting the migration behaviour of single cells of the indicated cell line
during the scratch wound assay. In D the total migration distance, in E the cell velocity and in F the migration
into the wound was calculated for individual ARHGAP39 shRNA B6 and shRNA B7, and stuffer virus shRNA cells
after 10 h of migration. Asterisks denote statistical significance as calculated by Student’s t-test. Significance was
ranked as *** p<0.001, ** p<0.01. The assay was repeated at least two times with each cell line in duplicates.
For each well 10 cells were analysed. Total numbers of analysed cells are: ARHGAP39 shRNA B6: 140 cells,
ARHGAP39 shRNA B7: 120 cells, stuffer shRNA: 100 cells. Abbreviations: GAP39: ARHGAP39 Scalebar 100 um

5.3.8. Validation of ARHGAP39 interaction with binding partners found in a
mass-spectrometry screen

One goal of this thesis was to study the function of ARHGAP39 in guided cell migration down-
stream of SLIT/ROBO signalling. However, apart from the ROBO receptors several other
potential binding partners were identified in a previous systematic IP/MS screen (Mdller et al.,
BioRxiv).

Among all of the putative binding partners | could prove the interaction with CNKSR2, CNKSR3,
PEAK1 and TANC2. While they are expressed in different tissues and regulate various sig-
nalling pathways, they all provide a scaffold for the assembly of multi-protein complexes.
Thereby, signalling pathways can be quickly propagated within cells. As ARHGAP39 is a
regulatory protein, it is conceivable that it would be recruited by these different scaffold pro-
teins and it has many domains itself that could also contribute a scaffold function.

The interaction of ARHGAP39 with the putative binding partners was first investigated with
confocal microscopy. | observed an enrichment of CNKSR3 on cellular structures that re-
semble the endoplasmatic reticulum (ER) in MDCK cells. When coexpressed, ARHGAP39
completely colocalised with CNKSR3 at these structures (Fig. 5.28 A, top panel), indicating
that CNKSR3 sequesters ARHGAP39 from the plasma membrane and suggesting a direct in-
teraction of both proteins. In MDCK cells, overexpressed CNKSR2 localized in puncta and was
found in perinuclear aggregates, presumably a consequence of overexpression, The nature
of the CNKSR2 punctae was not further characterised here. Upon cotransfection, CNKSR2
and ARHGAP39 strongly colocalised at the plasma membrane and in smaller size punctae
that were evenly distributed throughout the cell (Fig. 5.28 A, middle panel).
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Figure 5.28.: Colocalisation of ARHGAP39 and its interaction partners

A The left panel shows MDCK cells transfected with Cit-ARHGAP39, Cit-CNKSR2, Cit-CNKSR3 or Cit-Tanc2.
The second panel shows MDCK cells co-transfected with ARHGAP39 and CNK2,CNK3 or TANC2 with indi-
cated fluorescence tags. In the last column the merged images are depicted. Insets in images show higher
magnification of the boxed region indicated in the merged image for each panel. B In the top row Cos7
cells were either co-transfected with Cit-PEAK1 and mCherry-Zyxin. In the bottom row Cos7 cells stably ex-
pressing mCherry-Pxn were transfected with Cit-ARHGAP39. Focal adhesion localisation was assessed by
live-cell TIRF microscopy. Right panel shows fluorescence intensity profiles of a line scane through focal ad-
hesions, indicated by white lines in the merged images. Intensity plots were normalized to the average in-
tensity over the whole line. Abbreviations: GAP39: ARHGAP39, CNKSR2/3: Connector Enhancer of Ki-
nase Suppressor of Ras, PEAK1: pseudopodium enriched atypical kinase 1, TANC2: Tetratricopeptide repeat,
ankyrin repeat and coiled-coil domain-containing protein 2. White scalebars 10 um, black scalebars 5 pm.

YFP-TANC2 expressed in MDCK cells localised in punctae, again most likely representing
protein aggregates (Fig. 5.28 A, bottom panel) A similar expression pattern of exogenously
expressed TANC2 has been shown in COS cells (??), however the identity of the punctae was
not further examined. Low level expression of TANC2 together with ARHGAP39 resulted in
co-localisation of both proteins at the plasma membrane, indicating that ARHGAP39 recruited
TANC2 to this location.

PEAK1 was shown to localise at focal adhesions (Wang et al., 2010). With total internal re-
flection fluorescence (TRIF) microscopy the localisation of PEAK1 at focal adhesions could
be observed, as determined by colocalisation with the focal adhesion marker Zyxin (in collab-
oration with Markus Mdeller, MDC, www.www.bio.org). The PEAK localisation data are highly
identical to the observed recruitment of ARHGAP39 to focal adhesions (Fig. 5.28 B), indicat-
ing that PEAK1 recruits ARHGAP39 to focal adhesions.

The microscopic observations were then further validated by Co-IP. Considering the domain
architecture of ARHGAP39 the WW domains are the only protein-protein mediating domains
present. Moreover, the Vilse/Robo interaction in Drosophila was shown to be mediated by
the second WW domains that bind to the CC2 motif (Lundstrém et al., 2004; Hu et al., 2005).
Since WW domain interactions require the presence of proline-rich motifs | examined if any
proline-rich binding motif can be found in the sequences of CNKSR2, CNKSR3, TANC2 and
PEAK1. Indeed, they all contain at least one stretch of poly-prolines. The alignment of these
peptide sequences and the proline-rich CC2 motifs of the ROBO receptors revealed a con-
sensus sequences PPPPxxPP. Strikingly, the consensus sequence is in line with the predicted
recognition motif for WW2 of ARHGAP39 (Fig. 5.29).
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ROBO1 1480 aa -LPPPPAHPPP
ROBO2 1074 aa -LPPPPVQPLP
ROBO3 1085 aa -LPPPPP----
ROBO4 714 aa -LPPAPLFP--

CNKSR2 354 aa --PPPPAEP--
CNKSR2 702 aa --PPPP-—----
CNKSR3 347 aa --PPPPAVP--
SGK269 869 aa PFPPPP-----
SGK269 964 aa --PPPP-----
SGK269 1152 aa --PPPLP----
TANC2 1381 aa --PPPPPQP--

TANC2 1529 aa -PSPPPSP---
consensus --PPPPXXxP--

Figure 5.29.: Identification of a proline-rich consensus sequence

Stretches of Pro residues of identified binding partners of ARHGAP39 are aligned and a revealed a common
proline-rich consensus sequence, which is highly similar to the predicted motif PPP(L)Pp for the WW2 domain
of ARHGAP39. Abbreviations: SGK269: pseudopodium enriched atypical kinase 1, TANC2: ankyrin repeat and
coiled-coil domain-containing protein 2, CNKSR2/3: Connector Enhancer of Kinase Suppressor of Ras 2/3.

Therefore, | then examined if the second WW domain of ARHGAP39 binds to the four putative
binding partners by creating two binding deficient mutants, Y81A and W92A. Cit-CNKSR2 and
Cit-CNKSR3 pulled down Flag-ARHGAP39, however both proteins did not bind to the Y81A
and W92A mutants (Fig. 5.30 A, B).

Cit-PEAK1 was co-transfected with Flag-ARHGAP39 FL, Flag-dWW or Flag-Y81A. | specu-
lated that the mutation at the Tyr residue 81 of WW2 would abolish the interaction, because for
this mutant the focal adhesion localisation was impaired (Fig. 5.30 C). Indeed, PEAK1 could
only interact with ARHGAP39 FL, but did not bind to the Y81A binding deficient mutant (Fig.).
Lastly, Co-IP experiments revealed that Flag-TANC2 bound to YFP-ARHGAP39 (Fig 5.30 D).
Unfortunately, the co-expression of TANC2 and the ARHGAP39 mutants was not sufficient to
perform Co-IP. Thus, no data regarding the involvement of WW2 was obtained.

Taken together, | confirmed the interaction of ARHGAP39 with the four proteins CNKSR2,
CNKSR3, PEAK1 and TANC2. The great extent of colocalisation strongly suggests that all
these proteins directly interact with ARHGAP39. Moreover, | identified the requirement of the
second WW domain of ARHGAP39 to bind to CNKSR2, CNKSR3 and PEAKT.
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Figure 5.30.: The WW2 domain is required for protein interaction

A HEK 293T cells transfected with Cit-CNKSR2 and Flag-ARHGAP39,Flag-Y81A and Flag-W92A. After 24h
lysates were subjected to immunoprecipitation with GFP-beads and proteins were detected with anti-GFP and
anti-Flag antibodies. B Co-immunoprecipitaion of Cit-CNKSR2 and Flag-ARHGAP39,Flag-Y81A and Flag-W92A
mutants with GFP-beads. Proteins were immunoblotted with anti-GFP and anti-Flag antibodies. Note, that the
expression levels of Cit-CNKSR2 in lysates was reduced (Fig. 5.30 A, second and third lane), however in the
eluate Cit-CNKSR2 levels were comparable. A HEK 293T cells overexpressed Cit-PEAK1 and Flag-ARHGAP39,
Flag-Y81A, Flag-W92A or Flag-Cherry control. Lysates were subjected to immunoprecipitation with Flag-beads
and proteins immunoblotted with anti-GFP and anti-Flag antibodies. B Ectopically expressed Flag-TANC2 and
Cit-ARHGAP39 or Cit control in HEK 293T cells. Lysates were subjected to Co-IP with GFP-beads and proteins
detected with anti-GFP and anti-Flag antibodies. Arrowheads: Indicate the correct size of Cit-ARHGAP39 and Cit.
The second band visible might be due to degradation of the proteins. Asterix: Fraction of denatured GFP-IgG anti-
body used for the IP. Abbreviations: GAP39: ARHGAP39, CNKSR2/3: Connector Enhancer of Kinase Suppressor
of Ras, PEAK1: Pseudopodium enriched atypical kinase 1, TANC2: Tetratricopeptide repeat, ankyrin repeat and
coiled-coil domain-containing protein 2.
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5.4. ARHGAP39 interacts with ROBO receptors

Subsequent to the general characterization of ARHGAP39, | focus here on establishing a
link between ROBO receptor signalling and ARHGAP39. | already proved the interaction
between all ROBO receptors and ARHGAP39. Here, | created functional mutants of ROBO1,
exemplarily for ROBO2 and 3, and of the more divergent ROBO4 receptor in order to analyse
the binding mechanism. By confocal time lapse imaging the ROBO1/ARHGAP39 interaction
was examined on the subcellular level. To elucidate the role of ARHGAP39 in cell repulsion
downstream of ROBO the migratory behaviour of ARHGAP39 knockdown cells was tested in
the presence of SLIT2.

5.4.1. ARHGAP39 WW domains are required for interaction with ROBO1 but
not ROBO4

| identified a poly-proline consensus sequence for the WW2 domain, which can be found in
the CC2 motifs of ROBO1 and ROBO4 (Fig. 5.29). Thus, | set out to verify that the second
WW domain of ARHGAP39 mediates the interaction with ROBO1 and ROBOA4.
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Figure 5.31.: ARHGAP39 dWW does not bind to ROBO1

Ectopic expression of YFP-ARHGAP39, YFP-dWW or YFP-Cherry control and Flag-ROBO1 or Flag-ROBO4 in
HEK 293T cells. Lysates were subjected to immunoprecipitation with Flag-beads and proteins were detected with
anti-GFP and anti-Flag antibodies.

Co-IP experiments using full length ARHGAP39 and a construct lacking the WW domains
(dWW) revealed that the WW domains are crucial for the interaction of ARHGAP39 with
ROBO1, but, surprisingly, are dispensable for the interaction with ROBO4 (Fig. 5.31). This
was unexpected, since both receptors contain the proline-rich CC2 binding motif, which was
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assumed to be critical for the interaction with ARHGAP39 (Hu et al., 2005; Lundstrém et al.,
2004)
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Figure 5.32.: Cytoplasmic truncation constructs of ROBO1 and ROBO4 are functional in Co-IPs

HEK 293T cells expressing PXN, MENA, CNKSR2 together with ROBO4 Cy or ROBO4 Cy dCC2 truncations were
harvested after 24h. Lysates were subjected to immunoprecipitation with GFP-beads and proteins immunoblotted
with anti-Flag or anti-GFP antibodies. A Flag-PXN bound to YFP-ROBO4 Cy, but not to YFP-ROBO1 Cy and
ROBO1 Cy dCC2. B Flag-MENA co-expressed with YFP-ROBO1 Cy, YFP-ROBO1 Cy dCC2 or YFP-ROBO4 Cy
could interact with YFP-ROBO1 Cy and YFP-ROBO4 Cy. C Co-expression of Flag-CNKSR2 with Cit-ARHGAP39,
YFP-ROBO1 Cy, or YFP-ROBO4 Cy yielded in interaction of Flag-CNKSR2 with Cit-ARHGAP39. Abbreviations:
GAP39: ARHGAP39, R1 Cy: ROBO1 cytosolic fragment, R4 Cy: ROBO4 cytosolic fragment, PXN: PAXILLIN,
MENA: protein enabled homolog, CNKSR2: Connector Enhancer of Kinase Suppressor of Ras 2

To further investigate the molecular mechanism of interaction, | engaged truncation constructs
of ROBO1 and ROBO4 that encode only the cytosolic portion of the proteins (Cy). These

constructs were previously used in other studies for IP experiments and demonstrated not
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to affect the protein binding properties (Bashaw et al., 2000; Wang et al., 2003; Lundstrém
et al., 2004; Jones et al., 2009a). All truncated versions of ROBO1 and ROBO4 created
in this work were tested for their subcellular localisation by microscopy (Fig. A.4 and A.5,
Appendix). | performed control Co-IPs with two established ROBO binding partners to confirm
their functionality.

MENA is an actin-associated protein and has been shown to bind to the CC2 motifs both in
ROBO1 and to ROBO4 (Park et al., 2003; Jones et al., 2009a). The focal adhesion protein
Paxillin was reported to bind murine Robo4 via a binding motif C-terminal of the CCO domain
(Jones et al., 2009a), which is not present in ROBO1. CNKSR2, the ARHGAP39 interactor
(see Fig.xx), was chosen as negative control that should not bind to the ROBO receptors. As
expected, PAXILLIN selectively bound ROBO4 Cy but not ROBO1 Cy (Fig 5.32 A). MENA
associated both with ROBO1 Cy and ROBO4 Cy, but not with a ROBO1 Cy construct missing
the CC2 motif (Fig 5.32 B). CNKSR2 bound to ARHGAP39, but could not interact with either
of the receptors (Fig 5.32 C). ROBO1 Cy and ROBO4 Cy are thus fully functional proteins
capable of binding known interaction partners and were therefore used for further experiments
to analyse the interaction with ARHGAP39.

5.4.2. ARHGAP39 binds the CC2 motif of ROBO1 via its second WW domain

The initial experiment with the ARHGAP39 dWW construct revealed that its WW domains are
required for the ROBO1 interaction (Fig. 5.31). In a complementary Co-IP experiment | could
validate this observation by showing that the isolated WW domains could pull down ROBO1
Cy, but did not interact with the control (Fig. 5.33 A).

Next, | aimed to prove that WW2 mediates the binding to ROBO1, since the CC2 motif con-
tains the predicted consensus sequence of WW2. Therefore, the binding deficient mutants
of ARHGAP39 WW2, Y81A and W92A, were co-expressed with ROBO1. Indeed, ROBO1
bound to ARHGAP39, but not to the binding deficient mutants (Fig. 5.33 B).

Conversely, | could show that the CC2 motif of ROBO1 is required for the interaction, since the
ROBO1 Cy CC2 deletion mutant did not interact with Flag-ARHGAP39 anymore (Fig. 5.34 B).
Furthermore, Flag-ROBO1 Cy was also able to precipitate endogenous ARHGAP39, but not
the ROBO1 Cy CC2 mutant (Fig. 5.34 C).

To sum up, the binding of ROBO1 to ARHGAP39 involves the CC2 motif and the WW2 domain,
respectively, and thus constitutes a canonical WW domain interaction.
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Figure 5.33.: ARHGAP39 binds to ROBO1 via the second WW domain

A HEK 293T cells transfected with YFP-WW and Flag-ROBO1 Cy or Flag-Cherry. Cells were harvested after
24 h of transfection. Lysates were treated with GFP-beads and proteins were detected with anti-GFP and anti-
Flag antibodies. B Co-transfection of YFP-ROBO1 Cy and Flag-ARHGAP39 or its mutants in HEK 293T cells.
Lysates were treated with GFP-beads and proteins were detected with anti-GFP and anti-Flag antibodies. Blots
are representative of three similar experiments.
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Figure 5.34.: The CC2 motif in ROBO1 is required for interaction with ARHGAP39

A Schematic illustration of ROBO1 constructs used in this thesis. B HEK 293T cells transfected with YFP-ROBO1
Cy, YFP-ROBO1 Cy dCC2 or YFP-Cherry and Flag-ARHGAP39. Lysates were subjected to immunoprecipitation
with GFP-beads and proteins were detected with anti-GFP and anti-Flag antibodies. C Endogenous ARHGAP39
was detected with anti-ARHGAP39 antibody in lysate of HEK 293T cells, transfected with Flag-ROBO1 or Flag-
ROBO1 Cy dCC2. Blots are representative of three similar experiments.
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5.4.3. ARHGAP39 interacts with ROBO4 in a complex binding mode

| next aimed to understand the binding mechanism between ARHGAP39 and ROBO4. It was
already demonstrated that deletion of the WW domains did not abolish the binding to ROBO4
(Fig. 5.31). Thus, the binding must involve other or additional regions on ARHGAP39.
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Figure 5.35.: The WW domains are dispensable for binding to ROBO4

A HEK 293T cells transfected with YFP-ROBO4 Cy and Flag-ARHGAP39 or Flag-ARHGAP39 truncations.
Lysates were subjected to immunoprecipitation with GFP-beads and proteins were detected with anti-GFP and
anti-Flag antibodies. B lllustration of truncation and deletion constructs of ARHGAP39 used in this Co-IP. C
Overexpressed Flag-ROBO4 and Cit-ARHGAP39 or YFP-truncation construct were immunoprecipitated with Flag-
beads and proteins immunoblotted with anti-GFP or anti-Flag antibodies. Arrowhead: Indicates band for Cit-
Cterm2 in lysate. The second band visible depicts a different MW due to the loss of the YFP-tag. Blots are
representative of two similar experiments.

Different ARHGAP39 truncation constructs were therefore subsequently tested by Co-IP. Only
the ARHGAP39 C-terminus comprising the MyTH4 and GAP domain (Cterm2) could be ex-
cluded to bind to ROBO4 Cy. Surprisingly, all other truncation constructs interacted. In more
detail, the constructs dWW, middle and Cterm1, which have in common a 190 amino acid
stretch N-terminal of the MyTH4 domain, bound to ROBO4 Cy. But also dm1 and dm2, which
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both contain the first WW domain, but lack this sequence of 190 amino acids, were able to
interact with ROBO4 Cy, albeit to a lesser extent (Fig 5.35 A).

These results suggest a more complex mode of association of ARHGAP39 and ROBO4. Two
binding sites may exist in the N-terminal half of ARHGAP39. One of them in the first WW
domain and one adjacent to the MyTH domain.

Subsequently, | tried to pinpoint the critical binding site on ROBO4. First, | examined the role
of the ROBO4 CC2 motif in ARHGAP39 binding. A Co-IP of Cit-ROBO4 Cy with or without
the CC2 motif and Flag-ARHGAP39 revealed that the deletion of this motif did not completely
abolish the interaction with ARHGAP39 and implicates the existence of additional binding sites
(Fig. 5.36 A).

Next, a panel of ROBO4 Cy truncation constructs was analysed. Surprisingly, most of them
interacted with ARHGAP39. Two representative Co-IP experiments are shown in Figure 5.37
B and C. The smallest construct that bound to ARHGAP39 comprises the amino acids 494 to
543, a sequence adjacent to the transmembrane domain.

Only ROBO4 Cy d593-713, missing the amino acids between the CC0 and CC2 motif, did not
bind to ARHGAP39 anymore (Fig. 5.36 B, C). In contrast, ROBO4 Cy d593-662 did interact,
indicating that the amino acids 663 to 713 contribute to binding ARHGAP39. Moreover, Flag-
ARHGAP39 pulled down the deletion construct ROBO4 Cy d713-794, which misses the CC2
motif, but contains the potential binding region between 663 and 713 amino acids is present
(Fig. 5.36 B). This corroborates the relevance of the amino acids between 663 to 713 and the
hypothesis that the CC2 motif is not exclusively involved in the association with ARHGAP39
and the amino acids between 663 to 713 are required as well.

The fact that almost all truncation constructs interacted with ARHGAP39 may theoretically be
an artifact due to incorrect folding of the truncated proteins, which may facilitate unspecific
binding. However, | could demonstrate that ROBO4 Cy correctly binds MENA and Paxillin
(Fig. 5.32) and that expressed ROBO4 Cy fragments did not form obvious aggregates (Fig.
A.5, Appendix). Assuming that all constructs function properly the data together suggests the
existence of at least two ARHGAP39 binding sites also on ROBO4.

Together the Co-IP data suggest the existence of multiple binding sites on ARHGAP39 and
on ROBO4 as well.

The ROBO4/ARHGAP39 interaction data implicate that the WW domains of ARHGAP39 con-
tributes to the binding to ROBO4 (Fig. 5.35 A). Therefore, | aimed to identify a WW domain
target motif within the ROBO Cy sequence and continued with a peptide spot overlay assay
with the sequence of the cytoplasmic tail of ROBO4 (amino acids 493-1003) spot-synthesized
on a cellulose membrane (kindly provided by Dr. Enno Klussmann, MDC). The membrane
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Figure 5.36.: CC2 motif in ROBO4 not exclusively required for interaction with ARHGAP39

A HEK 293T cells expressing Flag-ARHGAP39 together with YFP-ROBO4 Cy or YFP-ROBO4 Cy dCC2 were
harvested after 24h. Lysates were immunoprecipitated with GFP-beads and proteins immunoblotted with anti-
Flag or anti-GFP antibodies. B and C HEK 293T cells were co-transfected with Flag-ARHGAP39 and YFP-
ROBO4 Cy or YFP-ROBO4 Cy truncation constructs. Lysates were harvested after 24h and immunoprecip-
itated with Flag-beads. Proteins were detected with anti-Flag or anti-GFP antibodies. Arrowheads indicate
unspecific band for the expressed YFP-constructs in the lysate. Blots are representative of three similar ex-
periments. D Schematic drawing of truncation constructs used in the presented Co-lp experiments. Ab-
breviations: GAP39: ARHGAP39, R1 Cy: ROBO1 cytosolic fragment, R4 Cy: ROBO4 cytosolic fragment.

was then incubated with the recombinant GST fusion protein of the ARHGAP39 WW domains
(amino acids 2-115, purified by Anja Schiitz, MDC).

The GST-WW domains bound to the peptide spots O3 to Q3 with the corresponding amino
acid sequence from 694 to 731, which includes the CC2 motif PPAPLFP (Fig. 5.37 A, spots
highlighted in green). Another array of peptides from D2 to G2 was identified. The correspond-
ing sequence, amino acids 537 to 581, is located just ahead of the CCO motif and contains
only single prolines (Fig. 4.37 A, spots highlighted in orange). The strongest spots detected
correspond to the peptides from B6 to G6 with the amino acid sequence 932 to 981 that re-
sides at the very C-terminus of ROBO4 (Fig. 5.37 A, spots highlighted in red). This region
contains 3x double prolines in its sequence.

Combining the observations of the peptide spot overlay assay with the Co-IP results reveals
that the identified spots O3 to Q3 (amino acids 694-731) are in agreement with binding of the
construct ROBO4 Cy d714-792; and the amino acid sequence 537-581 (in spots D2 to G2)
partly overlaps with sequence of the construct ROBO4 Cy 494-543 that bound to ARHGAP39.

Taken together, the binding of ARHGAP39 to ROBO4 does not critically involve a WW domain
CC2 motif interaction, unlike the association with ROBO1. Two regions in the ARHGAP39
N-terminus, the WW domains and a sequence adjacent to the MyTH4 domain, are involved
the binding to ROBOA4. In turn, | identified also three binding sites on the ROBO4 sequence, a
region following the transmembrane domain, one including the CC2 motif and one C-terminal
region. It is conceivable that the multiple binding sites are involved in a complex binding
mechanism of ARHGAP39 and ROBOA4.
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Figure 5.37.: GST-WW fusion protein recognizes three Pro residues containing peptide sequences

A Peptide spot overlay assay depicting spots were the GST-WW fusion protein (amino acids 2-115) bound to
ROBO4 Cy (amino acids 494-1003) spotted on a cellulose membrane. The strongest spots are highlighted in
colored boxes and the corresponding sequences are shown. Pro residues are highlighted in bold. Red amino
acid residues can be modified by phosphorylation. B lllustration where within the ROBO4 Cy sequence the
peptide stretches were identified by binding of the GST-WW domains. And the corresponding results of the Co-IP
experiments are shown.

5.4.4. ROBO1 is internalized upon SLIT2 stimulation

In the previous section | verified the direct interaction of human ARHGAP39 and the ROBO
receptors that was detected in the absence of a stimulus, in particular SLIT2. However, many
transmembrane signalling receptors engage with downstream effectors once they have been
activated upon ligand binding. Therefore, | aimed to examine how SLIT2 stimulation would
affect the ROBO/ARHGAP39 interaction. Here, | continue with ROBO1 only, because SLIT2
is known to bind and activate ROBO1, whereas this is not clear for ROBO4.

| set up a cell based system involving ROBO signaling in which the implication of ARHGAP39
can be tested by confocal microscopy. First, | studied the effect of SLIT2 stimulation on trans-
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membrane bound ROBO1 in cells. HelLa cells were chosen to ectopically express ROBO1
and then treated either with SLIT2 or with mock conditioned media. Before, SLIT2 treatment
ROBO1 expression was observed at the plasma membrane and in the perinuclear region. Us-
ing live cell microscopy, no obvious changes in phenotype was detected in control cells treated
with SLIT2 for 60 min or in ROBO-YFP cells treated with mock conditioned media for the same
time period (Fig 5.38 A, B). In contrast, ROBO1-YFP expressing HelLa cells acquired a more
rounded morphology, indicating that ROBO1 transfection drastically increases the cells sen-
sitivity to SLIT2 treatment. Moreover, striking re-localsation of ROBO1 was observed upon
SLIT treatment from the plasma membrane into intracellular vesicles (Fig. 5.38 C).

A B

Slit2 treatment mock treatment

Omin 60min Omin 60min

ROBO1 Venus

@)

ROBO1 Venus

ROBO1 Venus

Figure 5.38.: Slit2 induces ROBO1 internalisation

A Hela cells transfected with Flag-Cherry were treated with SLIT2 media and images were acquired after 60 min.
B ROBO1-YFP transfected cells were treated with mock media for 60 min. Images were captured with a confocal
microscope. C ROBO1-YFP transfected cell treated with SLIT2 shown in detail over the time course of 60 min.
Images were captured every 5 min with a confocal microscope. Scale bar 10 um
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5.4.5. ARHGAP39 potentially co-internalizes with ROBO1 in the presence of
SLIT2

Encouraged by these observations | next asked whether SLIT2 treatment affects the ARH-
GAP39/ROBO1 interaction. First, the extent of interaction between endogeneous ARHGAP39
and Flag-ROBO1 in the presence of SLIT2 was assessed biochemically by Co-IP. A clear
increase in ARHGAP39 binding to ROBO1 was observed after 30 min of SLIT2 stimulation
(Fig. 5.39), implicating a delayed recruitment of ARHGAP39.

This observation implies that ROBO1 recruits ARHGAP39 and thus | asked whether ARH-
GAP39 would also localise in intracellular vesicles. This observation would be particularly
interesting since it may provide a means to investigate a direct interaction of ARHGAP39 and
ROBO1 in cells. It would be otherwise difficult to study since both proteins expressed alone
already localise at the membrane.

Lysate IP: Flag

- 10 30 - 10" 30 SLIT2 treatment
FlagROBO1 + + + + + +

—-qH Flag
170 —

170 —

. Bl L ww | ARHGAP39

Figure 5.39.: SLIT2 enhances the ARHGAP39 - ROBO1 interaction
HEK 293T cells transfected with Flag-ROBO1and treated with SLIT2 media for the indicated time points. endoge-
nous ARHGAP39 was pulled down with Flag antibodies and detected with the anti-ARHGAP39 antibody.

In Figure 5.40, A the co-localisation of ARHGAP39 and ROBO1 at t= 0 min and t= 30 min of
SLIT2 stimulation is depicted. While at t= 0 min the two proteins can be mainly observed at
the membrane, but also in the cytoplasm and in few vesicles, at t= 30 min they mainly localise
in vesicles along the membrane. Further validation of these observations requires the use of
image analysis approaches to quantitatively assess changes in protein localization.

The reduction in plasma membrane staining could be quantified by a line scan analysis that
measures the intensity values of both proteins along this line before and after 30 min of SLIT2
stimulation (Fig. 5.40 B). This approach revealed that the pixel intensities decreased by half
compared to untreated conditions (Fig. 5.40 C). A caveat here is that for intensity measure-
ments at the plasma membrane the formation and disappearance of membrane ruffles has to
be considered, as well as the movement of the membrane during the time course of the exper-
iment and potential photobleaching. This issue needs to be addressed in future experiments
by using a plasma membrane marker, which could serve as a reference to create a mask for
the membrane to be quantified.
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Figure 5.40.: Decrease of ROBO1 and ARHGAP39 localisation at the plasma membrane

A Hela cells transfected with ROBO1-Cherry and YFP-ARHGAP39 were treated with SLIT2 conditioned medium
for 30 min. Images were captured every 3 min with a confocal microscope. Boxed regions represent the depicted
magnifications in B and Fig. 3.42. Scale bar 10 pm.. B Images are the magnification of the boxed region
in 1, showing fluorescence signals at the plasma membrane. Images show fluorescent signal of ROBO1 and
ARHGAP39 after 0 min and after 30 min of SLIT2 stimulation. The dashed lines at t= 0 min and at t= 30 min show
the area chosen for the line scans. C Line scans depicting the normalized intensity along the indicated dashed
line. Results are depicted for either protein at t= 0 and t= 30 min of SLIT2 stimulation in indicated colors. Scale
bar 5 um. Abbreviation: GAP39: ARHGAP39
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Another way to quantify the re-localisation of ARHGAP39 and ROBO into vesicles is to analyse
the co-localisation correlation coefficients. The easiest way to measure the colocalisation is
by calculating the Pearson’s coefficient (r) and Manders’ coefficients (M1= fraction of ROBO1-
mCherry overlapping with Venus-ARHGAP39, M2= fraction of Venus-ARHGAP39 overlapping
with ROBO1-mCherry). | used the public domain tool JACoP (Just Another Co-localization
Plugin) in Fiji (Fiji Is Just Imaged) to measure the correlation coefficients of ARHGAP39 and
ROBO1 at t= Omin and t= 30 min in Figure 5.41 A. This revealed that at both time points
the Pearson’s and Manders’ coefficients have similar values (Fig. 5.41), which implicates that
ROBO1 and ARHGAP39 partially colocalize independent of SLIT2.

In addition, an object-based colocalisation approach could be included, which measures the
coincidence of discrete structures. Objects of the green and red channel co-localise if the
centroid of an object of the green channel falls into the area covered by an object of the red
channel and vice versa. Co-localisation can be then quantitatively expressed as the percent-
age of positive couples divided by the overall number of structures for the current channel.
For the images shown here in Figure 5.41 centers-particles overlap maps show the spatial
overlap of objectives of the ARHGAP39 and the ROBO1 channel at t= 0 min and t= 30 min
(Fig. 5.41 B). This correlation method could visualise the appearance of vesicles containing
ROBO1 and ARHGAP39 upon SLIT2 treatment.

The data sets so far were compromised by an inconvenient signal-to-noise ratio and therefore
colocalisation of ROBO1 and ARHGAP39 could not be quantitatively assessed. To obtain
better quality images in the future | first have to overcome problems regarding the transfec-
tion efficiency of both proteins in HelLa cells and define the optimal time point with maximal

internalisation.
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Figure 5.41.: Partial colocalisation of ROBO1 and ARHGAP39 estimated by Pearson’s and Mander’s coef-
ficients

A Hela cells transfected with ROBO1-Cherry and YFP-ARHGAP39 were treated with SLIT2 conditioned medium
for 30 min. Images were captured every 3 min with a confocal microscope. Boxed regions represent the depicted
magnifications in Figure 5.40 A, 2. Scale bar 5 um. The Pearson’s and Mander’s coefficients were calculated us-
ing the Fiji plugin JACOP (http://rsb.info.nih.gov/ij/plugins/track/jacop.html). Blue lines drawn on top of the scatter
plot indicate the automatic threshold levels that were used by JACoP to calculate the threshold based Mander’s
coefficients M1 and M2. B Centers-particles overlap maps are shown that present the the event of colocalisation
of centers of the green image (ARHGAP39) and particles of the red image (ROBO1). The images of ARHGAP39
and ROBO1 in A were used to create the centers-particles maps at t= 0 min and t= 30 min of SLIT2 conditioned
media stimulation. Scale bar 5 um. Abbreviation: GAP39: ARHGAP39
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5.4.6. ARHGAP39 knock down has no effect on ROBO1 internalisation

I next asked whether ARHGAP39 is involved in SLIT2 mediated ROBO1 internalisation. To this
end, ROBO1-YFP was transfected into ARHGAP39 shRNA B6 knockdown or control HelLa
cells and treated either with mock media or SLIT2 conditioned media. By confocal imaging in
live cells, | did not observe any obvious difference in the extent of ROBO1 endocytosis upon
SLIT2 stimulation between HeLa shRNA B6 and stuffer virus cells (Fig. 3.42). ROBO1 rapidly
and extensively internalised in both cell lines. These results indicate that ARHGAP39 is not
essentially required for ROBO1 endocytosis upon SLIT2 treatment in this cell line.

Slit2 treatment

Omin 15min 30min

in Hela shRNA B6

ROBO1 Venus

in Hela WT

ROBO1 Venus

Figure 5.42.: Slit2 induced ROBO1 internalisation is unchanged in ARHGAP39 shRNA cells
The indicated Hela cells were transfected with ROBO1-YFP and treated with mock or SLIT2 conditioned media
for 30 min. Images were captured every 3 min with a confocal microscope. Scale bar 5 um.

5.4.7. ARHGAP39 knock down reduces SLIT/ROBO induced cell repulsion

Finally, | aimed to explore a functional link between ARHGAP39 and ROBO1 in directed cell
migration. Therefore, the transwell migration assay, a well-established technique to quantify
cell migration in response to attractive or repulsive cues, was employed.

First, | optimized the assay by determining the cell density and incubation time that should
be used for HelLa cells. The average numbers of cells that migrated through the membrane
for ARHGAP39 knockdown cells and stuffer virus control cells were about the same for both
the initial cell numbers seeded and the incubation time (Fig. 3.43 A, B). These experiments
revealed that the transwell migration of ARHGAP39 depleted cells in the presence of serum,

but absence of SLIT stimulus, is not impaired.
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Figure 5.43.: ARHGAP39 knock down increases cell migration in the presence of SLIT2

In A 40,000 and in B 80,000 cells were treated the in the same way: GAP39 shRNA B6 and stuffer shRNA
cells were seeded and were allowed to migrate for the indicated periods of time. Afterwards the insert mem-
branes were fixed and stained with crystal violet. Between 8 and 15 fields of view were imaged per transwell
insert. C 40,000 Hela cells were seeded. In the bottom chamber media was present either without serum or
with serum plus SLIT2 at 100 nM, 50 nM, 10 nM to 0 nM concentration. D 40, 000 HelLa cells were seeded
per insert. Media in the bottom chamber contained either no SLIT2 or 50 nM SLIT2 plus 400 nM ROBO1
Fc. Afterwards the insert membranes were fixed and stained with crystal violet. Between 10 and 12 fields of
view were imaged per transwell insert. One insert per condition was analysed. E 80,000 cell seeded per in-
sert and incubated for 6 h in presence or absence of SLIT2 50 nM. The migration index was measured as
the ratio the ratio of cells migrated in presence of SLIT2 divided by the average cells migrated in the absence
of SLIT2. The average cell number of cells migrated without SLIT2 was set to 100%. For each transwell in-
sert between 8 and 15 fields of view were imaged. Two inserts per condition were analysed, the experiment
was repeated in two independent rounds. Cell counting was done with the free software CELLCOUNTER
(https://bitbucket.org/linora/cellcounter/downloads)(Li et al., 2014). Asterisks denote statistical significance as
calculated by Student’s t-test. Significance was ranked as * p<0.05, *** p<0.001. Abbreviations: GAP39:
ARHGAP39, FCS: fetal calf serum, ROBO1Fc: ROBO1 extracellular region linked to Fc fragment of IgG antibody.

I next determined the minimal SLIT2 concentration required to detect impaired cell movement.
In the absence of SLIT2 and presence of serum, the maximum transwell migration was ob-
served. In contrast, without serum and SLIT2, cell migration was reduced to the greatest
extent. With increasing concentrations of SLIT2 in presence of serum fewer cells migrated
through the insert into the bottom compartment (Fig. 3.43 C). 50 nM SLIT2 was chosen for
further experiments, as it resulted in a substantial change in migratory behaviour.

To show that the effect of SLIT2 on HelLa cells occurs via ROBO1 binding | used a ROBO1-
IgFc chimeric protein, which contains the extracellular part of ROBO1 linked to the IgG-Fc
fragment. By adding the ROBO1-IgFc to the media it should neutralise the SLIT2 molecule in
the media, thereby preventing the activation of the ROBO1 receptor on HelLa cells. The media
in the bottom chamber contained serum with or without SLIT2 plus ROBO1 Fc. As shown
before, the average cell number of migrated cells was dramatically reduced in the presence of
SLIT2. | observed an significant increase in average cell number when ROBO1 Fc was added
to the media (p<0.0001) (Fig. 3.43 D). This shows that the decrease in cell migration in the
presence of SLIT2 partially requires ROBO1 activation.

Subsequently, | asked whether knockdown of ARHGAP39 affects the repulsive migratory be-
haviour of cells in the presence of SLIT2. | observed that upon depletion of ARHGAP39
significantly more cells migrated through the membrane in the presence of SLIT2 compared
to stuffer virus cells (Fig. 3.43 E). The ratio of the cells migrated in presence of SLIT2 di-
vided by the cells migrated in the absence of SLIT2 is shown in Figurexx. The migration of
ARHGAP39 depleted Hela cell is increased (60% / 57%) compared to shRNA stuffer HeLa
cells (50%) in the presence of SLIT2. This result indicates that the loss of ARHGAP39 makes
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the cells less sensitive to SLIT2, as they do not respond as strongly as wildtype cells.

To sum up this chapter, | could demonstrate a functional link between ROBO signalling and
ARHGAP39 by showing that ARHGAP39 depletion renders the cells less responsive to SLIT2.
| proved a canonical binding mechanism for the ARHGAP39 WW2 domain and the ROBO1
CC2 motif. ROBO4, however, binds by a different binding mechanism to ARHGAP39 that
potentially requires multiple binding sites. Furthermore, | provided evidence that ARHGAP39
is co-recruited to ROBO1 in endocytosed vesicles upon SLIT2 stimulation and is therefore
implicated in the signalling pathways downstream of ROBO1.
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6. Discussion

6.1. ARHGAP39 interacts with all four human ROBO receptors

This thesis aimed to functionally characterize ARHGAP39 and to study its role in cell migration.
The protein was previously found in the Rocks lab to interact with the vascular-specific ROBO4
receptor (Muller et al., BioRxiv). This observed ROBO4/ARHGAP39 interaction was interest-
ing for two reasons. First, the link between ROBO receptors and the control of repulsive cell
migration is not fully established. The only other reported Rho regulatory proteins downstream
of ROBO receptors are the RAC1GEF SOS and the Cdc42/Rac1-specific SRGAPs1-3 (Wong
et al., 2001; Fan et al., 2003; Yang and Bashaw, 2006; Yamazaki et al., 2013). And second,
no GEF/GAP protein has so far been identified to associate with ROBO4, which lacks some
of the bindings motifs present in the other ROBO family members. ARHGAP39 may thus con-

nect ROBO4 signaling to the control of angiogenesis.

| could indeed demonstrate that ARHGAP39 binds to all four ROBO receptors (Fig. 5.1) and
that it is predominantly a Rac1- and to lesser extend a CDC42-specific GAP (Fig. 5.19). Thus,
for the first time one RhoGAP protein links all ROBO receptors to RAC1/CDC42 signalling
The observed substrate specificity is in agreement with the previously reported specificity of
Vilse/Crossgap for Rac1 and Cdc42. This was analysed in vitro by performing a GTPase
activation assay using a GST-fusion protein of the purified RhoGAP domain of Vilse (Lund-
strém et al., 2004) and also in vivo by examining whether Vilse/Crossgap can rescue the Ract
overexpression phenotype in Drosophila eyes (Hu et al., 2005).

It was nevertheless important to investigate the catalytic activities of human ARHGAP39 in an
independent manner, given the controversial data landscape on substrate specificities in the
literature in general (MUller et al, BioRxiv). Conflicting results are frequently observed when
the GTPase substrate specificity is analysed with different assay systems and, especially,
when in vitro or in vivo methods are compared. In vitro studies utilize truncated versions
of GEF/GAP proteins containing only the catalytic domain but lacking potential regulatory
regions and measure activities in a non-physiological context. Potential regulation by post-
translational modifications, protein interactions and the subcellular protein distribution is not
taken into account. In this study, | used a novel robust and reliable screening assay based
on FRET biosensors that allows the investigation of full length Rho regulatory proteins in their
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native cellular environment (Miller et al, BioRxiv).

The molecular characterization of the ROBO1/ARHGAP39 interaction revealed a canonical
binding mechanism involving the second WW domain of ARHGAP39 and the proline-motif
containing the CC2 region of ROBO1 (Fig. 5.32, 33). This binding mode very likely applies
to interactions with ROBO2 and 3, since their poly-proline sequences in the CC2 motif are
highly similar. Moreover, the same domains in Vilse/CrossGAP and Robo are engaged during
their interaction in Drosophila, implying that this is an evolutionary conserved mechanism
(Lundstrém et al., 2004; Hu et al., 2005).

Unexpectedly, the association of ARHGAP39 with ROBO4 does not follow the same mecha-
nism. In both proteins | identified additional regions implicated in binding. The involvement of
more than one interaction site might be due to the divergent domain architecture of ROBO4
as its extracellular domain and the cytoplasmic tail are shorter, the latter containing only two
of the four CC motifs.

The cytoplasmic portions of the ROBO receptors can be considered as intrinsically disor-
dered. A substantial fraction (30-40 % (Olsen et al., 2017)) of the proteome contains larger
disordered regions lacking a clear defined three-dimensional structure. Examining the binding
mechanisms and kinetics of such intrinsically disordered proteins (IDPs) is an emerging field
in structural biology research, as they can engage in diverse biological functions ranging from
signal transduction, scaffolding, cell cycle progression to transcription (see reviews (van der
Lee et al., 2014; Mollica et al., 2016; Olsen et al., 2017).

IDPs are characterized by the enrichment of modification sites that are freely accessible for
post-translational modifications; the presence of small binding sites that fold upon binding of
a partner proteins (coupled folding and binding) and a high degree of flexibility and access
to binding sites that facilitates the assembly of complexes (Tompa and Fuxreiter, 2007). One
mode of interaction of IDPs is 'fuzzy binding’, in which the disordered regions largely remain
unstructured even in the bound state of the protein (Tompa and Fuxreiter, 2007). IDPs and
their binding partner can have a number of interaction sites and during binding the individual
interactions between the IDP and its partner protein can be short-lived compared to the over-
all life-time of the complex. Additionally, one binding site on the IDP might recombine with
several sites on the interactor within the life-time of the complex. Thus, the unstructured
regions of IDPs are dynamic in the bound state and occupy several conformational states
(reviewed in (Olsen et al., 2017)).

The engagement of multiple phosphorylated binding sites of the cyclin-dependent kinase in-
hibitor Sic1 with one single binding motif on its receptor Cdc4 exemplarily illustrates the "fuzzy"
binding model (reviewed in (Mollica et al., 2016; Wright and Dyson, 2015; Schlessinger et al.,
2007)). The interaction of the individual Sic1 binding sites with Cdc4 exhibit fast associa-
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tion/dissociation with weak binding affinities. It is assumed that these multiple weak-binding
motifs of Sic1 may synergize and lead to an over-all high affinity of the Sic1-Cdc4 interaction
(Mittag et al., 2008). The binding sites in Sic1 are post-translationally phosphorylated, which
might enhance the specificity of the binding or further fine tune the binding affinity to Cdc4.

My results suggest that besides the CC2 motif on ROBO4 additional binding sites must exist
to mediate the binding to ARHGAP39. The CC2 motif, which was assumed to be the binding
motif for ARHGAP39, differs between ROBO4 and the other receptors (Fig. 5.29) Therefore,
the multiple binding sites in the cytoplasmic portion of ROBO4 might be required to increase
the affinity of the ROBO4/ARHGAP39 interaction, as the CC2 motif alone may not be suffi-

cient.

The important question arises why the interaction of ARHGP39 with ROBO1 follows a canon-
ical WW domain-mediated mechanism, whereas the association with ROBO4 requires multi-
ple binding sites, even though the cytoplasmic portions of both receptors are disordered. The
ROBO4 receptor emerged later in evolution, contains simpler domain architecture and its ex-
pression is restricted to endothelial tissue (Huminiecki et al., 2002). Moreover, ROBO4 recep-
tor activation and signalling might also differ from ROBO1. Whether ROBO4 can be activated
by SLITs is still controversially discussed leading to the hypothesis that ROBO4 might be acti-
vated through ROBO1 as its co-receptor (Koch et al., 2011; Sheldon et al., 2009). Therefore,
one can speculate that a different binding mechanism has evolved also for the recruitment of
cytosolic partner proteins .

Thus, | hypothesise that while the generic function of ROBO receptor downstream signalling
is to induce cytoskeletal rearrangements they might exploit different binding mechanisms to
elicit these responses. Activation of ROBO4 downstream pathways in the vasculature might
involve and require other regulatory mechanisms than ROBO1 receptor signalling in neurons,
which might be due to tissue specific expression of effector proteins and/or guidance cues. It
will be interesting in the future to compare the interactomes of ectopically expressed ROBO4
in neuronal cells with those in endothelial cells in order to identify differences in the signal-
ing and regulatory networks in the different tissue contexts. For instance the interaction with
Ena/Mena was shown to differ between fly Robo and murine Robo4. In Drosophila the bind-
ing of Ena to Robo is described to occur via the CC2 and CC1 motif (Bashaw et al., 2000).
Whereas the interaction of Mena (mammalian Ena) with the Robo4 receptor involves the CCO
and CC2 motifs(Park et al., 2003).

Interestingly, the requirement of more than one binding motif of the cytoplasmic region of
Robo has been observed also for Dock (the homologue of Nck), which has been mapped to
associate with the CC2 and the CC3 motif of Robo. Removal of one or the other domain
reduced the binding of Dock to Robo, but only deletion of both domains completely abolished
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the binding (Fan et al., 2003). Moreover, Nck2 recognizes four PxxP motifs between the
CC2 and CC3 motif of murine Robo1, which all contribute to this interaction (Round and Sun,
2011) and resembles the "fuzzy binding" mechanism of an IDP. Therefore, the here observed
multiple binding sites of the ARHGAP39/ROBO4 interaction is not a exceptional observation.
Moreover, the established binding sites of ROBO1 and its downstream effectors should be
revised in the light of IDP interactions.

To further analyse the GAP39/ROBO4 interaction experimental approaches are required that
meet the demands of structurally disordered proteins. The thorough characterization of IDPs
is a an emerging research field in structural biology that is addressed by nuclear magnetic
resonance (NMR) spectroscopy, small-angle X-ray scattering (SAXS) or single-molecule flu-
orescence resonance energy transfer (smFRET) (van der Lee et al., 2014). For instance,
the NMR spectrum of the ROBO4 cytoplasmic portion reveals information about its degree
of disorder in its unbound conformation and could be compared to the ROBO4/ARHGAP39
spectrum. Additionally, transferred cross-saturation (TCS) NMR could be employed to map
the binding interface of the ROBO4/ARHGAP39 complex.

6.2. The ARHGAP39 WW?2 is a class Il domain that mediates
interactions

The WW domains are important for the interaction of ARHGAP39 with its binding partners. In
this thesis, | demonstrated that they are required for the interaction with ROBO1 and ROBO4,
but also with CNKSR2, CNKSR3 and PEAK1. Analysing the molecular binding mechanism
revealed that the association with these interaction partners is solely mediated by the WW2
domain, with the exception of the ROBO4 interaction.

From sequence alignment of the two WW domains | concluded that the WW2 is a class Il
domain that recognizes stretches of poly-prolines (Fig. 5.14). Strikingly, at least one poly-
proline stretch was found in all binding partners and alignment of these stretches revealed a
consensus sequence PPPPxxP, which is in agreement with the predicted target motif for class
Il domains. Moreover, | could then show that point mutations in WW2 abolished the binding to
the CNKSR proteins, PEAK1 and to ROBO1 (Fig. 5.28, 30).

The WW domain sequence alignment for the WW1 domain was not entirely conclusive. The
presence of only one Tyr residue in the center of the WW1 domain sequence suggests that it
favours a PPxY motif. However, a His residue that is possibly required for ligand specificity is
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missing (Otte et al., 2003).

Alternatively, the motif (poS/poT)P may be recognized due to the presence of three Arg
residues in the central region of WW1 that are capable of interacting with the negatively
charged phosphorylated Ser/Tyr residues, as described for PIN1 (Macias et al., 2002).
Another scenario is that WW1 does not act as canonical WW domain at all and instead binds
to a yet unidentified motif. WW1 aligns well with the WW domain of Arhgap9, which binds to
conserved acidic residues in the common docking (CD) domains of MAP kinases, involving
two Arg residues adjacent to the WW domain, thereby forming electrostatic interactions (Ang
et al., 2007). Interestingly, the WW1 domain of ARHGAP39 and the ARHGAP9 WW domain
both lack most of the conserved amino acid residues responsible for ligand binding.

Lastly, WW1 could provide structural stabilisation for the second WW domain while it is in
engaged in binding (Dodson et al., 2015). | observed that point mutations in WW1 decreased
the binding of ARHGAP39 to ROBO1 (Fig.). Thus, the first WW domain might strengthen
the WW2 domain - CC2 motif interaction, which can be affected by mutations in the WWH1
sequence, because both domains are connected by an only four amino acid long linker.

During the course of this thesis it was reported that murine Arhgap39 binds to Cnksr2 to
form a multi-protein complex (Lim et al., 2014). This is in agreement with my observation
that human ARHGAP39 and CNKSR2 associate with each other. The multi-protein signalling
platform established by Cnskr2 includes, besides from Arhgap39, the RacGEFs o Pix and
B Pix, Pak3 and Pak4, and regulates Rac1 cycling during spine morphogenesis in the murine
hippocampus (Lim et al., 2014).

Interestingly, TANC2, another ARHGAP39 interactor that | could validate in my work, is ex-
pressed in spines as well, where it is implicated to modulate the spine density along den-
drites (Han et al., 2010). Thus, | presume that ARHGAP39 and TANC2 can interact in the
same physiological environment as they are both present in the post synaptic compartment.
Together, this implicates that Arhgap39 activity is spatially and temporary defined within den-

drites to allow spine formation and maturation.

In contrast, nothing is known about the association with the atypical kinase PEAK1. This
interaction opens up a new cellular context of ARHGAP39 signalling independent of ROBO.
PEAK1 was shown to modulate cell spreading and migration by altering the life-time and
assembly/disassembly cycle of focal adhesions (Wang et al., 2010; Bristow et al., 2013). |
demonstrated that PEAK1 mediates the recruitment of ARHGAP39 to focal adhesions via its
WW2 domain. It will be interesting to further elucidate the role of ARHGAP39 in the control of
focal adhesion dynamics.

First, it should be addressed how the interaction of both proteins is regulated. The recruitment
of ARHGAP39 to focal adhesions could be analysed in the presence and absence of EGF,
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which was shown to stimulate the translocation of the PEAK1 signalling complex to focal
adhesions (Bristow et al., 2013).

The second question is whether PEAK1 itself can modulate ARHGAP39 activity. It is conceiv-
able that ARHGAP39 could be released from its auto-regulation by phosphorylation. However,
PEAK1 shows only weak tyrosine kinase activity (Wang et al., 2010), presumably due to its
atypical kinase domain and so far no substrate has been identified. It also possible that bind-
ing of PEAK1 releases ARHGAP39 from its auto-inhibited conformation. This question can
be addressed using the FRET biosensor activity assay in an experiment where cells are co-
transfected with the RAC1 sensor, mCherry-ARHGAP39 and iRFP-PEAK1 and the potential
release from auto-inhibition is compared to the absence of cotransfected PEAK1.

Lastly, in order to understand the role of ARHGAP39 in PEAK1 mediated focal adhesion
turnover it should be investigated how the knockdown of ARHGAP39 affects cell migration
and focal adhesion dynamics. For instance mCherry-Pxn fluorescence could be monitored in
ARHGAP39 depleted Cos7 cells by TRIF microscopy in live cells. Thereby, the focal adhesion
assembly/disassembly and life-time can be analysed.

Lately, PEAK1 gained attention as an oncogene involved in tumor cell migration and prolif-
eration (Wang et al., 2010; Croucher et al., 2013). Its expression is upregulated in a wide
range of cancerous cell lines and in tumors, for instance in colon, rectal and in breast cancer
(Huang et al., 2018; Croucher et al., 2013), and PEAK1 downregulation in colorectal cancer
cells inhibited cell migration, invasion and proliferation (Huang et al., 2018).

This indicates that ARHGAP39 activity might be linked to cancer progression and metasta-
sis. ARHGAP39 is endogenously expressed in MDA-MB-231 and MCF-10A cells (Fig. 5.25),
which do also express PEAK1 (Wang et al., 2010; Croucher et al., 2013), thus both proteins
can be studied in an endogenous setting. As it was shown that PEAK1 promotes the growth
of MCF-10A acini in three-dimensional culture it could be assessed if ARHGAP39 expression
leads to the same phenotype in PEAKT cells, indicating that ARHGAP39 acts downstream of
PEAK1 signalling.

6.3. The MyTH4 domain targets ARHGAP39 to the plasma

membrane

The MyTH4 domain is a rare protein module that appears in tandem with a FERM domain and

can be found in actin-based motor proteins, in plant kinesin and in unconventional myosins.

In this thesis | made three interesting observations regarding the MYTH4 domain of ARHGAP39.
First, ARHGAP39 is the only vertebrate protein characterised that contains an isolated MyTH4



6. Discussion 139

domain (Fig. 5.21). Second, the MyTH4 domain is required for the plasma membrane locali-
sation of ARHGAP39, indicating a new function for MyTH4 domains. And third, it is crucial for
the correct folding of ARHGAP39 (Fig. 5.17).

It has been proposed that MyTH4 domains invariably coexist in tandem with a FERM domain
in higher organisms (Wu et al., 2011). While isolated MyTH4 domains have been found in
MyolV and in MyoXll of the non-vertebrate organisms Acanthamoeba and Caenorhabditis
elegans, respectively, it is assumed that they were originally paired with a FERM domain,
which became unrecognizable as such during evolution (Mooseker and Foth, 2008). There-
fore, ARHGAP39 is the first protein characterized containing only the MyTH4 domain.

Structurally it could be argued that correct folding of the MyTH4 domain may require the
presence of the FERM domain. By sequence comparison | observed that the ARHGAP39
sequence is highly similar within the conserved helices of the MyTH4 domain, which mediate
the folding of the core domain. Additionally, the conserved residues of the N-terminal linker
and the C-terminal linker sequences are present in ARHGAP39 MyTH4 as well (Fig. 5.15).
Both regions further stabilize the MyTH4 core domain. Therefore, it can be assumed that the
ARHGAP39 MyTH4 core domain folds in a similar way as it would do in the MyTH4-FERM
tandem.

Surprisingly, ARHGAP39 lacking the MyTH4 domain is not able to properly fold indicating that
the globular structure of the MyTH4 domain is essential to confer overall structural integrity of
ARHGAP39.

A plasma membrane targeting function of MyTH4 domains has not been reported before.
Generally, the membrane localization of MF-Myosins is mediated by the FERM domain via
binding to plasma membrane associated binding partners. For instance, the FERM domain of
MyoX interacts with B-integrins (Zhang et al., 2004) or the C-terminal FERM domain in MyoVII
binds to vazatin, a transmembrane protein at adherens junctions (Kissel-Andermann et al.,
2000).

A recent model of MyTH4 domain evolution suggests that insertion and deletion of sequences
within the variable regions leads to changes in the exposed surface of the MyTH4 domain,
while its overall domain integrity provided by the six core helices is unaffected. Thus, the vari-
able sequences have the potential to define new functions of the MyTH4 domain (Planelles-
Herrero et al., 2016), suggesting that the variable sequences in the MyTH4 domain of ARHGAP-
39 might be responsible for the interaction with the plasma membrane.

Interestingly, a single point mutation in one of the conserved helices of the MyTH4 domain
(E783K) is sufficient to abolish the plasma membrane binding. This implicates that impaired
folding of the core domain may affect the surface exposure of residues critical for plasma



140 6.4. ARHGAP39 is N-terminally autoinhibited

membrane binding of MyTH4 and thus its function to bind to the plasma membrane.

Crystallization of the ARHGAP39 MyTH4 domain could reveal information on how the binding
to the plasma membrane is established. It may be speculated that the MyTH4 module either
binds to other membrane proteins or directly interacts with the lipid bilayer. One emerging
question is if an isolated MyTH4 domain of a MyTH4-FERM tandem would also bind to the

membrane.

The functional implication of the plasma membrane localisation of ARHGAP39 still needs to
be determined. It can be speculated that ARHGAP39 is either constitutively bound to the
membrane or it is recruited in a regulated manner. If ARHGAP39 is constitutively membrane
bound this would open up the possibility for an additional unction independent of ROBO1 and
PEAK1. This would bring ARHGAP39 in close proximity to membrane-associated RAC1 and
CDC42 and thus enables ARHGAP39 to locally inactivate them. However, by microscopy
| observed that a notable fraction of ectopically expressed ARHGAP39 was present in the
cytoplasm and not enriched at the membrane (Fig. 5.16). Thus, it might be assumed that its
membrane localisation is temporary regulated, for instance in a cell-cycle or signalling-state

dependent manner.

6.4. ARHGAP39 is N-terminally autoinhibited

Auto-regulation is a widespread mechanism that enables signalling proteins to process up-
stream signals in a spatially and temporally confined manner and allows them to selectively
engage their cognate downstream pathways. Many Rho regulatory proteins are subjected
to auto-regulation through backfolding of their terminal regions (Cherfils and Zeghouf, 2013).
The intramolecular folding can be released by specific cues that mediate an increased acces-
sibility of the catalytic domain for the Rho GTPase substrate.

In this work | could demonstrate that also ARHGAP39 is auto-inhibited and that its regulation
is mediated by the N-terminus that comprises the two WW domains.

Using FRET biosensor activity assays | could show that deletion of the N-terminal WW do-
mains or of the central region increases the catalytic activity of ARHGAP39. Truncation of the
entire N-terminus in the construct Cterm2, which encodes only the MyTH4 and GAP domain,
resulted in the highest GAP activity.

The analysis of the binding site in the N-terminus revealed that the WW1 domain mediates
the intramolecular interaction (Fig. 5.23). My results suggest two different modes of action.
The WW1 either binds to a putative (pS)P consensus motif as discussed above or in a non-
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canonical way involving yet to be determined binding motifs (Section 5.3.1). Evidence for
the first assumption is the observed interaction of the purified GST-WW domains with two
sequences containing isolated Pro residues in combination with a Ser residue. This (pS)P
motif might constitute a recognition motif for the WW1 domain. However, how the two identified
peptide sequences, which are separated by more than 300 amino acids, contribute to the
binding needs further validation. Alternatively, the sequence homology of WW1 with the WW
domain of Arhgap9 also suggests that it may engage in electro-static interactions (Ang et al.,
2007). Theoretically, the WW1 could also bind to the MyTH4 domain or the GAP domain
directly which both were both not included in the peptide spot assay.

To further decipher the backfolding mechanism a repetition of the peptide-spot overlay assay
with purified isolated WW1 and WW2 should be conducted to confirm that only the WW1 do-
main mediates the intramolecular binding. Moreover, the complete ARHGAP39 sequence,
including the MyTH4 and GAP domain, should be spot synthesized in a phosphorylated and
non-phosphorylated form (Otte et al., 2003) in order to validate if phosphorylation of the (pS)P
motif enhances the interaction with WW1.

An important question is how the auto-inhibited conformation of ARHGAP39 is released. It is
conceivable that the interaction with binding partners can release ARHGAP39 from the auto-
inhibitory state. This question can be addressed using the FRET biosensor activity assay. An
increase in activity detected in the presence of a binding partner indicates that binding to the
partner protein releases the intramolecular backdfolding of the N-terminus.

Interestingly, a decrease in ARHGAP39 activity was observed for the plasma membrane bind-
ing deficient E783K mutant compared to the wildtype protein. This implies a second mech-
anism to release the auto-regulation of ARHGAP39. Cytosolic ARHGAP39 may reside in
a strongly auto-inhibited conformation, which is partly released upon binding to the plasma
membrane. Thereby, the MyTH4 domain-mediated interaction with the membrane could bring
ARHGAP39 into a stable conformation and orientation that can be better accessed by its sub-
strates RAC1 and CDC42. To formally exclude that ARHGAP39 GAP activity is not simply
impeded due to improper folding of the MyTH4 domain it is necessary to examine if the other
mutant MyTH4 domains generated in this work, which still bind to the membrane (Fig. 5.21),
also affect the GAP activity.

6.5. ARHGAP39 is implicated in cell migration

Cell migration involves the dynamic regulation of the cytoskeleton and cell adhesions and is
tightly coordinated by Rho GTPases in a context-specific manner.

Here, | could show that knockdown of ARHGAP39 impaired the migratory behaviour of HeLa
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cells in a wound healing assay (Fig. 5.27). This assay is a standard method to address basic
cell migration independent of a specific tissue context or stimulus. The reduced cell velocity
and migration distance in ARHGAP39 depleted cells (Fig.) therefore, indicate a general role
of ARHGAP39 in cell migration.

An interesting question for future studies is which of the many cellular functions of RAC1/CDC42
implicated in the regulation of migration are mainly controlled by ARHGAP39. This could
be addressed by reconstitution experiments in which functional mutants or truncations of
ARHGAP39 are reexpressed in CRISPR-CAS9 knockdown cells. For instance, a role in the
control of focal adhesion turnover could be tested using the WW2 domain point mutants that
is incapable of binding to PEAK1 and is thus not recruited to these structures.

6.6. ARHGAP39 plays a role guided cell migration

Having demonstrated that ARHGAP39 is implicated in basic cell motility | aimed next to identify
a functional link between SLIT2/ROBO1 mediated cell repulsion and ARHGAP39.

| found that depletion of ARHGAP39 decreases the repulsive effect of SLIT2, causing cells
to continue to migrate towards a SLIT2 gradient. Furthermore, | could verify that the SLIT2-

induced repulsive response is ROBO1 dependent (Fig. 5.43).

The observed role of ARHGAP39 in cell repulsion is in line with defects in midline repul-
sion in vilse/crossgap depleted animals. The relatively mild effect on cell repulsion observed
in this work resembles the low penetrance of the misguidance phenotype in vilse/crossgap
Drosophila embryos. This phenotype is further enhanced in animals missing one copy of
slit/robo (Lundstrém et al., 2004), indicating a direct function of Vilse/Crossgap downstream
of Robo. Functional redundancy is a common phenomenon that confers robustness to sig-
nalling systems and could also account for the mild ARHGAP39 knockdown phenotype in
Slit2 mediated repulsion in cells observed here. It is possible that the depletion of ARHGAP39
is compensated by other Rho GTPase regulators, for instance by members of the SRGAP
family, which are RAC1-specific.

Surprisingly, data from the literature is inconsistent regarding the question whether RAC1
signalling is enhanced or inhibited in SLIT2/ROBO1 mediated cell migration. Whereas initial
studies claimed that RAC1 activity is downregulated during repulsive axonal guidance (Fritz
and VanBerkum, 2002) it has been shown that active RAC1 is required in axonal repulsion
along the ventral nerve cord in Drosophila (Hakeda-Suzuki et al., 2002; Matsuura et al., 2004).
RAC1-GTP levels were also increased in MDA-MB-435 cells that ectopically express SLIT2



6. Discussion 143

(Stella et al., 2009) and in Robo expressing HEK 293T cells in the presence of Slit2 (Fan et al.,
2003). Moreover, it has never been investigated whether the substrate specificites of the Rho
regulators Sos, SrGAP2-3 and also of Vilse, change upon activation of Robo. Therefore,
these data have to be reviseted in order to better understand how SLIT stimulation affects
Rho GTPase signaling downstream.

6.7. Rapid internalisation of ROBO1/ARHGAP39 upon SLIT2

stimulation

Guidance molecules bind and activate their cognate signalling receptors, which get internal-
ized by endocytosis and are sorted into endosomal compartments to eventually become de-
graded in lysosomes or to be recycled to the plasma membrane. The processes of regulated
endocytosis, receptor trafficking and regulated proteolysis are general mechanisms to modu-
late the amplitude and duration of receptro signalling.

By live-cell microscopy | demonstrated the rapid and efficient internalisation of ROBO1 upon
SLIT2 stimulation and, furthermore, could show its colocalisation with ARHGAP39 on vesicles
at late time-points after stimulation (Fig. 5.41). This result strongly suggests that both proteins
interact in stimulated cells and are co-internalized. Whether this interaction already occurs at
the plasma membrane cannot be concluded from microscopy data since both proteins localise
at the cell periphery independent of each other.

The biochemical examination of the binding of endogenous ARHGAP39 to ROBO1 revealed
a basal interaction independent of SLIT2. However, after 30 min of SLIT2 treatment a strong
increase in ROBO1/ARHGAP39 interaction could be observed (Fig. 5.39). Combining the
biochemical data with the observed colocalisation in endosomes could hint at a delayed re-

cruitment and consequently signalling response of ARHGAP39.

A recent study discovered a similar delayed engagement of the downstream effector Sos
which was shown to be recruited to the endocytosed Robo receptor upon Slit2-stimulation
(Chance and Bashaw, 2015). It was therefore proposed that the internalization of Robo into
the cell is necessary to activate the receptor and to transmit repulsive signals. While it was
assumed in the past that guidance receptor endocytosis upon ligand binding solely causes the
attenuation of receptor signalling in order to desensitize the growth cone or to spatially restrict
the response to guidance cues (Winckler and Mellman, 2010; Bashaw and Klein, 2010), these
data suggest that endocytosed Robo receptors continue to signal on endosomes (Chance and
Bashaw, 2015). How Robo is signalling is terminates is not fully understood yet. It was shown
that Robo resides on early and late endosomal compartment and might thus be targeted for
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degradation (Chance and Bashaw, 2015), however Robo receptor reclycing to the plasma

membrane can not be excluded.

Such receptor signalling from endosomes has been studied intensively for other signalling re-
ceptors such as Notch, EGFR and VEGF-R2 or GPCRs (Vaccari et al., 2008; Jékely et al.,
2005; Lanahan et al., 2010; Tsvetanova and Irannejad, 2015). Here, it has been observed
that different signalling environments exist at the plasma membrane and the endosomal com-
partment allowing for different signalling responses of the same receptor. Modulation of the
transport kinetics of ligand-bound receptors to lysosomes alters the time duration of the signal
before it is terminated. Moreover, it has been observed that a first, acute response of the
ligand-bound receptor at the plasma membrane is followed by a second sustained response
on endosomes (Sorkin and von Zastrow, 2009; Villasenor et al., 2016).

Therefore, it is surprising that the specific mechanisms beyond SLIT2 mediated ROBO in-
ternalization, ROBO trafficking within the endosomal compartments or continued ROBO sig-
nalling on endosomes have not been addressed more thoroughly, though it is crucial to under-
stand how signal transduction occurs downstream of ROBO that lead to dynamic rearrange-
ment of the cytoskeleton.

6.8. Model: A ROBO-independent cellular function of ARHGAP39

After having discussed the main discoveries revealed by the functional characterization of
ARHGAP39 here | aim to combine these results with the observed role of ARHGAP39 in cell
migration. First, | present a model of ARHGAP39 implicated in basic cell migration.

Focal adhesions couple integrin complexes to actin filaments, thereby creating actomyosin
contractility, which in return allows them to sense and transmit mechanical tension to control
cell migration. Moreover, they serve as signalling hubs that recruit scaffold proteins, kinases,
phosphatases and other signalling effectors that modulate motility or signalling pathways in
response to adhesion (Fritz and Pertz, 2016). Active RAC1 is implicated in nascent adhesion
formation and turn over in the lamellipodium, maturation to focal adhesions requires RHO A
dependent actomyosin contractility (Lawson et al., 2014).

It is assumed that assembling nascent adhesions recruits and activates phospho-regulated
scaffold proteins, which in turn generate signals that activate RAC1/CDC42. For instance,
FAK and PXN signalling leads to the recruitment of RAC1-specific GEFs at nascent adhesions
that activate RAC1 to stimulate actin polymerization and thus the induction of membrane pro-
trusions and the formation of new nascent adhesions (Deramaudt et al., 2011; Parsons et al.,
2010). In this context, ARHGAP39 might function to inhibit RAC1 signalling to either allow
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the disassembly of nascent adhesions or to ensure proper adhesion turnover at the lamellum-
lamellipodium interface by contributing to the protrusion-retraction cycles of the leading edge
during cell migration (Machacek et al.,2009).

The signalling function of ARHGAP39 at focal adhesions may be regulated by PEAK1. PEAK1
was shown to function as a phospho-regulated scaffold that recruits several adhesion and
signalling proteins (Wang et al., 2010; Bristow et al., 2013). Downstream of PEAK1 the SRC-
p130CAS-CRK-PXN signalling axis has been shown to mediate RAC1 activation, for instance
via recruitment of the RAC1 specific GEF DOCK180, which induces membrane protrusions
and cell migration (Defilippi et al., 2006). Thus, by targeting ARHGAP39 to this complex
RAC1 activity can be tightly regulated, allowing for continuous cycling of the activity state of
the GTPase.

Moreover, PEAK1 is also implicated in cancer progression via the EGFR-RAS-RAF-ERK sig-
nalling pathway, as it was shown that a phosphorylation resistant mutant prevented increased
activation of ERK (Croucher et al., 2013). Thus, deregulated PEAK1 phosphorylation levels fa-
cilitates proliferation and survival of cancerous cells. In addition, PEAK1 promotes enhanced
cancer cell migration and invasion, which is assumed to be due to uncontrolled p130CAS-
CRK-PXN pathway activation, which might lead to abnormal focal adhesion dynamics. There-
fore, ARHGAP39 might have a tumor suppressor function to inhibit sustained RAC1 activity
in cancer cells. It is also conceivable that aberrant phosphorylation or dephosphorylation of
PEAK1 might affect the recruitment of ARHGAP39 to the PEAK1 scaffold. It will be interesting
to analyse cancer databases such as the Broad Institute Achilles Project for interdependen-
cies of ARHGAP39 and PEAK1 signalling network components.

6.9. Model: ARHGAP39 function downstream of SLIT/ROBO
signalling

In the first model a role of ARHGAP39 in cell migration was presented independent of a spe-
cific tissue or signaling context. In the following section | discuss a model of ARHGAP39
function in guided cell migration downstream of SLIT2/ROBO1.

In a randomly migrating cell, the membrane protrusions that directly encounter SLIT2 immedi-
ately retract. This requires the contraction of actomyosin filaments that are connected to focal
adhesions to mediate their disassembly. This process is RHO A dependent and thus requires
RHO A-specific GEFs. In additional, local activation of RAC1 and CDC42 specific GAP pro-
teins could prevent the formation of cell protrusions in the retracting area and thereby further



146 6.9. Model: ARHGAP39 function downstream of SLIT/ROBO signalling

facilitate retraction.

Subsequently, RAC1 and CDC42 are activated either locally at the opposite side of the cell or
globally. Active RAC1/CDC42 induces actin polymerization and the formation of membrane
protrusions and allows the cell to initiate migration away from the SLIT signal. This requires
the engagement of RAC1/CDC42 specific GEFs and, potentially, also of RhoA GAPs to pre-
vent local actomyosin contractility.

How does this model fit into the data landscape?

No RHO A-specific GEFs have so far been identified that are activated upon SLIT2 stimu-
lation. The SRGAPs could prevent further RAC1/CDC42 signalling during retraction of the
membrane. However, it has not been mechanistically elaborated how exactly these proteins
mediate the repulsive response downstream of ROBO. The only other known regulatory pro-
tein downstream of ROBO is the RAC1-specific GEF SOS (Yang and Bashaw, 2006; Chance
and Bashaw, 2015), which is engaged on endosomes upon binding to the activated ROBO
receptor. SOS activity establishes membrane protrusions and nascent adhesions required for
cell migration at the opposite side of the cell. This process does not necessarily have to occur
selectively at the opposite side of the cell as long as local RhoA activity at the SLIT stimulated

side of the cell overturns SOS-induced protrusion formation and cell anchorage.

In this framework of SLIT2-stimulated cells, ARHGAP39 could represent a novel player con-
tributing to cell repulsion. Two phases of ARHGAP39 action are conceivable. In the absence
of SLIT2, a substantial fraction of ARHGAP39 is present at the plasma membrane. My bio-
chemical data suggest that it can already weakly associate with ROBO1 at this stage (Fig.
5.39). ARHGAP39 at the cell surface could be partially active and contribute to a tonic in-
activation of RAC1/CDC42. The binding of the Myth4 domain to the membrane thereby may
contribute to this GAP activity as it may favour partial release of autoinhibition. Upon SLIT2
stimulation, ROBO1 is internalized on endosomes where it activates RAC1 via SOS to in-
duce migration (Chance and Bashaw, 2015). A population of ARHGAP39 is co-internalized
with ROBO1. However, tight binding of ROBO1 to ARHGAP39 is observed only as late as
30 min after receptor engagement. This may cause the complete releases of ARHGAP39
auto-inhibition on a late endocytic compartment.

At this stage, ARHGAP39 GAP activity contributes to the termination of RAC1/CDC42 sig-
nalling at the leading edge to restrict protrusion formation. ARHGAP39 would thus function
as a timer to confine excessive motility in stimulated cells. This model is based on the ob-
served auto-inhibition of ARHGAP39 involving its N-terminus and the assumption that binding
of ROBO1 to the WW2 domain releases the backfolding. The opposite effect of ROBO1 bind-
ing, namely the inhibition of ARHGAP39, cannot be formally excluded at this point. A critical
experiment to clarify this issue is to use the RAC1 biosensor to investigate how the pres-
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ence of ROBO1 affects the catalytic activity of ARHGAP39 in presence of absence of SLIT2.
This experiment would also allow to precisely deconvolute the temporal profile of ARHGAP39
activity after SLIT stimulation.

Lastly, the time scale of ROBO1/ARHGAP39 interaction and thus ARHGAP39 activity should
be revised. In a recent study in the Dictyostelium model organism, attractive and repellent
guidance cues were used to analyse induction of rear retraction, breakdown of symmetry
(polarization) and establishment of the front after encountering the repellent. These processes
were completed in less than two minutes (Cramer et al., 2018).

To more generally shed light on the temporal profile of the distinct cytoskeletal rearrange-
ments induced upon ROBO receptor engagement, morphological changes could be analysed
by live-microscopy of single cells to which SLIT2 is applied to one site of the cell. By utilizing
marker proteins such as lifeact, cytoskeletal rearrangements within the cells can be monitored
and temporally resolved. The initial experiment would include control cells and cells trans-
fected with ROBO1 that are subsequently stimulated with SLIT2. In subsequent experiments
the effect of ARHGAP39 on the cytoskeletal alterations could be tested

Furthermore, ROBO1 endocytosis and the presumed co-recruitment of ARHGAP39 requires
detailed further investigations. Perturbation of ROBO internalization using different pharma-
cological or genetic inhibitors of endocytosis such as dynasore, pitstop2 or the dynamin K44A
mutant will reveal whether the increased association with ARHGAP39 and consequently also
the modulation of its enzymatic activity requires the trafficking to a specific endocytic com-
partment. The precise compartments where ARHGAP39 and ROBO colocalise should also
be determined using immunofluorescence of marker proteins. Finally, the ultimate fate of the
endocytosed ROBO receptor, recycling or lysosomal degradation, has never been properly
studied. It would be interesting to investigate whether the inhibition of the endolysosomal
pathway using bafilomycin or of dominant negative forms of the ESCRT protein complex (Ec-
cles et al., 2016) affect ROBO signaling in general and specifically SOS and ARHGAP39
dependent signals.

6.10. Function of ARHGAP39 in the vasculature

The establishment of the vasculature in vertebrates is a complex process that involves the
formation of primary vessels by vasculogenesis and subsequently the sprouting of secondary
vessels during angiogenesis. In this work | made use of the zebrafish angiogenesis model
system to study the potential role of ARHGAP39 downstream of the ROBO4 receptor, which
was shown to be required for the sprouting and directional migration of intersomitic vessels
(ISVs) (Bedell et al., 2005).
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My work provided evidence for a novel role of ARHGAP39 in vascular development in vivo.
The loss of Arhgap39 resulted in delayed vessel growth, a reduction in vessel lumen diam-
eter (Fig. 5.4) and a decrease in filopodia density of growing vessels. Both gain- and loss-
of-function analyses showed that Arhgap39 plays a role in directional migration and correct
morphogenesis of endothelial sprouts.

ARHGAP39 signalling in the context of angiogenesis is in agreement with its expression in ze-
brafish endothelial cells (Fig. 5.3) and various human endothelial cell lines (Fig. 5.26) and with
previously published data showing that Drosophila Arhgap39 mediates axonal repulsion at the
midline (Lundstrém et al., 2004). Together the data suggest a conserved role for ARHGAP39
in guided cell migration across tissues.

| also observed that maintaining proper Arhgap39 activity levels is critical for directional mi-
gration of ISVs, since both its knockdown and overexpression resulted in similar phenotypes.
This observation is in line with the results of the gain- and loss-of-function experiments of its
homologue in Drosophila that both resulted in increased inappropriate axonal midline crossing
(Lundstrém et al., 2004; Hu et al., 2005).

While vessel migration in the arhgap39 depleted animals was impeded, the sprouting pro-
cess itself was not perturbed (Fig. 5.7). In addition, a decrease in the number of filopodia
and lumen diameter was observed. These three phenotypes have recently been demon-
strated to correlate with each other in zebrafish (Phng et al., 2013; Abraham et al., 2015).
Inhibition of filopodia formation along the growing ISVs decreased migration velocity. More-
over, is has been concluded that filopodia dynamics positively correlates with vessel width in
the developing fish, presumably by guiding the growing sprout along the somite borders and
thus establishing a functional vessel (Phng et al., 2013). Another recent study discovered
a RAC1/CDC42 exchange factor complex that upon VEGF stimulation leads to consecutive
RAC1 and CDC42 activation, which was shown to be required for filopodia formation, tube
remodelling and promotes the lumen morphogenesis (Abraham et al., 2015).

Therefore, | assume that the observed reduction in filopodia density of growing sprouts in
arhgap39 knockdown animals is linked to the delay in vessel migration and also to the reduc-
tion vessel diameter. The other morphological defects of ISVs such as aberrant branching or
aborted vessels formation could be a secondary effect due to loss of function of these vessels.

Interestingly, in robo4 knockdown animals the ISVs show sprouting defects and misdirected,
delayed growth, which ends in aborted vessel formation (Bedell et al., 2005). The delayed mi-
gration of ISVs in robo4 fish is similar to the arhgap39 knockdown phenotype and ROBO4 has
been shown to induce filopodia formation in ECs and in HEK293T cells that either enhanced
(Kaur et al., 2006) or prevented cell migration (Sheldon et al., 2009).
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In the light of my data | speculate that Arhgap39 might function downstream of Robo4 to me-
diate the migration of the ISVs. It could be assumed that Robo4 dependent filopodia formation
allows the growing vessels to find their path by sensing external cues, which could be extra-
cellular molecules or mechanical stimuli from the surrounding tissue. While depletion of robo4
impairs the guidance of vessels during sprouting and migration into one specific direction, the
loss of arhgap39 might perturb the migration process itself. The arhgap39 knockdown phe-
notype could be attributed to impaired signal transduction downstream of Robo4, although
evidences for a genetic or biochemical interaction in zebrafish yet need to be estblished.

An important issue is the validation of the specificity of the arhgap39 MO induced phenotype
in zebrafish that requires complementation experiments. The conducted rescue experiments
using either ubiquitous expression or vascular specific expression of arhgap39 mRNA were
not conclusive (Fig. 5.12). Unfortunately, | conducted my experiments at a time when the
CRISPR-mediated gene targeting system had not been established as the 'gold standard’ to
analyse gene knockdown in zebrafish. The method is based on a prokaryotic genetic silenc-
ing mechanism, which integrates fragments of foreign nucleic acid into its host genome at one
end of a repetitive element, called clustered regularly interspaced short palindromic repeat
(CRISPRY). In the last years this system has been successfully adopted for application in fish
and should now be employed to validate morpholino knockdown fish.

The role of Arhgap39 in angiogenesis is certainly far from being understood and also needs
further validation. Several important questions need to be addressed, for instance: does
Arhgap39 interact with Robo4 in vivo? What is the stimulus that triggers their association and
does this result in activation or inhibition of Arhgap39 activity?

Ideal would be the establishment of a CRISPR/Cas-arhgap39 knock-out zebrafish. By com-
paring the phenotype of the mutant fish to the arhgap39 morphants the specificity of the
arhgap39 MO-induced gene knockdown would be examined. Recently, the development of
a tissue specific CRISPR/Cas system was shown to mediate tissue specific expression of
the gene-specific target sequences (sgRNAs) and the Cas9 enzyme that yields in spatially
restricted downregulation of the gene of interest (Liu et al., 2017). To complement the pheno-
typic characterization a transgenic CRISPR/Cas-arhgap39 knock-in fish could be generated
(Kimura et al., 2014).

To explore the genetic interaction of arhgap39 and robo4, a robo4-specific MO could be in-
jected into the CRISPR/Cas-arhgap39 knock-in fish and wildtype animals. The rescue of the
robo4 morphant phenotype in the transgenic CRISPR/Cas-arhgap39 knock-in fish could indi-
cate their genetic interaction.

The analysis of Rac1 and Cdc42 activities in vivo in wildtype fish and arhgap39 morphants is
difficult. FRET biosensors have been used in zebrafish, however this requires the generation
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of a specific transgenic fish line carrying the biosensor (Zhao et al., 2015; Andrews et al.,
2016). Thus at present, the use of the here employed cell based FRET biosensor activity
assay in endothelial cell culture should be considered.

Finally, to further investigate the function of ARHGAP39 in angiogenesis in mammalian cells,
3D matrigel assays could be performed which allow the investigation of tube and lumen for-
mation and of filopodia dynamics of growing sprouts by live-cell microscopy. This assay also
allows gene targeting by siRNA or shRNA, the transfection with ARHGAP39 and functional
mutants thereof, or the addition of soluble cues such as SLIT2 or vascular growth factors, or
pharmacological perturbations using drugs or inhibitors. With this system also the potential
role of Robo1 as a co-receptor of Robo4 could be addressed.
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A. Appendix

A
chromosome, location |exons gene transcript ID UniProt length
20: 52,685,996-52,789,070 | 11 |si:ch211-218p13.1) ENSDART00000113684.1 F1QV51 967 aa
20; 52,542,816-52,564,075 7 CABZ01087448.1 | ENSDART00000166651.1 | AOAOG2KKK2 | 660 aa
23; 15,290,361-15,442,072 8 si:ch211-218g4.2 | ENSDART00000133624.1 E9QHA2 898 aa
23; 15,290,361-15,442,072 | 12 | si:ch211-218g4.2 | ENSDART00000082060.5 E7F9H1 | 1060 aa
11; 24,757,089-24,804,188 10 zgc:92107 ENSDART00000129211.3 A5WUS3 1067 aa
11; 24,757,089-24,804,188 9 zgc:92107 ENSDART00000167285.1 | AOAOR41G34 | 981aa
B
2f chr 20 retired | mytHa | GAP |- 967aa

zf chr20 ——— WyTHa || GAP | 660aa

zf chr23 iso1 4' MyTH4 H GAP |— 898 aa
Zichr23iso2  [Wwliww | myra [f GAP | 10602a
zf chr11 isof | mytHa [f cap | 1067 aa
zf chri1 iso2 | mytHa [f Gap |- 981aa

Figure A.1.: Summary of paralogous genes of arhgap39

A Table summarizing the the predicted paralogous genes in the zebrafish genome. In the first row depicts the
gene, which showed the highest similarity with the human ARHGAP39 gene and was thus chosen for PCR-primer
design. B Domain architecture of the predicted Arhgap39 proteins. Order of the table corresponds to order of the
illustrated proteins. Abbreviation: zf: zebrafish.
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position DNA| change | effect on protein level
243 ctoa no change in amino acid
293-299 deletion deletion of 100-101 aa
546 ttoc no change in amino acid
702 atog no change in amino acid
1083 ttoa no change in amino acid
1290 ttoc no change in amino acid
1614 gtoc no change in amino acid
1887 ttoc no change in amino acid
2031 ctoa no change in amino acid
2322 ttog no change in amino acid

Figure A.2.: The identified zebrafish Arhgap39 transcript only differs in two amino acid residue from its

predicted sequence

Six plasmids containing the arhgap39 gene obtained by PCR-based amplification from zebrafish cDNA were se-
quenced. All genes showed the same alterations from the predicted sequence at the indicated positions, however
the changes in the nucleic acid sequence did not lead to alteration in the amino acid sequence. Only, the dele-
tion of the nucleic acid residues from 293-299 caused the deletion of two amino acids in the identified Arhgap39

transcript.
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Figure A.3.: General mechanisms of morpholino oligomer function

AStructure of a morpholino oligonucleotide, which consists of a six-membered morpholino ring and a non-ionic
phosphorodiamidate link between the two rings. B lllustration showing how a translation blocking morpholino
(MO) sterically blocks the access of the ribosomal subunits to the translation start of the target mRNA. C and
D lllustration depicting the two typical splice blocking methods that hinder the spliceosome from recognizing the
splice site on the pre-mRNA and thus leading to mis-spliced mMRNAs. C The two MOs target an internal exon by
masking one of the two different spliceosomal binding sites, both resulting to the deletion of the internal exon. D
The MO either targets the first exon-intron boundary, which leads to the insertion of the intron in the mRNA.
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A TM CCO CC1 CC2 CC3
ROBO1 FL L 1651aa 181 kDa
ROBO1 FLdCC2 N
ROBO1 Cy w1 930-1651aa 87 kDa
ROBO1 Cy dCC2 ) e
B

ROBO1 FL

ROBO1 FLdCC2

ROBO1 Cy

ROBO1 Cy dCC2

Figure A.4.: Truncated mutants of ROBO1
A lllustration of the generated truncation mutants of ROBO1 in this thesis. B Ectopic expression of ROBO1 and
its deletion mutants tagged with a YFP-fluorophore in HelLa cells. Abbreviations: Cy: cytoplasmic region, FL: full

length. Scale bar: 10 um
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A
462-492 579-586  714-718
ROBO4 FL L EZCEEZ 1003aa 107.5 kDa
ROBO4 FL dCC2 ¢ - —— 1-713/719-1007aa 107.5 kDa
ROBO4 Cy 1 494-1003aa 55 kDa
ROBO4 Cy dCC2 e —— 494-713/719-1007aa 55 kDa
ROBO4 Cy 494-543 — 494-543aa 6 kDa
ROBO4 Cy 494-593 — ] 494-593aa 11 kDa
ROBO4 Cy 494-663  — | 494-663aa 18 kDa
ROBO4 Cy 593-1003 1 593-1007aa 44 kDa
ROBO4 Cy 593-713 — 593-713aa 13 kDa
ROBO4 Cy d593-662 :-KP: 494-592/663-1007aa 46 kDa
ROBO4 Cy d593-713 = P ——— 494-592/714-1007aa 41 kDa
ROBO4 Cy d713-794 :-:\/:l 494-713/795-1007aa 104 kDa
B

ROBO4 FL ROBO4 Cy ROBO4 Cy d714-718ROBO4 Cy d714-794

Figure A.5.: Truncated mutants of ROBO4

A lllustration of the generated truncation mutants of ROBO4 in this thesis. B Ectopic expression of ROBO4 and
its deletion mutants tagged with a YFP-fluorophore in Hela cells. Abbreviations: Cy: cytoplasmic region, FL: full
length. Scale bar: 10 um
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Table A.1.: QuikChange mutagenesis primers

protein mutation product primer sequence donor

ARHGAPZS  A8901114  dGAP Fw: GCCCGTCCATGTTCGGCTTAATTAACCAGGTAAG GAP39 FL
Rv: CTTACCTGGTTAATTAAGCCGAACATGGACGGGC

ARHGAP3S  AGA14 W Fw: GGCGCGCCATGTCCCCGCGCGC GAP39 FL
Rv: GGCGCGCCATGTCCCCGCGCGC

ARHGAPSS  Al15.680  dm Fw: GAAGCAGAACACGGAGTCGGAGACGGACATCG GAP39 FL
Rv: CGATGTCCGTCTCCGACTCCGTGTTCTGCTTC

ARHGAPSS  AG3.680 2 Fw: GGCGTCCGCATCAAGTCGGAGACGGACATC GAP39 a1
Rv: GATGTCCGTCTCCGACTTGATGCGGACGCC

ARHGAP39  A501-114  Cterm1 Fw: GGGCGCGCCATGTGCCAAGCCACC GAP39 dWW
Rv: GGTGGCTTGGCACATGGCGCGCCC

ARHGAP39  A689-114  Cterm?2 Fw: GGGCGCGCCATGTCGEAGACGGAC GAP39 Cterm1
Rv: GTCCGTCTCCGACATGGCGCGCCC

ARHGAP39  690-910 MyTH4 Fw: GEGGCGCGCCATGTCGEAGACGGAC GAP39 MyTH45
Rv: GTCCGTCTCCGACATGGCGCGCCC

ARHGAP39 8821114  GAP Fw: GGGCGCGCCATGTTCAGCCCGTCC GAP39 Cterm?2
Rv: GGACGGGCTGAACATGGCGCGCCC

ARHGAPZS 1114 " Fw: CGCTGAAGCAGAACACGGAGTTAATTAACCAGGTAAGTTC oo
Rv: GAACTTACCTGGTTAATTAACTCCGTGTTCTGCTTCAGCG

ARHGAP39  115-689 middle Fu: GGCGCGCCATGTCCCCGCGEGE GAP39 ShortGAP1
Rv: GCGCGCGGGGACATGGCGCGCC

ARHGAP39  A689-910  dMyTH4 Fw: TGCGCAAGCCCTCCAACGCCGTGTTCAG GAP39 GAP39 FL
Rv: CTGAACACGGCGTTGGAGGGCTTGCGCA

ARHGAPES 1501 Nterm Fw: GCAGAAAGCCCTCTTTGTAGGAGATCCTGGTCAT GAP39 ShortGAP
Rv: ATGACCAGGATCTCCTACAAAGAGGGCTTTCTGC

ARHGAPZS 1400 Ntorm2 Fw: GTGCGGCAGCTGGTCTACTTAATTAACCAGGTAAGT GAP39 ShortGAPT
Rv: ACTTACCTGGTTAATTAAGTAGACCAGCTGCCGCAC

ARHGAP3S  inMyTHe  1746T Fw: CCTGCGAGCTCTTCAAGCTGACCCAGATGTACATG GAP39 FL
Rv: CATGTACATCTGGGTCAGCTTGAAGAGCTCGCAGG

ARHGAP39  in MyTH4 R781P Fw: GCAGGGCCTGCCGGACGAGCTCT GAP39 FL
Rv: AGAGCTCGTCCGGCAGGCCCTGC

ARHGAP3S  inMyTHE  E783K Fw: GGGCCTGCGGGACAAGCTCTACATCCA GAP39 FL
Rv: TGGATGTAGAGCTTGTCCCGCAGGCCC

ARHGAP3S  inMyTHE  K8ooW Fw: CTGACCGGGGCCCAGAAGGGGCTGA GAP39 FL
Rv: TCAGCCCCTTCTGGGCCCCGGTCAG

ARHGAP3S inMyTHE  POOIR Fw: GGGCTGAAGAAGCGCAACGTGGAGGAG GAP39 FL
Rv: CTCCTCCACGTTGCGCTTCTTCAGCCC

ARHGAPSS  in W1 van Fw: GACCAGGTTGGCGGCCATGCGCTCGCGG GAP39 FL
Rv: CCGCGAGCGCATGGCCGCCAACCTGGTC

ARHGAPSS  in W1 WaaA Fw: GCCGGCGGGTCCGCCACGCACTCACC GAP39 FL
Rv: GGTGAGTGCGTGGCGGACCCGCCGGC

ARHGAPSS  in W2 EIA Fw: CCAACACGTCCCGCTTCGCCTACTACAATGCCAGCA GAP39 FL
Rv: TGCTGGCATTGTAGTAGGCGAAGCGGGACGTGTTGG

ARHGAPSS  in W2 VooA Fw: CAGCGCACGGTGGCGCACCGGCCGCA GAP39 FL
Rv: TGCGGCCGGTGCGCCACCGTGCGCTG

ROBO1 1861196 A1 dCC2 Fw: GAACTGGGCAGACCTGCACAGCAATAGCGAAG ROBOT FL
Rv: CTTCGCTATTGCTGTGCAGGTCTGCCCAGTTC

ROBO1 AT186-1196 R Oy d0C2 Fw: GAACTGGGCAGACCTGCACAGCAATAGCGAAG FOBO1 Cy
Rv: CTTCGCTATTGCTGTGCAGGTCTGCCCAGTTC

FOBOS AT1aT1s P4 dcc2 Fw: AAATGAGCTGGTTACTCGTCATCTCTITCCTCATGARACTC o '
Rv: GAGTTTCATGAGGAAAGAGATGACGAGTAACCAGCTCATTT

FOBOS AT14T18 R4 Gy doC2 F: AAATGAGCTGGTTACTCGTCATCTCTTTCCTCATGAAACTC oo
Rv: GAGTTTCATGAGGAAAGAGATGACGAGTAACCAGCTCATTT

ROBOS 194543 RuCy 404543 " AGCAGCAGCAGCAGCGACCGAGCTTTCTTG FOBOA Gy

Rv: CAAGAAAGCTGGGTCGCTGCTGCTGCTGCT
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ROBO4 494.593 R4 Cy4oasos W GAGCTGCCCTCCAGTGACCCAGCTTTCTIG ROBO4 Cy
Rv: CAAGAAAGCTGGGTCACTGGAGGGCAGCTC

ROBO4 494.663 R4Cyasapes W GCTCCGGGGCAGCGACCCAGCTTTCT ROBO4 Cy
Rv: AGAAAGCTGGGTCGCTGCCCCGGAGC

ROBO4 5931007 R4 Cysea.1007 W CTTCGCCACCATGACCCCAGCCAGGC ROBO4 Gy
Rv: GCCTGGCTGGGGTCATGGTGGCGAAG

ROBO4 A593-663 R4 Cydsesees " GAGCTGCCCTCCAGTCACTCCTTGGAGCTC ROBO4 Cy
Rv: GAGCTCCAAGGAGTGACTGGAGGGCAGCTC

ROBO4 A593.713 R4 Cydsea7ia W GCTGCCCTCCAGTCTCCCTCCAGCAC ROBO4 Gy
Rv: GTGCTGGAGGGAGACTGGAGGGCAGC

ROBO4 A714.794 RaCy714704 W AAATGAGCTGGTTACTCGTCATCTGGGGGAGGAT ROBO4 Cy

Rv:

ATCCTCCCCCAGATGACGAGTAACCAGCTCATTT

Table A.2.: Infusion-HD cloning primers

gene product primer sequence
ROBO1 Gateway donor Fw: ATGCCAACTTTGTACAAAAAAGCAGGCTTCGCCACCATGAAATGGAAACATGTTCCT
Y Rv: ATGCCAACTTTGTACAAGAAAGCTGGGTCGCTTTCAGTTTCCTCTAATTCT

Fw: ATGCCAACTTTGTACAAAAAAGCAGGCTTCGCCACCATGGGCTCTGGAGGA-
ROBO4 Gateway donor GACAGC

Rv: ATGCCAACTTTGTACAAAAAAGCAGGCTTCGCCACCATGGGCTCTGGAGGAGACAGC

Fw: ATGCCAACTTTGTACAAAAAAGCAGGCTTCGCCACCATGCGCGGCGTTGGCTG-
SLIT2 Gateway donor GCAG

Rv: ATGCCAACTTTGTACAAGAAAGCTGGGTCGGACACACACCTCGTACAGCCGC

Fw: ATGCCAACTTTGTACAAAAAAGCAGGCTTCGCCACCATGAGTACC-
ROBOT1 R1 Cy, 930-1651 aa TACGCGGGTATCAG

Rv: ATGCCAACTTTGTACAAGAAAGCTGGGTCTCAGCTTTCAGTTTCCTCTAATTCT
ROBO4 R Cy, 494-1007 aa Fw: ATGCCAACTTTGTACAAAAAAGCAGGCTTCGCCACCATGCGAGCTAGGGTGCACCTG

Rv: ATGCCAACTTTGTACAAGAAAGCTGGGTCTCAAGGAGAAGCACCAGCCTTGG

Fw: TTCCCCAGGGGCGCGCCATGTGGACATGGGCTCCGGGACTG
ROBO2 Creator donor

Rv: GAACTTACCTGGTTAATTAATAATTCACCTGTAAACTGTCCTTGACTGTTG

Fw: TTCCCCAGGGGCGCGCCATGGCGGAGAGGTTGGAATGG
zfArhgap39  Creator donor

Rv

: GAACTTACCTGGTTAATTAACTATAGCACCCCGTCCATGAAG
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The following primers were used: 1) for PCR cloning of arhgap39 from zf-cDNA into the
pCS2+ vector; 2) for quantitative-PCR (g-PCR) of human cDNA samples; 3) for sequencing

reactions; 4) for TagMAN based g-PCR of zebrafish cDNA samples.

Table A.3.: Sequences of Primers

primer binds sequence
5 UTR/1-2 bp Fw: TAGGATGTGGATTACTCTCACTGCGTGTTGAAGCGGCAC-
ZfArhgap39-1 CCAGAGGCACCAT
PCR cloning 3'UTR Rv: CCTAACACTTCTTCAGCGCCCACT
5 bp Fw: CGGAGAGGTTGGAATGGGTGGAGA
zfArhgap39-2
3 UTR Rv: CACCTAACACTTCTTCAGCGCCCA
ARHGAP39-Fw 198 bp Fw: GAGTACTGGAAATGGTAACTACATGG
-PCR ARHGAP39-Rv 271 bp Rv: TCAGGATCAGCTTCTCGATTT
GAPDH-Fw 83 bp Fw: AGCCACATCGCTCAGACAC
GAPDH-Rv 190 bp Rv: GCCCAATACGACCAAATCC
GAP39-1 1900 bp Fw: TCTCCGTGCAGACCAACCTG
019 Creator donor Fw: TGCTCACATGTTCTTTCCTG
020 Creator donor Rv: TGGATTTGTTCAGAACGCTC
021 Creator acceptor Fw: CAAAATGTCGTAACAACTCC
023 Creator acceptor Rv: TTTATGTTTCAGGTTCAGG
sequencing CMV pCS2+ pCS2+ Fw: GTAAATGGCCCGCGATGGCTGCC
pCS2+ R pCS2+ Rv: CTCCCACACCTCCCCCTGAACC
BGH Reverse Gateway acceptor ~ Rv: TAGAAGGCACAGTCGAGG
EGFP CF GFP/YFP/CFP tag Fw: CAACGGGACTTTCCAAAATG
CMVF pCDNAS3 Gateway acceptor ~ Fw: CAACGGGACTTTCCAAAATG
M13F Gateway Fw: TGTAAAACGACGGCCAGT
M13R Gateway Rv: CAGGAAACAGCTATGACC
zfArhGAP39-F Fw: TGGCATCACCCGAACCTTAC
TagMAN zfArhGAP39-R Rv: TGGCCTCGAACTGAGAACATG

zfArhGAP39-Probe

FAM-5-TCCCTCTCAGTCGGAGGATCTGGGA-3-TAMRA
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