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Abstract

Directed cell migration depends on cytoskeletal rearrangements, protrusion formation, cell
contraction and focal adhesion turnover. These processes are regulated by spatiotemporal
fine-tuning of Rho GTPase activity. The Rho guanine nucleotide exchange factor (GEF) Trio
is well suited to control Rho GTPase activity by merging two catalytic GEF domains, allowing
control over Rac1 and RhoA within a single protein. However, strict spatiotemporal control of
the activity of the Trio GEF domains at the cellular level is necessary. We recently
demonstrated that Trio is required for Xenopus neural crest (NC) cell protrusion formation and
migration. Here, we examine the dynamic localization of Trio and its impact on Trio's role in
NC cell migration. Live-cell imaging revealed that the Trio GEF2 domain co-localizes with EB3
at microtubule plus-ends. Microtubule trafficking of Trio appears to be important for its function,
as a mutant GEF2 construct lacking the SxIP amino acid motif responsible for microtubule
plus-end binding, was unable to rescue the Trio loss-of-function induced NC migration defects
in vivo and in vitro. In addition, our analysis of microtubule dynamics in migrating neural crest
cells revealed that Trio knockdown results in the stabilization of microtubules at cell-cell
contacts, while destabilizing them at the leading edge compared to the control. Furthermore,
our findings indicate that Trio is involved in focal adhesion dynamics, as analyzed by live-cell
imaging of focal adhesion assembly and disassembly. Our data suggest that Trio is transported
by microtubules to specific subcellular locations, where it has distinct functions in controlling
microtubule stability, protrusion formation and adhesive functions during directed NC cell
migration. Furthermore, TR/O gene mutations have been shown to cause neurodevelopmental
disorders and facial dysmorphisms in patients, possibly by inhibiting the migration of neural
crest cells. Similar clinical features were observed in individuals with mutations in the MAPRE?Z2
and TUBB genes. We successfully induced Mapre2 and Tubb loss-of-function in Xenopus
embryos by injecting specific translation-blocking morpholinos and demonstrate, comparable
to patient data, that this knockdown results in NC migration defects and craniofacial
malformations. These experiments will serve as a starting point to analyze whether Trio,
Mapre2 and Tubb operate within the same signaling pathways to regulate microtubule

dynamics, focal adhesion turnover and, thereby, cell motility.



Zusammenfassung

Die gerichtete Zellmigration hangt von einem dynamischen Zytoskelett, der Bildung von
Zellfortsatzen, der Zellkontraktion und dynamischen fokalen Adhasionen ab. Diese Prozesse
werden durch ein raumliches und zeitliches Feintuning der Aktivitdt von Rho-GTPasen
reguliert. Der Rho-Guanin-Nukleotid-Austauschfaktor (GEF) Trio ist ein ausgezeichneter
Kandidat, um die Aktivitdt von Rho-GTPasen zu kontrollieren, da er zwei katalytische GEF-
Domanen vereint und so die Kontrolle ber Rac1 und RhoA in einem einzigen Protein
ermdglicht. Allerdings ist eine strikte rAumliche und zeitliche Regulation der Aktivitat der Trio-
GEF-Domanen auf zellularer Ebene erforderlich. Wir konnten bereits zeigen, dass Trio fur die
Bildung von Zellfortsatzen sowie fir die gerichtete Zellmigration in Xenopus-
Neuralleistenzellen notwendig ist. In dieser Studie untersuchen wir die dynamische
Lokalisation von Trio und deren Einfluss auf seine Funktion bei der Neuralleistenzellmigration.
Die Lebendzellanalyse zeigte, dass die Trio-GEF2-Domane mit EB3 an Miktotubuli-Plus-
Enden kolokalisiert. Der Transport von Trio durch Mikrotubuli scheint fir seine Funktion wichtig
zu sein, denn ein mutiertes GEF2-Konstrukt, dem das Aminosauremotiv SxIP fehlte, welches
fur die Bindung an Mikrotubuli-Plus-Enden verantwortlich ist, konnte den Trio-Verlust in
Neuralleistenzellen in vivo und in vitro nicht ausgleichen, wahrend das Wildtyp-GEF2-
Konstrukt dazu in der Lage war. Daruber hinaus zeigte unsere Analyse der Mikrotubuli-
Dynamik in migrierenden Neuralleistenzellen, dass der Trio-Knockdown zu einer Stabilisierung
der Mikrotubuli an Zell-Zell-Kontakten fuhrt, wahrend sie an der Zellfront im Vergleich zur
Kontrolle destabilisiert werden. Gleichzeitig deuten unsere Ergebnisse darauf hin, dass Trio
an der Dynamik der fokalen Adhasionen beteiligt ist. Zusammenfassend zeigen wir hier, dass
Trio Uber Mikrotubuli an spezifische subzellulare Orte transportiert werden kann, wo es
verschiedene Funktionen bei der Kontrolle der Mikrotubuli-Stabilitat, der Ausbildung von
Zellfortsatzen und der Zelladhasion wahrend der gerichteten Migration von Neuralleistenzellen
ausubt. Weiterhin wurde bereits gezeigt, dass TRIO-Genmutationen zu neurologischen
Entwicklungsstérungen und Gesichtsdysmorphien bei Patienten fihren, mdglicherweise durch
eine beeintrachtigte Neuralleistenzellmigration. Ahnliche klinische Merkmale wurden bei
Personen mit Mutationen in den Genen MAPREZ2 und TUBB beobachtet. Wir konnten den
Funktionsverlust von Mapre2 und Tubb in Xenopus Embryonen durch Injektion spezifischer
translationsblockierender Morpholino Oligonukleotide nachahmen und zeigen, dass dieser in
Xenopus, ahnlich wie in Patienten, zu Defekten in der Neuralleistenzellmigration und zu
kraniofazialen Fehlbildungen fihrt. Diese Experimente dienen als Ausgangspunkt, um zu
analysieren, ob Trio, Mapre2 und Tubb innerhalb der gleichen Signalkaskaden agieren, um

die Mikrotubuli-Dynamik, die fokale Adhasion und damit die Zellmotilitat zu regulieren.



Table of contents

ADDreViatioNS..... ... s aas IX
0 5 = T o1 =T e SN 1
The Rho GEF Trio as regulator of cell migration and embryonic development.............. 1
1. INtrodUCHION ... ——————————— 1
1.1. Relevance of Trio in disease and cancer progresSioN...........ceevvveevviieiiieeee e 2
1.2 Rho GEF Trio protein family and domains ... 4
1.3 Trio domains: function, catalytic activity and regulation ..............cccooiiiiiniiie 6
1.3.1 THO GEF dOM@AINS ...ttt a e 6
1.3.2 Trio KiN@S@ dOMAIN .........uiiiiiiiiiiee et a e 8
1.3.3 Additional Trio dOM@INS..........uuuiiiiiiiiiiiiiiiieeeiie bbb anenesnennennanes 8

1.4 Relevance of Trio in different tissues and associated interaction partners.................... 9
1.5 Function of Trio in cell migration ... 15
1.5.1 RNOA and RacT SigNaliNg.........uuuuuiiiiiiiiiiiiiiiiiieieiiiieieeiieie e eeeneenennenenes 15
1.5.2 Microtubule organization and dynNamiCs ...............uuuuvuiiueiiiiiiiiiiieiieiieieieneeeeeneenees 15
1.5.3 Focal adhesion dyNamliCS...........cooviiiiiiiiiieii e 16

1.6 The role of Trio in development and neural crest cell migration..............ccccccveenl. 18

L0 3 - o =T 21
The end binding protein MAPRE?2 is a regulator of craniofacial development.............. 21
2. INtrodUCHION.....ceeeiei it —————— 21
2.1 MAPRE2 mutations induce craniofacial malformations in CSC-KT syndrome ............ 21
3. Aim Of this StUdY ... ————— 23
4. Material and Methods ... ———— 24
4.1 Molecular biology MethOdS.........oouiiiiiiii e 24
4.1.1 Transformation of competent E. cOli CEllS...........ooovviiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeee 24
4.1.2 Isolation of plasmid DNA from E. coliCells .........coouvvieiiiiiiiiiiiiieee e 24
4.1.3 Restriction digestion.........oouiiiiiiiii e 24
4.1.4 Agarose gel electrophOresiS. .........covviiiiiiiiiiiiiiiiiiie e 25
4.1.5 PCR amplifiCation ........cooviviiiiiiiiiiiiiieiieee ettt 25
4.1.6 Ligation ClONING .....uiii ettt e e e e e e e e e e e e e 25



4.1.7 Site-directed MUIAGENESIS. .......coii it 26

4.1.8 In vitro transcription of sense RNA ..........oooiiiiiiiiiiieeeeee e 26
4.1.9 In vitro transcription of labeled antisense RNA ..., 27
4.2 Cell Diology MENOAS .....vuui i e e e 27
4.2.1 Cultivation of MDCK CelIS.........cooiiiiiiiiiiiieiee e 27
4.2.2 Long time storage of MDCK CEIIS .........coiiiiiiiiiiiiiiiee e 27
4.2.3 Thawing of MDCK CEIIS........uuuiiiieeii e 28
4.2.4 Transient transfection with plasmid DNA............oooiiiiiiiiieeeeeeee 28
4.2.5 Immunostaining of transfected CellS ... 28
4.3 Xenopus 1aevis MEthOAS ..........oooiiiiiii i e 28
4.3.1 TestiS @XIraCtioN ........cooeiieiie e 28
4.3.2 In vitro fertilization and jelly coat removal...............cccooiiiiiiiii 28
4.3.3 MICTOINJECLIONS ....oceiiiiiiiiiiiiie ittt 29
4.3.4 Fixation and X-Gal StainiNg .........ccooiiiiiiiiiiii e 29
4.3.5 Whole mount in situ hybridization...............cooo 29
4.3.6 Cranial neural crest cell explants ...........coooviviiiiiiiiiiiiiieeee e 31
4.3.7 Immunostaining of neural crest Cells ..., 32
R [ g = To =Y T F= 1T RSP 32
4.4.1 Delaunay triangulation .............coooeiiiiiiiiiiiiiiiiie e 32
4.4.2 Imaris based tracking ............uoiiiiiiiiiec e 32
4.4.3 Focal adhesion formation tracking ..........cccoooviiiiiiiiicii e 32
4.5 Chemicals and SOIULIONS. ........coiuiiiiiiii e 33
4.6 Media and DUFFEIS.........eiiiii e 33
A 1 = TSP PPRSPTPPPR 35
4.8 COMPELENT CEIIS... ..o 35
e 0= | I 10 = TP EPPT RSP 36
A A0 ENZYMES ..ottt e e e e e e e e e e e e e aae i ———— 36
L B Y=ol (o = PSP PP PPPP PP RPPT 36
B2 PrIMIET e 38
4.13 Morpholino oligonUCIEOLIAES .........ccooeiiieeeeee e 38



o AN 01 {1 oo Yo [ == SRR 39

B R 1V [Tty o E=Te ] 1= 39
416 SOFtWAIE ... e e 39
5. RESUILS.....ceeeeeieei i 40
5.1 The Trio-GEF2 domain dynamically localizes to microtubule plus-ends ..................... 40

5.2 Microtubule plus-end mediated transport of Trio is required for its function in NC cell

0] =1 o 44
5.3 Trio loss-of-function disrupts microtubule dynamics in NC cells.............cccooeeeviiennnnnnnn. 50
5.4 Trio is required for focal adhesion dynamics in NC cells............ccccccooiiiiiiiiininnn, 54
5.5 Loss of Trio affects Dishevelled trafficking in migrating NC cells .............cccccccceeiiis 57
5.6 Both Trio GEF domains play an important role in NC cell migration................ccc......... 58
5.7 Mapre2 and Tubb are required for craniofacial development in Xenopus embryos..... 61
5.8 Mapre2 and Tubb loss-of-function induce early and late NC migration defects........... 64
LT T =T oW =] o o TR 67

6.1 Microtubule-mediated transport of Trio is required for its function in NC cell migration67
6.2 Trio is involved in regulating microtubule stability in migrating NC cells...................... 68
6.3 Trio is required for focal adhesion dynamics in NC cells............cccoiieiiiiiiiiiiiiiiennn. 70
6.4 Additional Trio domains may play an essential role in Trio localization and function... 72

6.5 Mapre2 and Tubb are required for NC cell migration and craniofacial development ... 73

480« 4 o7 [ =] e o 74
£ TS 0o o 1= 4 L= o | N 76
8.1 TIME laPSE MOVIES ...ttt e e e e e e e e e ae s 76
Supplemental Figure 8.1 ... 77
Supplemental Figure 8.2...... ..o 78
9. REfEreNCES .....ceeiiiiiiiiccrr e —————— 79
DanKSagQUNQ ......cociiii i —————— 89
= 1T 3 90

VI



Abbreviations

+TIP

Abl

ADS
Arp2/3

C. elegans
CARMIL
CIL
CLIP-170
CRAL-Trio
CSC-KT
D. melanogaster
Dbl

DH

DVL

EB

ECM
EMT
EMTB
FAK
FHOD3
Fig.

Fnlll
GAP

GDI

GDP
GEF
GSK3
GTP
GTPase
Gaq
Hsc70

g

iPSC
kDA

RT

LAR
MAPRE
mCFP
MDCK

Microtubule plus-end tracking protein

Abelson tyrosine kinase

Autism spectrum disorder

Actin related protein 2/3 complex
Caenorhabditis elegans

Capping protein, Arp2/3, myosin | linker
Contact inhibition of locomotion

Cytoplasmic linker protein 170
Retinaldehyde-binding protein (CRALBP) and Trio guanine exchange factor
Circumferential skin creases Kunze type
Drosophila melanogaster

Diffuse B-cell ymphoma

Dbl-Homology

Dishevelled

End-binding protein

Extracellular matrix

Epithelial-mesenchymal transition

Microtubule binding domain of ensconsin

Focal adhesion kinase

Formin Homology 2 domain containing 3 protein
Figure

Fibronectin type Ill domain

GTPase activating protein

Guanine dissociation inhibitor

Guanosine diphosphate

Guanine nucleotide exchange factor

Glycogen synthase kinase 3

Guanosine triphosphate

Guanosine triphosphate hydrolases

Guanine nucleotide-binding protein G(q) subunit alpha
Molecular chaperone heat shock cognate protein 70
Immunoglobulin domain

Induced pluripotent stem cells

Kilo Dalton

Room temperature

Leukocyte common antigen-related protein
Microtubule associated protein member
Membrane cyan fluorescent protein

Madin-Darby Canine Kidney



mDia Mammalian Diaphanous-related (formin family of Rho-effector protein)
mGFP Membrane green fluorescent protein

MO Morpholino oligonucleotide

mRFP Membrane red fluorescent protein

Myh9 Myosin heavy chain 9

NAV-1 Neuron Navigator 1

NC Neural crest

NDD Neurodevelopmental disorder

Pak1 P21 (RAC1) activated kinase 1

Par1b Polarity-regulating kinase partitioning-defective 1b
Par3 Protein partitioning defective 3

PCP Planar cell polarity

PH Pleckstrin Homology

Rac1 Ras-related C3 botulinum toxin substrate 1
RhoA Ras homolog family member A

RhoG Ras homolog family member G

ROCK Rho-associated protein kinase

SCFS Single-cell force spectroscopy

SH3 Src homology 3

STEF Sif and Tiam1-like exchange factor

STK Serine/threonine kinase

SxIP Serine-x- Isoleucine -Proline

Tab. Table

Tara Trio-associated repeat on actin

Tiam1 T-cell ymphoma invasion and metastasis 1
Trio Triple functional domain protein

TUBB Tubulin beta class |

WAVE WASP-family verprolin-homologous protein
WRC WAVE Regulatory Complex

X. laevis Xenopus laevis




Chapter 1

The Rho GEF Trio as regulator of cell migration and embryonic

development

1. Introduction

The study of cell migration is essential for understanding biological processes like
morphogenesis, wound healing and cancer invasion. Neural crest (NC) cells are multipotent
embryonic stem cells that migrate over long distances and give rise to various tissues in
vertebrates, such as neurons, glia, cartilage, skeleton and pigment cells (Szabé and Mayor,
2018). Thus, NC cells represent an excellent model system to investigate cell-cell
communication and evolutionary conserved signaling pathways involved in cell migration.
Moreover, NC cells and metastatic tumor cells exhibit shared mechanisms in gene expression
and behavior. Both undergo an epithelial-mesenchymal transition (EMT) acquiring motile and
invasive characteristics (Theveneau et al., 2010). Failure in NC cell migration can result in
serious birth defects and multiorgan malformation syndromes, referred to as
neurocristopathies (Pilon, 2021). Several mechanisms that control directional NC cell migration
have been described, such as the confinement effect of surrounding tissues, collective
chemotaxis and dynamic cell-cell interactions including contact inhibition of locomotion (CIL)
(Szabo and Mayor, 2018). CIL describes the behavior of migratory NC cells that change their
polarity and directionality upon cell-cell contact (Andras Szabé and Roberto Mayor; Barriga
and Mayor, 2015; Szab6 and Mayor, 2018). It has been shown that CIL is regulated by non-
canonical planar cell polarity (PCP) Wnt signaling (Matthews et al., 2008). The accumulation
of ligands like Dishevelled at cell-cell contacts upregulates the activity of the small GTPase
RhoA. While the small GTPase Rac1 is inhibited at the cell-cell contact, its activity is critical at
the cell front. Thus, the spatiotemporal regulation of these GTPases is crucial for directional
cell migration (Carmona-Fontaine et al., 2008). Although NC cell migration is known to be
regulated by several mechanisms and a number of molecular interactors, the underlying
molecular dynamics, downstream effectors and how cell-cell contact information leads to cell
polarity, cytoskeletal rearrangement and directional migration remain poorly understood
(Theveneau and Mayor, 2012). A well-suited downstream effector of these signaling pathways,
that is required for NC cell migration, is the Rho GEF (guanine nucleotide exchange factor)
Trio, which is able to regulate both Rac1 and RhoA activity via its two GEF domains (Debant
et al., 1996; Kratzer et al., 2019; Kratzer et al., 2020). The Trio GEF1 domain activates Rac1
and RhoG, while the Trio GEF2 domain activates RhoA exclusively (Schmidt and Debant,
2014). Furthermore, several pathogenic missense or nonsense variants of TRIO have been
described in patients resulting in a variety of clinical features, including developmental delay,

microcephaly, macrocephaly, skeletal problems and variable facial features (Gazdagh et al.,



2023). Consequently, it is of great interest to understand the function of Trio in cell migration
processes, which will also shed more light on the clinical picture of individuals with TRIO gene

mutations and may provide treatment options involving cellular and molecular approaches.

1.1. Relevance of Trio in disease and cancer progression

Multiple studies have demonstrated that dysfunction of TRIO can lead to neurodevelopmental
disorders (NDDs) (Barbosa et al., 2020), including autism spectrum disorder (ADS)
(Sadybekov et al., 2017) and schizophrenia (Singh et al., 2022). To date, there are more than
50 published cases of patients with a TRIO gene mutation and the number is continuously
increasing (Ba et al., 2016; Barbosa et al., 2020; Gazdagh et al., 2023; Kloth et al., 2021;
Kolbjer et al., 2021; Liu et al., 2022; Sadybekov et al., 2017; Schultz-Rogers et al., 2020).
These patients have missense, truncating or nonsense variants (Fig. 1A) of TR/O and display
multisyndromic phenotypes, including brain malformations, developmental delay, learning
disabilities, microcephaly, macrocephaly, seizures, behavioral problems, skeletal problems,
dental problems and varying facial features (Gazdagh et al., 2023). Recently, it has been
shown that - depending on the region of mutation - the clinical features of patients can be
subdivided into two clusters: Missense variants in the TRIO spectrin repeats and GEF1 domain
(cluster 1) or missense variants only in the GEF1 domain (cluster 2) (Barbosa et al., 2020;
Bonnet et al., 2023; Gazdagh et al., 2023). Cluster 1 TRIO mutations are characterized by
Rac1 hyperactivation and patients show severe developmental delay, macrocephaly, skeletal
and facial dysmorphism (Fig. 1B). These phenotypes can be explained by the autoinhibitory
function of the TRIO spectrin repeats (Bircher et al., 2022). Physiologically, TRIO GEF1 activity
is tightly controlled by the N-terminal spectrin repeats. These undergo an intramolecular
binding and form a ring surrounding the GEF1 domain, preventing potential interaction partners
from binding, which would induce Rac1 activation (Bircher et al., 2022; Bonnet et al., 2023). If
specific amino acid residues in the spectrin repeats or the GEF1 domain are mutated, the
folding of the spectrin ring structure is impaired and/or binding to the GEF1 domain is disrupted
(Fig. 1.5). This prevents the autoinhibitory function of the spectrin repeats and leads to
hyperactivation of Rac1 (Bonnet et al., 2023). Cluster 2 TR/O mutations are defined by a
defective activation of Rac1 and patients exhibit mild intellectual disability, microcephaly and
characteristic skeletal and facial dysmorphisms (Fig. 1C) (Barbosa et al., 2020; Gazdagh et
al., 2023). Patients harboring a mutation or truncation affecting the TRIO GEF2 domain show
similar phenotypes to cluster 2 patients (Gazdagh et al., 2023). However, the underlying
molecular mechanism causing these phenotypes is not clear. So far, most of the literature
focused on TRIO GEF1-mediated Rac1 activation (Tao et al.,, 2019b), and the molecular
mechanism explaining the TR/O mutation phenotypes described above is based solely on
Rac1 misregulation (Barbosa et al., 2020; Gazdagh et al., 2023). Furthermore, TRIO GEF2
mutations occur much rarer in the literature. This raises the question of whether the GEF2

domain is less important for the function of TRIO during developmental processes, or whether
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the GEF2 domain plays an essential role so that loss-of-function mutations in the GEF2 domain
would be lethal. Katrancha et al. described a case with a single de novo mutation in the GEF2
domain that increased GEF2 exchange activity and was associated with bipolar disorder,
demonstrating the need for precise regulation of not only Rac1 but also RhoA during

developmental processes (Katrancha et al., 2017).

A TRIO domain map
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Figure 1.1 Pathogenic Trio mutations. (A) TRIO domain map displaying the position of missense and
truncation variants in patients described in (Gazdagh et al., 2023). (B) Patients with cluster 1 Trio
variants. Cluster 1 variants exhibit mutations in either the spectrin repeats or the GEF1 domain, resulting
in hyperactivation of Rac1, which induces macrocephaly and severe developmental delays in affected
patients. (C) Patients affected by cluster 2 TRIO variants, which feature mutations in the GEF1 domain,
result in reduced Rac1 activity and are associated with microcephaly and mild intellectual disability.
Figure modified after (Gazdagh et al., 2023).

TRIO has also been identified as a contributing factor in cancer progression (reviewed in
(Schmidt and Debant, 2014)). Increased TRIO gene expression and protein levels are found
in a variety of cancer types leading to enhanced cancer invasiveness (reviewed in (Bircher and
Koleske, 2023; Kempers et al., 2021)). As Trio is a major regulator of cell migration, it is not

surprising that mutations and upregulation of Trio are found in several types of cancer
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(Kempers et al.,, 2021). In patients with breast cancer, glioblastoma and hepatocellular
carcinoma, higher TRIO expression correlates with poor prognosis (Lane et al., 2008; Salhia
et al., 2008; Wang et al., 2015). In colorectal cancer, TRIO GEF2 induced RhoA activation
enhanced cancer cell migration, while Rac1 levels were not affected (Sonoshita et al., 2015).
Furthermore, TRIO expression is elevated in osteosarcoma cells and promotes proliferation

and invasiveness via Rac1 and RhoA activation (Wang et al., 2021).

In order to understand human diseases associated with Trio mutations and defective Trio
protein regulation, it is of great interest to investigate the molecular functions of Trio in fine-
tuning Rac1 and RhoA activity during cell migration processes. Ultimately, this will be an

important step in the discovery of novel therapeutics for the treatment of Trio-related diseases.

1.2 Rho GEF Trio protein family and domains

Among the large family of Rho GEF proteins only the Trio protein family is known to feature
two guanine nucleotide exchange factor (GEF) domains. In vertebrates, the paralogs Trio and
Kalirin exist, while in invertebrates, the orthologs UNC-73 in Caenorhabditis elegans and dTrio
in Drosophila melanogaster are known (Fig. 1.2) (Schmidt and Debant, 2014). The protein
family is named Trio as their members display three catalytic domains, including the two GEF
domains (GEF1 and GEF2) and a serine/threonine kinase domain. The GEF1 domain
activates both GTPases Rac1 and RhoG, whereas the GEF2 domain exclusively activates
RhoA (Bellanger et al., 2003; Debant et al., 1996). Furthermore, Trio family proteins harbor
additional domains with slight variations among species, including a CRAL-Trio/Sec14 moatif,
multiple spectrin-like repeats, one or two Src homology 3 (SH3) motifs and zero to one
Immunoglobulin (Ig) and Fibronectin (Fnlll) domains. The Trio protein structure is highly
conserved in different organisms (Schmidt and Debant, 2014). Variations in protein structure
occur after the second GEF domain, where only vertebrate Trio and Kalirin feature a kinase
domain. Trio proteins can be alternatively spliced, leading to different isoforms (Fig. 1.3). The
expression profile of these isoforms varies between tissues and developmental stages. The
full-length Trio protein is expressed ubiquitously, while shorter isoforms, which differ in their C-
terminus, appear to be specifically expressed in the nervous system. These isoforms feature
either one or both GEF domains, suggesting their potential in regulating Rac1 and RhoA
activity in varying ways (Bircher and Koleske, 2023; Rabiner et al., 2005; Schmidt and Debant,
2014). Additionally, an oncogenic isoform of Trio (Tgat) has been identified in patients with
adult T-cell leukemia. Tgat features only the GEF2-DH domain and a short C-terminal peptide

and has been shown to promote tumor formation (Yoshizuka et al., 2004).
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Figure 1.2 Trio protein family. The name Trio refers to the three catalytic domains: GEF1, GEF2 and
serine/threonine kinase domain. Furthermore, Trio features additional domains: CRAL-Trio/Sec14 motif,
multiple spectrin-like repeats, one or two SH3 motifs and zero to one Ig and Fnlll domains. The Trio
family consists of the two vertebrate paralogs, Trio and Kalirin, and the two invertebrate Trio orthologs,
UNC-73in C. elegans and dTrio in D. melanogaster. The protein structure is higly conserved among the

different species. Percentage of protein sequence identity between Trio and other members is displayed

(Schmidt and Debant, 2014).

Size Expression
Trio BN E S i — S -l s~ | 334 kDa Ubiquitous
Trio D LAY -0 03kDa | oo
Trio A B K b b — - - 254 kDa ':3;:::15
E&CI B b 203k0a | peebelen
Trio B LA —biind 4 186 kDa ':3::::15
Trio E - e~ | 157 kDa ':3::::‘5
Tgat J—T 28kDa Leukemic cells

Figure 1.3 Trio isoforms. Known Trio isoforms that differ in the C-terminus, with one encoding only the
C-terminal GEF2 and kinase domain (Trio E). Expression of these isoforms varies between tissues. In

addition, an oncogenic Trio isoform, called Tgat, has been isolated in patients with adult T-cell leukemia

(Schmidt and Debant, 2014).




1.3 Trio domains: function, catalytic activity and regulation

1.3.1 Trio GEF domains

In general, most of the literature is centered around the role of the two Trio GEF domains.
Thereby, the majority focuses on the GEF1 domain, while there is less information available
regarding the GEF2 domain (Rojas et al., 2007). The Trio GEF domains can activate the small
Rho GTPases RhoG, Rac1 and RhoA (Blangy et al., 2000; Debant et al., 1996). Rho GTPases
are molecular switches that alternate between an inactive state bound to GDP and an active
state bound to GTP. Rho GEFs catalyze the exchange of GDP to GTP, thereby activating
these small GTPases. This induces a conformational change of the GTPase, enabling the
interaction with specific effectors, which leads to downstream signal transduction. Finally, it
results in the regulation of numerous processes, such as cell adhesion, polarity and migration.
GTPase activating proteins (GAPs) catalyze the hydrolysis of GTP, thereby inactivating the
GTPase. Furthermore, the family of guanine dissociation inhibitors (GDIs) can form inactive
complexes with GTPases and thereby segregate them to maintain their inactivity in the cytosol
and prevent GDP/GTP cycling. These complexes also facilitate the rapid translocation of
inactive GTPases to any membrane within the cell, thereby accelerating the response to
specific signals (Etienne-Manneville and Hall, 2002; Hodge and Ridley, 2016; Wang et al.,
2022).
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Figure 1.4 Rho GTPase cycle. Inactive GDP-bound Rho GTPases can be activated by Rho GEFs, that
catalyze the exchange of GDP to GTP. The conformation of the Rho GTPase changes, thereby
activating effectors and triggering biological processes such as cell polarity, adhesion and migration.
Rho GAPs have the ability to bind activated Rho GTPases and facilitate the hydrolysis of GTP to GDP,
leading to the inactivation of the Rho GTPase. Rho GDIs can bind Rho GTPases, restricting GDP/GTP

cycling at the plasma membrane (Wang et al., 2022).



Rho-GEFs share a catalytic Dbl-Homology (DH) and a Pleckstrin Homology (PH) domain.
While the DH domain functions as the catalytic active domain, the PH domain facilitates
GTPase activation and promotes GEF localization to membrane structures via the binding to
phosphoinositides or to membrane-associated proteins (Bellanger et al., 2003; Lemmon and
Ferguson, 2000). For the Trio GEF1 domain, it has been demonstrated that the PH1 domain
facilitates the DH1 domain binding to the Rho-GTPase Rac1. Subsequently, the DH1 domain
can initiate the exchange from GTP to GDP to activate either Rac1 or RhoG (Bellanger et al.,
2003). Recently, different groups have discovered a new regulatory mechanism for the GEF1
domain. The activity of GEF1 is autoinhibited by the nine N-terminal spectrin repeats, which
cluster in a ring-like structure around the GEF1 domain. As a result of this interaction, GEF1 is
incapable of binding Rac1 (Fig. 1.5). This suggests that Trio’s spectrin repeats serve as a
target for interaction partners. Those interaction partners could either engage Trio GEF1
mediated Rac1 activation by releasing the spectrin repeat ring formation or enhance the GEF1-
spectrin repeat interaction to prevent Rac1 activation, resulting in spatiotemporal regulation of
Rac1 activity (Bandekar et al., 2022; Bircher et al., 2022; Bonnet et al., 2023).
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Figure 1.5 Structural model showing Trio GEF1 autoinhibition via spectrin repeats. Intramolecular
folding of the spectrin repeats, that surround and bind the GEF1 domain, prevents GEF1 access to
Rac1. Binding of an activating interaction partner possibly releases the intramolecular autoinhibition,
allowing GEF1 access to Rac1. Red arrows indicate the amino acid position necessary to stabilize the
binding of the spectrin repeats to the GEF1 domain. Red stars indicate positions of possible missense
mutations that can lead to defective autoinhibition via the spectrin repeats and result in Rac1

hyperactivation (discussed in chapter 1.1). Figure modified after (Bonnet et al., 2023).

The Trio GEF2 domain consists of a DH2 and PH2 domain as well and selectively activates
the Rho-GTPase RhoA (Debant et al., 1996). Unlike the GEF1-PH1 domain, the GEF2-PH2
domain acts as an inhibitory modulator of the DH2 domain and abolishes RhoA activation
(Bellanger et al., 2003). Whether the PH2 domain completely prevents RhoA activation and

how DH2-mediated RhoA activation is regulated still remains largely unclear. It was shown that
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the heterotrimeric guanine nucleotide—binding protein (G protein) Gag is an upstream regulator
of the Trio GEF2 domain. Gag binds to the PH2 domain and thereby prevents autoinhibition
and stimulates RhoA activation via the GEF2-DH2 domain (Lutz et al., 2007; Williams et al.,
2007). In general, an extracellular ligand can bind to membrane-bound Ga, leading to an Gaq
activation, which in the end activates the Rho-GTPase at the plasma membrane (Kamato et
al., 2017). However, which extracellular ligands could induce this signaling pathway is
unknown. Thus, spatiotemporal regulation of the GEF2 domain may also be mediated via

binding of interaction partners to relieve intramolecular autoinhibition.

1.3.2 Trio Kinase domain

In addition to the two GEF domains, Trio features a third catalytic domain at its C-terminal end,
the serine/threonine kinase (STK) domain. So far it is still unclear whether this domain has
catalytic activity (Schmidt and Debant, 2014). In support of a biological function of the kinase
domain, it was shown that Trio binds the focal adhesion kinase (FAK) via its SH3, Ig and STK
domains (Medley et al., 2003). Thereby, Trio activates FAK autophosphorylation, and bi-
directional FAK phosphorylates the Trio STK domain. Furthermore, Trio and FAK co-localize
at the cell periphery, suggesting a possible role for Trio in focal adhesion dynamics and cell
motility (Medley et al., 2003). Overexpression of the kinase domain of the Trio paralog Kalirin
has been shown to enhance neurite outgrowth. In contrast, a predicted catalytically inactive
Kalirin kinase domain mutant blocked neurite extension (Yan et al., 2015). These findings
suggest a physiological role for the STK domain, but its regulation, interaction partners and

target substrates remain unknown.

1.3.3 Additional Trio domains

CRAL-Trio/Sec14 domains have the ability to bind small lipophilic molecules and are often
found in multidomain proteins that activate small GTPases (Saito et al., 2007). The Sec14
domain of Kalirin was shown to have a unique ligand binding groove, suggesting an important

role for protein-lipid interactions (Li et al., 2023).

Downstream of the Sec14 domain, Trio contains 9 spectrin repeats (Bircher et al., 2022).
These are found in many proteins associated with the actin cytoskeleton (Djinovic-Carugo et
al., 2002). Additionally to the inhibitory intramolecular regulation described above, spectrin
repeats are thought to act as scaffolding domains for signaling complexes (Djinovic-Carugo et
al.,, 2002). For example, the myosin Il regulatory protein Supervillin has been reported to

directly interact with the spectrin repeat region of Trio and Kalirin (Son et al., 2015).

SH3 domains are often found in close proximity to GEF PH-DH domains (Yohe et al., 2008).
Trio possesses two SH3 domains, located directly behind the GEF1 and GEF2 domain
(Schmidt and Debant, 2014). SH3 domains bind to polyproline motifs, mediate protein-protein
interactions and might bind intramolecular to mediate conformational changes (Kurochkina and
Guha, 2013).



At the C-terminal end, Trio has an immunoglobulin (Ig) domain that is located right before the
STK domain (Schmidt and Debant, 2014). Ig domains primarily function as sites for protein-
protein interactions in the context of the actin cytoskeleton (Otey et al., 2009). According to
one study, the Ig domain of Trio has the ability to bind to the prenylated form of RhoA-GTP
(Medley et al., 2000). In that model, Trio GEF2 generates RhoA-GTP, which anchors Trio to
the plasma membrane via the Ig domain, suggesting that RhoA activity is involved in mediating

Trio localization and coordinating Trio signaling.

In summary, Trio encompasses several domains that engage in protein and lipid binding,
together with regulatory domains that impact the function of both GEF domains. Taken
together, this suggests that Trio is precisely designed to control Rho GTPase activity in a
spatiotemporal manner. This may be mediated not only through the GEF domains, but also via

the multiple domains contained in the large protein.

1.4 Relevance of Trio in different tissues and associated interaction partners

Trio plays a crucial role in a variety of tissues, particularly during embryonic development
(reviewed in (Bircher and Koleske, 2023)). During neuronal development, Trio is essential for
axon outgrowth and guidance, dendritic spine morphogenesis and brain development (DeGeer
et al., 2015; van Haren et al., 2014; Vanderzalm et al., 2009). Furthermore, Trio is involved in
the regulation of E-Cadherin expression in epithelial adherens junctions (Yano et al., 2011)
and supports the formation of the characteristic restrictive endothelial barrier by VE-Cadherin
recruitment to adherens junctions (Kruse et al., 2019). Mediated through M-Cadherin, Trio-
induced activation of Rac1 appears to participate in skeletal myogenesis (Charrasse et al.,
2007). During the process of cell migration, Trio plays a crucial role in coordinating cytoskeletal
structures, including actin and microtubules (Bellanger et al., 2000; van Haren et al., 2014).
Regarding these cytoskeletal rearrangements, several upstream signaling binding partners
have been described that regulate the activity of RhoA and Rac1 via the distinct Trio GEF
domains (Tab. 1). In addition, Trio has an effect on cellular adhesion, which is required for
proper cell spreading (Son et al., 2015). Furthermore, Trio is important for NC cell migration
(Tab. 1), which will be outlined in detail in the subsequent sections. Table 1 summarizes the
majority of identified Trio interaction partners. The interaction partners are categorized
according to their role in Trio signaling in various physiological processes, and their biological
relevance is briefly described. In conclusion, this demonstrates various ways in which Trio
activity can be regulated in different biological contexts and tissues to precisely control Rho

GTPase activity in a spatiotemporal manner.



Table 1 Summary of Trio interaction partners relevant for neuronal development, endothelial junctions,

epithelial invagination, skeletal myogenesis and cell migration.

Neuronal development

Interaction partner

Neuron Navigator 1

(NAV-1)

EB1

Myosin X

CARMIL (capping
protein, Arp2/3,

myosin | linker)

Abelson tyrosine
kinase (Abl)

Binding site
NAV-1 binds
Trios N-terminal
Sec14 domain
and spectrin

repeats

Trio binds EB1
via its first SxIP

motif

Trio binds
Myosin X via the
N-terminal SH3

domain

CRML-1 and
UNC-73 (C.
elegans homolog
of Trio) form a

complex in vivo

No direct binding

shown

Biological relevance

TRIO is recruited to microtubule
plus-ends by both NAV-1 and
EB1. The resulting NAV-1-TRIO
complexes serve to stimulate
Rho GTPase signaling locally,
acting at the interface between
microtubule dynamics and
remodeling of the actin
cytoskeleton in neuronal growth

cones.

TRIO is recruited to microtubule
plus-ends via NAV-1 and EB1.
Dynamic microtubules regulate
formation and localization of the
NAV-1-TRIO complex and
trigger Rac1 activation essential

for proper neurite outgrowth.

Interaction between Trio and
Myosin X mediates the
adhesion of migrating neurons
to radial glial fibers by
regulating the membrane

localization of N-Cadherin.

CRML-1 (C. elegans homolog
of CARMIL) controls cell and
axon migrations by inhibiting
Trio and, consequently, Rac1
signaling.

In the embryonic central
nervous system, Drosophila trio
and Abl work together to

regulate axon outgrowth.

Reference

(van Haren
et al., 2014)

(van Haren
et al., 2014)

(Wei et al.,
2022)

(Vanderzalm

et al., 2009)

(Forsthoefel
et al., 2005;
Liebl et al.,
2000)
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Slit2 Slit2 may Trio signaling downstream of (Backer et
mediate Trio Slit2 activates RhoA, playinga | al., 2018)
RhoA activity via | crucial role in embryonic
Robo, no direct development by facilitating axon
interaction outgrowth and pathfinding and
neuronal migration.
Molecular Hsc70 is Hsc70 is required for netrin-1 (DeGeer et
chaperone heat dynamically mediated axon growth via Trio al., 2015)
shock cognate associated with mediated Rac1 activation.
protein 70 (Hsc70) the Trio GEF1
domain
Rabin 8 Trio binds Rabin | TRIO interacts with and (Tao et al.,
8 via spectrin activates RABINS, which is 2019a)
repeats required for proper trafficking of
membrane vesicles from the
neuronal soma to the growth
cone.
Endothelial adhesion
Interaction partner Binding site Biological relevance Reference
VE-Cadherin Trio interacts via | Trio GEF1 promotes Rac1 (Kruse et al.,
its N-terminal activation, resulting in the 2019;
region, but not recruitment of VE-Cadherin to Timmerman
the GEF1 adherens junctions, while Trio et al., 2015)
domain, with a GEF2 activates RhoA, leading
region in the to increased intracellular
intermediate tension that reinforces Rac1
domain of VE- activation. This facilitates the
Cadherin, formation of VE-Cadherin
proximal to the B- | junctions and the characteristic
catenin-binding restrictive endothelial barrier.
domain
N-Cadherin Trio is recruited N-Cadherin-Trio complex (Kruse et al.,
to N-Cadherin formation triggers Rac1 2019)

complexes via its

N-terminus

activation, subsequently
stimulating the formation of VE-

Cadherin junctions.
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Epithelial adhesion

Interaction partner Binding site Biological relevance Reference

Shroom3 unknown if Trio Trio RhoA signaling is (Plageman
binds to necessary for Shroom3- et al., 2011)
Shroom3 dependent apical constriction in

MDCK cells and in the lens pit.
Possibly, a complex comprising
Trio, RhoA, Shroom3 and
Rock1/2 stimulates the
contractile actin-myosin
network, resulting in apical
constriction.

E-Cadherin Trio binds the Trio mediated Rac1 activation is | (Yano et al.,
cytoplasmatic inhibited by Tara in epithelial 2011)
domain of E- cells to maintain E-Cadherin
Cadherin levels.

Skeletal myogenesis

Interaction partner Binding site Biological relevance Reference

M-Cadherin Trio and Rac1 M-Cadherin—dependent Rac1 (Charrasse
form a complex activation via Trio positively et al., 2007)
with M-Cadherin | regulates myoblast fusion.
during the
initiation of
myoblast fusion

Cell migration

Interaction partner = Binding site Biological relevance Reference

LAR protein Trio-Ig-STK LAR-Trio complex may (Debant et

tyrosine domain interacts | coordinate cytoskeletal al., 1996)

phosphatase with LAR-D2 rearrangements like actin

PTPase domain

polymerization and actin stress
fiber and focal adhesion

formation.
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Focal adhesion Trio binds via its | Trio enhances FAK kinase (Medley et

kinase (FAK) SH3-Ig-like activity by inducing FAK al., 2003)
region and autophosphorylation, while FAK
kinase domain to | phosphorylates Trio.
the FAK N- Trio-FAK interaction may be
terminal portion ' jnvolved in regulating focal
including the adhesion dynamics and cell
kinase domain motility.

Tara (Trio- Tara binds the Tara directly binds and (Seipel et al.,

associated repeat Trio GEF1 stabilizes F-actin trough Tara- 2001)

on actin) domain Trio complexes to coordinate

actin remodeling.

ICAM-1 (Intercellular | ICAM-1 interacts | Mediated by ICAM-1, Trio (van Rijssel

adhesion molecule with the Trio facilitates the trans endothelial et al., 2012)

1) GEF1 domain migration of leukocytes by

activating Rac1 and RhoG in a
filamin-dependent manner,
leading to the formation of an
endothelial docking structure.

Supervillin 4 Trio binds Supervillin 4, recruited to focal (Son et al.,
Supervillin 4 adhesions through myosin II, 2015)
directly via the induces Trio-mediated Rac1
spectrin repeats | activation and disassembly of
6and7 cell-substrate adhesions to

promote cell spreading.
Filamin A Trio PH1 domain | Trio-Filamin A interaction (Bellanger et

binds to Filamin
A

recruits Trio to actin structures,
which is required for actin

cytoskeleton remodeling.

al., 2000)
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Gag1 Gag11-GTP binds | Gag11-GTP activates Trio by (Bandekar et
to the GEF2-DH- | relieving the autoinhibitory al., 2019)
PH domains to function of the PH2 domain.
activate RhoA This leads to RhoA activation

via the GEF2 domain. It is
suggested that TrioC exists in
an equilibrium of autoinhibited
and active conformations. Trio
mutations shift this equilibrium
to the active state and lead to
cancer progression.
NC cell migration

Interaction partner  Binding site Biological relevance Reference

Cadherin-11 Trio binds to the | Trio is required for Cadherin-11- | (Kashef et
intermediate mediated protrusive activity al., 2009; Li
domain in during NC cell migration. et al.,, 2011)
Cadherin-11 In addition, Trio acts

downstream of Cadherin-11 to
activate Rac1 in migratory
breast cancer cells.

Dishevelled Trio GEF2 Trio promotes NC protrusion (Kratzer et
domain interacts | formation via interaction with al., 2020)
with the Dishevelled, that leads to Rac1
Disheveled DEP | activation. Trio/DVL/Rac1
domain signaling likely functions

downstream of xCadherin-11.

Par3 Trio and Par3 co- | Par3 controls CIL by inhibiting (Moore et al.,
localize in NC Trio-mediated activation of 2013)
cells, binding site | Rac1 at cell-cell contacts.
is unknown

Myosin heavy chain | Trio interacts Trio promotes NCC migration (Guo et al.,

9 (Myh9) with the Myh9 by interacting with Myh9 at cell- | 2021)

head domain via
its GEF1 domain

cell contacts and cell

protrusions.
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1.5 Function of Trio in cell migration

Given its ubiquitous expression and two GEF domains capable of regulating Rac1 and RhoA
activity, it is not surprising that Trio plays a crucial role in cell migration (Bircher and Koleske,
2023; Grubisha et al., 2022). In general, cell migration is an essential mechanism involved in
physiological processes such as development, immune response and wound healing (Mayor
and Etienne-Manneville, 2016), whereby Rac1 and RhoA are key regulators of the dynamically

organized cytoskeleton (Warner et al., 2019).

1.5.1 RhoA and Rac1 signaling

Several studies have demonstrated that it is not absolute levels of activity, but rather strict
spatiotemporal regulation of Rac1 and RhoA that is required to achieve coordinated
cytoskeletal modulations (Benink and Bement, 2005; Fritz et al., 2013; Machacek et al., 2009;
Rajnicek et al., 2006; Woo and Gomez, 2006). This special precision can coordinate multiple
GTPases in subcellular pools to operate with temporal synchrony regulating different events
(Grubisha et al., 2022). In order to control these specific activity patterns, Trio provides a
unique design with two GEF domains to precisely modulate the Rac1/RhoA balance in a
spatiotemporal manner (Grubisha et al., 2022). Depending on the interactions between the
upstream GEFs or, in the case of Trio, between the GEF1 or GEF2 domain and the
downstream effectors, distinct subcellular localizations of these macromolecular clusters can
coordinate GTPase-induced cytoskeletal behavior (Mertens et al., 2005; Pegtel et al., 2007).
For example, during cell migration, RhoA controls cell contractility at the trailing edge via ROCK
(Spiering and Hodgson, 2011), whereas at the leading edge, RhoA activity functions in
microtubule stabilization via mDia (Pertz et al., 2006) and is also required to promote filopodia
formation via the formin FHODS3 (Paul et al., 2015). Rac1 has a prominent function at the
leading edge of cells, where it takes part in the formation of lamellipodia and filopodia through
actin nucleation (Warner et al., 2019). In detail, Rac1 activates the WAVE regulatory complex
(WRC) to stimulate Arp2/3 complex-mediated actin polymerization, which is essential for the
establishment of the leading edge (Campellone and Welch, 2010). Furthermore, Rac1 enables
microtubule stabilization via PAK1-dependent phosphorylation and inactivation of stathmin, a

protein that induces microtubule catastrophe (Wittmann and Waterman-Storer, 2001).

1.5.2 Microtubule organization and dynamics

Microtubules are one of the major components of the cytoskeleton and they control directional
migration via a number of coordinated processes (reviewed in (Etienne-Manneville, 2013)).
Microtubules are dynamic polymers consisting of a-tubulin and 3-tubulin heterodimers. These
tubulin dimers are built in a head-to-tail fashion generating intrinsic polarity. This polarity
facilitates directed movement of motor proteins on the microtubule surface and enables
directed transport of vesicles, proteins and RNAs. Furthermore, this polarity leads to different

kinetics of subunit addition and loss at the two microtubule ends, defined as plus end (faster
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growing) and minus end (slower growing). Microtubules undergo dynamic instability, meaning
they exhibit cycles of growth, shortening and regrowth. These microtubule dynamics have
been shown to regulate actin dynamics, Rho GTPase signaling and focal adhesion turnover.
Furthermore, microtubules enable signaling functions depending on the formation and release
of the microtubule +TIP (microtubule plus-end tracking protein) complex. This complex
assembles at the growing microtubule plus-end and is a dynamic network of proteins,
regulating microtubule dynamics and interactions (reviewed in (Akhmanova and Steinmetz,
2010)). The core +TIP network is formed by the end-binding proteins EB1, EB2 and EB3 (also
named MAPRE (microtubule associated protein member 1-3). These built a binding platform
for a large number of proteins via specific +TIP localization motifs. While MAPRE1 and
MAPRE3 are required for microtubule growth and stabilization (Komarova et al., 2009),
MAPRE2 plays a role in the reorganization of microtubules during early apical-basal
differentiation in epithelia, regulation of cell adhesion and mitotic progression (Goldspink et al.,
2013; limori et al., 2016; Yue et al., 2014). Trio also acts as a +TIP by interacting with EB1 via
a SxIP (Ser-x-lle-Pro) motif (van Haren et al., 2014), which serves as microtubule plus-end
localization signal (Honnappa et al., 2009). The recruitment of Trio to microtubules is required
for neurite outgrowth and stabilization of the microtubule network in neurons (van Haren et al.,
2014). It was shown that the +TIP Navigator 1 forms a complex with Trio at microtubule plus-
ends, operating at the interface between microtubule dynamics and actin cytoskeleton
remodeling by a local Trio-mediated Rac1 activation in neuronal growth cones (van Haren et
al., 2014). Furthermore, it was shown, that EB1 recruits the CLIP-170-mDia1 complex to
microtubule plus-ends to trigger actin polymerization and lamellipodia formation (Henty-Ridilla
et al., 2016). In addition, Rho GEF-mediated activation of RhoA controls mDia induced
detyrosination of microtubules, a marker of stable microtubules (Palazzo et al., 2001). Another
major effect of microtubules on the actin network is the regulation of Rac1 and RhoA activation
by microtubule polymerization and depolymerization (Palazzo and Gundersen, 2002;
Waterman-Storer et al., 1999). At the leading edge, microtubules are involved in focal adhesion
dynamics, mediated via GEF induced RhoA activation (Fig. 1.6) (Seetharaman and Etienne-
Manneville, 2019).

1.5.3 Focal adhesion dynamics

Migrating cells are in constant communication with the extracellular matrix (ECM) (reviewed in
(Etienne-Manneville, 2004)). This communication is mediated by adhesion complexes that
include integrin receptors and focal adhesions physically linking the cell with the ECM. Focal
adhesions connect the ECM with the cell cytoskeleton, thereby facilitating the migration of cells
on the surrounding tissue. Focal adhesions are highly dynamic and a precise control of their
turnover is essential for effective forward translocation of the cell body and persistent motility.
Actin-myosin stress fibers are anchored at focal adhesions and RhoA promotes the formation

of both to increase cell contractility (reviewed in (Etienne-Manneville, 2004)). Microtubules
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precisely target focal adhesions, where their growth is paused and switches to shortening
(Kaverina et al., 1998). This growth-to-shortening transition is seven times higher at focal
adhesions than elsewhere and involves the focal adhesion component paxillin (Efimov et al.,
2008). Furthermore, paxillin is phosphorylated by FAK, which also regulates microtubule
stability (Palazzo et al., 2004) and is required for microtubule-mediated focal adhesion
disassembly (Schober et al., 2007). Here, Trio may also play a role in regulating focal adhesion
dynamics, as it localizes to microtubule plus-ends via EB1 binding, thereby initiating the
transport of Trio to focal adhesion sites. Furthermore, Trio localizes to paxillin-positive focal
adhesions (Mller et al., 2020) and enhances the activity of FAK (Medley et al., 2003). To
regulate focal adhesion turnover, there is a bidirectional crosstalk between stress fibers located
at focal adhesions and microtubules. This crosstalk is guided by Rho-GTPase signaling.
Microtubule-mediated transport of Rho regulators may be critical for the establishment of Rho
GTPase activity zones, which have been shown to be necessary at focal adhesion sites and
at the leading edge (Mller et al., 2020; Stehbens and Wittmann, 2012). Initially, stress fibers
guide microtubules towards focal adhesions. Contact of microtubules with focal adhesions
mediates microtubule stabilization. Microtubule stability is regulated by RhoA and its effector
mDia. In addition, RhoA activity is required for stress fiber formation and focal adhesion
assembly. Thereby, stress fibers create a positive feedback loop, by generating a contractile
force, which leads to focal adhesion formation. In contrast, microtubules generate a negative
feedback loop, as they are targeted to focal adhesions via actin fibers, leading to focal
adhesion disassembly (Figure 1.6). In conclusion, the coexistence of stress fibers and stable
microtubules at focal adhesions provides the cell with a sensitive adhesion system and shows
the relevance for a fine-tuned regulation of Rho GTPases at focal adhesion sites (reviewed in
(Etienne-Manneville, 2004)).
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Figure 1.6 Actin and microtubule crosstalk regulates focal adhesion turnover. Integrin-mediated
cell adhesion to the ECM results in the activation of RhoA and the formation of focal adhesions (blue).
RhoA promotes the formation of contractile stress fibers. Through a positive feedback loop, the
constriction of stress fibers and activation of RhoA results in the enlargement of focal adhesions (red).
Furthermore, RhoA facilitates microtubule stabilization, while actin bundles guide microtubules towards
focal adhesions. Microtubule polymerization towards focal adhesions locally inhibits RhoA and induces

focal adhesion disassembly (green) (Etienne-Manneville, 2004).

1.6 The role of Trio in development and neural crest cell migration

As described in chapter 1.1, Trio has an evolutionary conserved role in the development of the
nervous system. Furthermore, Trio is required for NC cell migration during development of the
embryo (Kashef et al., 2009; Kratzer et al., 2020; Moore et al., 2013). After migration, cranial
NC cells contribute to craniofacial structures, such as the bones and cartilage of the face,
muscles and connective tissues of the ear and eye, teeth, and blood vessels (reviewed in
(Mayor and Theveneau, 2013)). In addition, they generate pigment cells and contribute to the
development of the peripheral nervous system in the head, brain growth and patterning, and
certain aspects of cardiac development. Trunk NC cells give rise to pigment cells, the dorsal
root, sympathetic ganglia and endocrine cells in the adrenal gland. The enteric NC cells are
necessary for the development of the gastrointestinal tract and the enteric nervous system,
which regulates digestive tract function (Figure 1.7). Thus, defects in the process of NC cell
migration can lead to multiorgan syndromes (Pilon, 2016), which have already been observed
in patients with TR/O mutations (Gazdagh et al., 2023).
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Figure 1.7 Neural crest cell delamination and differentiation. (A) The timing of delamination varies
depending on the position, with thick streams delaminating simultaneously in cranial regions and thin
streams delaminating progressively in the trunk along the anterior-posterior axis. (B) Examples of
tissues that arise from the cephalic (green), vagal (blue) and trunk (brown) neural crest cells. (C)

Examples of organs that originate from neural crest cells.

In Xenopus cranial NC cells, Trio is necessary for the formation of cell protrusions, cell
migration, and development of the craniofacial cartilage (Kratzer et al., 2020). Thereby,
filopodia and lamellipodia formation is controlled cell-autonomously via Trio-mediated Rac1
and RhoA activity (Kratzer et al., 2020). At cell protrusions, Trio interacts with Cadherin-11,
which is likewise required for NC cell migration (Kashef et al., 2009). Cadherin-11 co-localizes
with paxillin at focal adhesions and promotes cellular adherence to fibronectin via Syndecan-
4 (Langhe et al., 2016). This adherence is necessary for NC cell spreading and adhesion to
the extracellular matrix. Trio may also be involved in cell matrix adhesion, as described in
chapter 1.5.3. Moreover, Cadherin-11 is required for contact inhibition of locomotion,
maintaining collective cell migration via its adhesive function (Becker et al., 2013). It is
hypothesized that Trio may play an important role in RhoA activation via Cadherin-11 at cell-
cell contacts (Becker et al., 2013), as Trio was observed to be present at this location (Moore
et al., 2013). Thus, Trio likely has different functions in NC cell migration depending on its
subcellular localization. Supporting this hypothesis, Trio was shown to interact with the polarity
protein Par3, which promotes CIL by inducing microtubule catastrophe through inhibition of
Trio-induced Rac1 activation (Moore et al., 2013). In addition, Trio interacts with myosin heavy

chain 9 (Myh9) at NC cell-cell contacts and cell protrusions, which is required for cell

19



contraction as well as cell migration (Guo et al., 2021). In general, Myh9 is known as a regulator
of cytoskeletal reorganization and cell polarity, adhesion and migration (reviewed in (Wang et
al., 2019)). Furthermore, Trio interacts via the GEF2 domain with Dishevelled, a known
regulator of the Wnt signaling pathway (Kratzer et al., 2020). It was shown, that Dishevelled is
able to restore Rac1 activity levels in Trio deficient Xenopus embryos. In conclusion, Trio
seems to have different subcellular functions, and spatiotemporal regulation of Rac1 or RhoA
activity may depend on its various interaction partners. Thereby, many cellular functions are
regulated by Trio signaling, including cytoskeletal rearrangement, cell migration, axon
outgrowth and pathfinding, and cell adhesion (reviewed in (Bircher and Koleske, 2023)).
Furthermore, Trio plays a critical role in development and cancer metastasis. Recently, it was
described that the spectrin repeats have an autoinhibitory effect on the Trio GEF1 domain
(Bonnet et al., 2023). Specific interaction partners could either enhance inhibition or induce
Rac1 activity. For the Trio GEF2 domain, only the inhibitory effect of the PH domain is currently
known (Bellanger et al., 2003). Since previous research has primarily focused on the Trio
GEF1 domain, it is worth further analyzing the molecular mechanisms regulating the activity of
the Trio GEF2 domain, especially since the GEF2 domain is sufficient to restore NC cell

migration (Kratzer et al., 2020).
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Chapter 2

The end binding protein MAPRE2 is a regulator of craniofacial

development

2. Introduction

MAPRE2 (microtubule associated protein member 2) is a member of the evolutionary
conserved family of microtubule end binding (EB) proteins (Su and Qi, 2001). EB proteins bind
to microtubule plus-ends and recruit additional +TIPs to regulate the microtubule-mediated
interactions with diverse cellular structures (Galjart, 2010). MAPRE2 was shown to be
necessary for the regulation of cell adhesion, mitotic progression and genome stability (limori
et al., 2016; Liu et al., 2015; Yue et al., 2014), while MAPRE1 and MAPRE3 are required for

the stabilization and persistent growth of microtubules (Komarova et al., 2009).

2.1 MAPRE2 mutations induce craniofacial malformations in CSC-KT syndrome
Patient mutations in MAPREZ2 occurred within the calponin homology domain, which is
required for microtubule plus-end binding (Isrie et al., 2015). Comparable to patients with TRIO
gene mutations, individuals with MAPRE mutations display intellectual disability, microcephaly,
and facial dysmorphism. Additionally, they exhibit symmetrical limb skin creases, a median
cleft palate, and short stature (Isrie et al., 2015). These phenotypes were categorized as
circumferential skin creases, Kunze type (CSC-KT) (Wouters et al., 2011), and MAPREZ2 as
well as TUBB were identified as the genetic factors responsible for the condition (Isrie et al.,
2015). TUBB is a beta-tubulin-encoding gene that is prominently expressed in the developing
central nervous system (Sferra et al., 2020). A functional analysis of TUBB mutations utilizing
fibroblasts revealed deficiencies in the polymerization of microtubules, vesicle trafficking and
cell migration. The craniofacial malformations observed in CSC-KT patients are caused by
misregulated NC cell migration (Isrie et al., 2015; Thues et al., 2021). Xenotransplantation of
MAPRE?2 loss-of-function neural crest cells into early developing chicken embryos
demonstrated negligible migration (Thues et al., 2021). Although a knock-in patient mutation
increased NC cell migration speed, the clinical features remained indistinguishable.
Furthermore, focal adhesions are enlarged in MAPREZ2 knock-out cells, while they are smaller
and fewer in the knock-in mutant, suggesting a role for MAPRE2 in the crosstalk of
microtubules with focal adhesions. In addition, like TRIO, MAPRE?2 is involved in the migration
and invasion of certain types of cancer (Abiatari et al.,, 2009). In summary, mutations in
MAPRE2, TUBB and TRIO exhibit similar phenotypes and play a role in microtubule dynamics

and focal adhesion formation during NC cell migration.
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Figure 2 Clinical phenotypes of the CSC-KT syndrome. Clinical characteristics of affected individuals
with a MAPRE?2 (A-B) or TUBB mutation (C-D), modified after (Isrie et al., 2015).
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3. Aim of this study

The Rho GEF Trio features three catalytic domains, comprising two GEF domains and a kinase
domain, is required for NC cell migration and promotes cell protrusion formation via the
regulation of the small GTPases Rac1 and RhoA (Kratzer et al., 2020). We showed previously
that the Trio GEF2 domain is sufficient to restore Trio loss-of-function induced NC cell
migration defects in Xenopus embryos. Furthermore, our observations in explanted NC cells
revealed a dynamic intracellular localization of the Trio GEF2 domain, which is possibly co-
localizing with microtubules. Therefore, this study aims to investigate the localization and
functions of the different Trio domains, with focus on the GEF2 domain, via live-cell imaging
using different deletion constructs. To further determine Trio’s role in NC cell migration, in vivo
and in vitro migration assays will be employed. In addition, it will be analyzed, by applying live-
cell imaging and immunostaining, if Trio knockdown affects focal adhesions in migrating NC
cells, as Trio and Cadherin-11, a known interactor of Trio (Kashef et al., 2009), co-localize to
paxillin-positive focal adhesions (Langhe et al., 2016; Muiller et al., 2020). The influence of Trio

loss-of-function on its interactors will also be analyzed.

TRIO gene mutations have been demonstrated to cause neurodevelopmental disorders and
facial dysmorphism in patients (Gazdagh et al., 2023). Similar clinical features were observed
in patients with mutations in the MAPREZ2 and TUBB genes. In this study, we will test if the
defects induced through loss of Mapre2 and Tubb can be phenocopied in Xenopus embryos
using translation-blocking morpholino oligonucleotides. Additionally, in situ hybridization using
NC cell markers will be performed. In summary, the experiments in this study aim to uncover
the molecular mechanisms underlying Trio, Mapre2 and Tubb in NC cell migration, possibly

contributing to the development of future therapeutics.
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4. Material and Methods
4.1 Molecular biology methods

4.1.1 Transformation of competent E. coli cells

First, competent E. coli cells were thawed on ice. 50 uL of the E. coli suspension were gently
mixed with 2.5 pL of plasmid DNA and incubated on ice for 30 min, followed by a heat shock
at 42 °C for 35 s. The cells were incubated for additional 2 min on ice and afterwards mixed
with 1 mL LB medium. Subsequently, the suspension was incubated for 1 h at 37 °C at 180
rom. Next, the cells were centrifuged for 3 min at 3,000 rpm, 1 mL of the supernatant was
discarded and the cells were resuspended in the remaining liquid. The suspension was plated
on an agar plate with the appropriate antibiotic (ampicillin or kanamycin). The plate was
incubated at 37 °C for 12—-16 h. Agar plates with transformed E. coli cells were closed tightly

with parafilm and stored for 1-3 months at 4 °C.

4.1.2 Isolation of plasmid DNA from E. coli cells

A single colony was transferred from an agar plate into a falcon tube with 6 mL LB medium
and 100 ug/mL antibiotic. The mixture was incubated at 37 °C and 180 rpm for 16-18 h. The
following plasmid isolation was performed using the “GeneJET Plasmid Miniprep Kit”. The
plasmid DNA was eluted with nuclease free water. The DNA concentration was determined

using the NanoDrop 2000 UV-Vis spectrophotometer.

4.1.3 Restriction digestion
The restriction digestion was performed according to the following scheme:

Table 4.1 Restriction digestion

Component 25 pL reaction 10 pL reaction
Plasmid DNA 5 g 0.5puL

Buffer 2.5 uL 1uL

Enzyme 1uL 0.2 yuL
Nuclease free water to 25 pL to 10 pl

All reagents were mixed on ice and the restriction enzyme was added as last component to
the reaction. The reaction mixture was incubated at 37 °C for 30—60 min. The purification was
performed using the “Gene Jet PCR Purification Kit”. Gel extraction was used for purification,
when a specific restriction product was required and/or the remaining piece of DNA was larger
than 100 bp. Therefore, the “GeneJET Gel Extraction Kit” was used. In both variants, the DNA
fragment was eluted with nuclease free water. Restriction analysis to test cloned plasmids was
performed using a 10 pL reaction mixture. Immediately after incubation, the samples were

loaded onto an agarose gel.
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4.1.4 Agarose gel electrophoresis

For agarose gel electrophoresis, 1 % agarose gels were used. Therefore, agarose was melted
in 1x TAE buffer and 0.05 uL/mL GelRed were added. 1 yL of DNA/RNA sample was mixed
with 1 pL Loading Dye (6x) and 4 uL H2O and loaded onto the gel. Additionally, 1 uL DNA
ladder mixed with 4 pL H2O was loaded as DNA size marker. The electrophoresis was
performed in 1x TAE buffer at 100 V for 40—60 min. Afterwards, the gel was imaged using the
Odyssey® Fc Imaging System.

4.1.5 PCR amplification
PCR reactions were performed using the following protocol:
Table 4.2 PCR reaction

Component 100 pL reaction
Template DNA 20 ng

dNTPs (10 mM) 2 uL

Forward primer (10 uM) 5uL

Reverse primer (10 yM) 5uL

Phusion Buffer 20 yL

Phusion DNA Polymerase 1L

Nuclease free water to 100 pL

All components were mixed on ice, the DNA polymerase was added as last component. The
PCR was performed in a Thermo Cycler using the following program:
Table 4.3 PCR program

Step Temperature [°C] Time Cycles
Initial denaturation 98 30s 1
Denaturation 98 10s

Annealing 58-72 30s 30
Extension 72 30s

Final extension 72 10 min 1
Hold 4 0 1

The PCR reaction was analyzed on a 1 % agarose gel. If the PCR product was cloned into a
vector with the same resistance as the template vector, 1 yL Dpnl was added to the PCR
mixture and a digestion was performed at 37 °C for 1 h, followed by a heat shock at 80 °C for
20 min. The PCR was purified using the “GeneJET PCR Purification Kit”.

4.1.6 Ligation Cloning

For ligation cloning, a plasmid restriction digestion was performed with two restriction enzymes
to prepare the plasmid backbone. In addition, the insert was prepared via PCR or also via
restriction digestion. When using PCR, primers were designed including the appropriate
restriction enzyme sites to create compatible overhangs for the following ligation reaction.

Furthermore, six random base pairs were added to the 5’ end of the primers, so that after PCR
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the obtained DNA fragments could be efficiently digested with the chosen restriction enzymes.
Afterwards, the ligation was performed using the following protocol. The amount of required
insert was calculated with the NEBioCalculator (formula: required mass insert (g) = desired
insert/vector molar ratio x mass of vector (g) x ratio of insert to vector lengths).

Table 4.4 Ligation reaction

Component 20 pL reaction
Backbone DNA 50 ng

Insert DNA 3:1 insert:vector ratio
T4 Ligation Buffer 2L

T4 Ligase 1uL

Nuclease free water to 20 ul

The reaction mixture was incubated for 1-2 h at RT. Afterwards, 2.5 ul of reaction mixture were

used for plasmid transformation.

4.1.7 Site-directed mutagenesis

Site-directed mutagenesis was performed after (Liu and Naismith, 2008). Therefore, the
primer-primer complementary (overlapping) sequences at the 5' end were 15-20 bp long. The
non-overlapping sequences at the 3' end were 15-25 bp long. The melting temperature of the
non-overlapping sequences was designed to be 5 to 10 °C higher than the melting temperature
of the primer-primer complementary sequences. The mutation site was placed in the middle of
the complementary region. The PCR was performed as described in section 4.1.5. Deviating

from this, 20 cycles of denaturation, annealing and extension were used.

4.1.8 In vitro transcription of sense RNA
For capped sense mRNA synthesis, the SP6 or T7 mMessage mMachine kit was used. The

reaction was performed after the following protocol:
Table 4.5 sense RNA synthesis

Component 20 pL reaction
Linearized template DNA 6 ul

2x NTP/CAP 10

10x Reaction Buffer 2 uL

Enzyme Mix 2 uL

The reaction mixture was incubated at 37 °C for 2-3 h. Afterwards, 1 uyl TURBO DNase was
added and the mixture was incubated at 37 °C for another 15 min. The sense mRNA was
purified using the llustra RNAspin Mini RNA Isolation Kit (GE Healthcare). The mRNA was
eluted with nuclease free water, checked on a 1% agarose gel (100 V, 7 min) and its

concentration was determined using the NanoDrop 2000 UV-Vis spectrophotometer.
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4.1.9 In vitro transcription of labeled antisense RNA
Digoxigenin labeled antisense RNA was synthesized using the following protocol:
Table 4.6 antisense RNA synthesis

Component 25 L reaction
Linearized template DNA 1ug

5x Transcription buffer 5l
Digoxigenin-mix 4 uL

0.75 MDTT 1L

RNase Out 1uL
T3/T7/SP6 RNA Polymerase 1L

RNase free water to 25 uL

The reaction mixture was incubated at 37 °C for 2 h. Afterwards, 1 uL Turbo DNasel was added
and the mixture was incubated at 37 °C for another 15 min. The antisense RNA was purified
using the llustra RNAspin Mini RNA Isolation Kit (GE Healthcare). The RNA was eluted with
nuclease free water and checked on a 1% agarose gel (100 V, 7 min). Hybmix was added

depending on the amount of synthesized RNA and the solution was stored at -20 °C.

4.2 Cell biology methods
4.2.1 Cultivation of MDCK cells

The cultivation of MDCK cells was performed in cell culture flasks. The cells were grown until
80-90 % cell confluence. First, the old medium was discarded and the cells were washed two
times with PBS. To detach the cells, 2 mL Trypsin was added and the dish was incubated for
10-30 min at 37 °C and 5 % CO: until all cells were detached. Afterwards, Trypsin was
inactivated by adding 8 mL MDCK medium. A single cell suspension was produced by multiple
up and down pipetting. The cells were split 1:5 if cultivated for four days. The cell suspension
was always filled up to 10 mL with MDCK medium. The cells were incubated for 2-5 days at
37 °C, 5 % CO2 and = 95 % humidity.

4.2.2 Long time storage of MDCK cells

MDCK cells were cultured until 80-90 % cell confluence. Subsequently, the medium was
discarded, the cells were washed with PBS and treated with 2 mL Trypsin for 10-30 min at 37
°C and 5 % CO.. Afterwards, 8 mL MDCK medium were added and the cells were resuspended
by pipetting up and down several times. The suspension was centrifuged for 5 min at 800 rpm
at RT. The supernatant was discarded and the cell pellet was transferred into a cryotube and
mixed with 1 mL MEM medium containing 20 % FBS and 10 % DMSO. Immediately, the
cryotubes were placed inside the freezing container and stored for one day at -80 °C.

Afterwards, the cryotubes were transferred into liquid nitrogen.
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4.2.3 Thawing of MDCK cells
Frozen cells were thawed quickly at 37 °C and resuspended in 5 mL MDCK medium. The cell
suspension was centrifuged at 800 rpm for 3 min. The resulting pellet was resuspended in

10 mL MDCK medium and plated on a cell culture dish. The cells were split the next day.

4.2.4 Transient transfection with plasmid DNA

For the transient transfection, the required number of cover slips was placed in a 24 well plate
and 8 x 120,000 cells were plated in 1 mL MDCK medium on top of each cover slip. Afterwards,
cover slips were attached to the dish using a pipette tip so that the cells could grow on top of
it. The cell number per mL was calculated using a Neubauer counting chamber. The cells were
incubated at 37 °C and 5 % CO; for one day. 3 pL Lipofectamine and 100 yL OptiMEM per
1 ug plasmid DNA were mixed and incubated for 5 min at RT. The Lipofectamine-OptiMEM
solution was added to the prepared amount of plasmid DNA and again incubated for 20 min at
RT. Afterwards, the DNA solution was added dropwise to the MDCK cells. The cells were
incubated at 37 °C and 5 % CO; for two days.

4.2.5 Immunostaining of transfected cells

First, media was discarded and cells were washed twice with PBS. Cells were fixed with 0.5 mL
4 % PFA for 20 min on ice and under the hood. All incubation steps were performed in the
dark. Subsequently, the cells were washed two times with PBS. Thereafter, cells were
permeabilized with 0.5 mL 0.2 % TritonX/PBS for 20 min. Cells were washed three times with
PBS. Afterwards, cells were treated with blocking solution (1 % BSA in PBS) for 1 h at RT.
Cover slips were transferred in a humid chamber on top of a parafilm layer. 30 pL of primary
antibody diluted in blocking solution were added and cover slips were incubated for 2 h at RT
or overnight at 4 °C. Cells were washed four times with PBS and subsequently incubated with
the secondary antibody diluted in PBS for 1 h at RT. Again, cells were washed four times with
PBS. For nucleus staining, DAPI (1:1000 in PBS) was added and cells were incubated for 30
min at RT. Afterwards, cover slips were fixed on top of microscopy slides using mounting

medium and kept in the dark at RT.

4.3 Xenopus laevis methods

4.3.1 Testis extraction

For testis extraction, a male frog was sacrificed in accordance with animal welfare. Therefore,
the male frog was euthanized in 0.05 % benzocaine for 20-25 min at 18 °C. In addition, the
cervical spine was cut through using a sharp knife. The abdominal cavity was opened using
sharp scissors and both testes were cut out. Testes were cleaned in 1x MBS and stored up to
two weeks in 1x MBS at 4 °C.

4.3.2 In vitro fertilization and jelly coat removal

For in vitro fertilization of Xenopus oocytes, an appropriate amount of testis was macerated in
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a petri dish, 1x MBS was added and the suspension was stored on ice. Xenopus female frogs
were injected with 500 units of chorionic gonadotropin (Ovogest, MSD) into the dorsal lymph
sac using insulin syringes approximately 16 h before egg laying. Eggs from female frogs were
collected in a petri dish and fertilized with 50-300 pl testes suspension diluted 1:10 with H.O
bidest. After fertilization, 0.1x MBS was added and embryos were stored at 14-18 °C. For jelly
coat removal, embryos were gently swirled in 2 % L-cysteine (pH 8.0) at 18 °C in a beaker for
3-5 min. Afterwards, embryos were washed three times in 0.1x MBS and cultivated at 14-18

°C until the desired developmental stage, defined according to (Nieuwkoop and Faber, 1994).

4.3.3 Microinjections

Injection needles were prepared using glass capillaries and a needle puller (Magnetic Glass
Microelectrode Horizontal Needle Puller, Narishige PN-13). For microinjections, a
micromanipulation system (PV820 Pneumatic Pump, M3301 Micromanipulator, World
Precision Instruments) was used. The needle was adjusted for 4 or 10 nL injection volume.
Therefore, the diameter of the droplet size was measured with a micrometer scale and set to
the desired injection volume. Before injection, embryos were kept in injection buffer at 14 °C.
For microinjection, embryos were transferred into a small petri dish containing a grid. Embryos
were oriented with the animal pole to the top and the injection buffer was completely removed.
Embryos were injected with 10 nL in the one-cell stage and in one blastomere of the two-cell
stage. For eight-cell stage injections, 4 nL of injection volume were used. After injection of all
embryos, injection buffer was added and embryos were stored in it for at least 30 min.
Subsequently, embryos were washed three times with 0.1x MBS and cultivated at 14-18 °C in
0.1x MBS.

4.3.4 Fixation and X-Gal staining

Embryos were fixed in MEMFA for 20—45 min. Subsequently, they were washed tree times in
1x PBS for 5 min. If B-galactosidase (lacZ) RNA was co-injected as lineage tracer, embryos
were incubated in X-gal solution in the dark until a blue staining was visible. Embryos were
washed again three times with 1x PBS and re-fixed in MEMFA for 1 h or overnight. For long

term storage or for in-situ hybridization, embryos were transferred into 100 % ethanol.

4.3.5 Whole mount in situ hybridization
The whole mount in situ hybridization protocol was adapted from standard protocols (Harland,

1991). First, the embryos were rehydrated after the following protocol:

Table 4.7 Rehydration of embryos

Solution Incubation time
75 % Ethanol 5 min

50 % Ethanol in H20 5 min

25 % Ethanol in PTw 5 min

1xPTw 4 x 5 min
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Next, embryos were treated with Proteinase K (1:4000 in PTw). Temperatures and times were

applied depending on the developmental stage following incubation.

Table 4.8 Proteinase K treatment

Developmental stage Incubation time Temperature
9-10.5 5 min RT

14-36 7 min RT

20-25 7 min RT

40-44 5 min 37 °C

This was followed by an acetylation reaction described in the following table:

Table 4.9 Acetylation of embryos

Solution Incubation time
0.1 M Triethanolamine (fresh) 2 x5 min

3 mL 0.1 M Triethanolamine + 9.4 pL acetic anhydride 5 min

+ 9.4 uL acetic anhydride 5 min

1x PTw 2 x5 min

1 x PTw + 4% Formaldehyde 20 min

1x PTw 5x 5 min

Afterwards, hybridization of embryos was performed in a water bath at 65 °C according to the

following table. All used solutions were prewarmed.

Table 4.10 Hybridization of embryos

Solution Incubation time (65 °C)
0.5 mL 1x PTw + 0.5 mL Hybmix 10 min

1 mL Hybmix 3-4h

1 mL Antisense probe in Hybmix Overnight

1 mL Hybmix 10 min

Hybridization was followed by multiple washing steps summarized in table 4.11.

Table 4.11 Washing steps to remove unbound RNA

Solution Incubation time Temperature
2x SSC 2-3 x5 min 65 °C

2x SSC 3 x 15 min 65 °C

2 x SSC/ RNaseA /Rnase T1-Mix (1:10000) 1h 37°C

2x SSC 2x5 min RT

0.2 x SSC 2 x 30 min 65 °C

1 x MAB 12 x 5 min RT

Following steps were performed for the antibody reaction:
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Table 4.12 Blocking and antibody reaction

Solution Incubation time
MAB/ 2 % BR 15 min
MAB/ 2 % BR/ 20 % horse serum 40 min
MAB/ 2 % BR/ 20 % horse serum/ 1:50000 a-DIG antibody overnight at 4 °C

Solutions were used up to 30 times.

The staining reaction was performed according to the following table:

Table 4.13 Staining reaction

Solution Incubation time

1 x MAB 2 h (replaced every 10 min)
APB (fresh) 2 x5 min

APB/ NBT/BCIP Up to three days at 4 °C
MEMFA 1 h/overnight at 4 °C

Embryos were transferred to 100 % ethanol in case of strong background staining or for long-
term storage.

Embryos with strong pigmentation were bleached before imaging using the following protocol:

Table 4.14 Bleaching of embryos

Solution Incubation time

1x PTw 3 x 5 min

0.5xSSC 2 x5 min

Bleaching solution 20-120 min on a light source
1xPTw 3 x5 min

MEMFA 1 h/overnight at 4 °C

4.3.6 Cranial neural crest cell explants

For cultivation of explanted NC cells, a two, four or eight well chambered microscopy dish was
covered with fibronectin (1:100 in 1 x PBS) for 1 h at RT. Afterwards, the chambers were
washed and filled with 0.8 x MBS. Cranial NC cells were explanted at stage 18/19in 0.8 x MBS
in a petri dish coated with 1 % agarose in 0.8 x MBS. Embryos were sorted according to their
fluorescence signal to determine the injected side. First, the vitelline membrane was carefully
removed using sharp forceps. In the next step, the epidermis was gently opened at the region
of cranial NC cells and NC cells were extracted by cutting them out with two sharp forceps.
Explanted cells were then cut in small pieces using an eyelash knife and transferred to the
fibronectin coated chamber slides for 1-2 h at RT. Afterwards imaging or immunostaining was

performed.
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4.3.7 Immunostaining of neural crest cells

For immunostaining, NC cells were cultivated on cover slips as described above. First, NC
cells were fixed with MEMFA/ 4 % PFA or Glyoxal for 20 min. During this step, it was crucial
that NC cells never came into contact with air. Afterwards, cells were washed three times with
1x PTw for 5-10 min. Blocking was performed using blocking solution (10 % FBS + 1 %
PenStrep in PTw) for 1 h at RT or overnight at 4 °C. The primary antibody was diluted in
blocking solution and 30 ul were placed in a humid chamber on parafiim. The cover slips were
placed on top of the primary antibody droplets, with the cells on top of the antibody solution
and incubated for 4 h at RT or overnight at 4 °C. Afterwards, cover slips were transferred back
into the 24 well plate and washed three times with PTw for 5-10 min. The secondary antibody
was diluted in blocking solution and added to the coverslips. Cells were incubated for 3 h at
RT or overnight at 4 °C. The cells were washed three times with 1 x PTw for 5-10 min. If
needed, Phalloidin staining was performed for 1 h at RT. DAPI staining was performed for 30
min at RT. Afterwards, cover slips were fixed on top of microscope slides using mounting

medium and kept in the dark at RT.

4.4 Image analysis

In general, image processing was performed using ZEN,Fiji and Imaris.

4.4.1 Delaunay triangulation
The dispersion of NC cells was measured by Delaunay triangulation using the dispersion tool
plugin in Imaged. Dispersion was quantified for each explant after 5 h of cultivation by

calculating the mean triangle size between individual nuclei of NC cells.

4.4.2 Imaris based tracking
For tracking analysis, the Imaris particle tracking tool was used. For microtubule plus-end
tracking the same rectangle size and time frame were chosen and the following program

settings were used:

Table 4.15 Imaris particle tracking settings

Option Setting
Estimated XY Diameter 1.33
Max Distance 1

Max Gap 0

Autoregressive motion -
Track duration 5

4.4.3 Focal adhesion formation tracking
For focal adhesion formation tracking, images were taken each minute for 40 min. Tracking
was performed using the Focal Adhesion Analysis Server (FAAS) (Berginski and Gomez,

2013). Settings listed in the following table were used:
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Table 4.16 FAAS settings

Option Setting
Threshold adjusted for each image
Min Phase Length 2
Min Adhesion Size 2
4.5 Chemicals and solutions
Table 4.17 Chemicals and solutions
Name Company
Agarose Roth
Ampicillin Roth
Benzocaine Sigma-Aldrich
DAPI (1mg/ml) Roth
DNA Ladder 1kb Plus Thermo Fischer Scientific
Digoxiginin-11-UTP Sigma-Aldrich

dNTP Mix (10 mM)

DTT (Dithiolthreitol)
Fibronectin

FBS (fetal bovine serum)

Gel Red® Nucleic Acid Gel Stain
H202 (30 %)

Kanamycin

L-Cysteine hydrochloride
Loading Dye (6x)

Fluorescent mounting medium
Gibco™ MEM

NBT/BCIP Stock Solution
Ovogest

Penicillin (10,000 U/mL)/ Streptomycin (10 mg/mL)-

solution
Alexa Fluor™ 594 Phalloidin

Thermo Fischer Scientific
Thermo Fischer Scientific
Sigma-Aldrich
Sigma-Aldrich

VWR

Sigma-Aldrich

Roth

Roth

Thermo Fischer Scientific
Dako

Thermo Fischer Scientific
Roche Diagnostics

MSD

Sigma-Aldrich

Thermo Fischer Scientific

X-gal (5-Bromo-4chloro-3indolyl a-D- Roth
galactopyranoside)
4.6 Media and buffers
Table 4.18 Media and buffers
Name Ingredients
APB (alkaline phosphatase-buffer) 100 mM Tris (pH 9.5)
50 mM MgClz
100 mM NaCl

0.1 % Tween-20
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Bleaching solution 3.0 % (v/v) H202
10 % (v/v) Formamide
80 % Ethanol

Cysteine buffer 2 % L-Cysteine, pH 8.0
Denhardts (100x) 2 % BSA
2 % Polyvinylpyrrolidon (Sigma)
2 % Ficoll 400 in ddH20
Glyoxal fixation solution 2.835 ml H20
0.789 mL 100 % Ethanol
0.313 ml 40% Glyoxal
0.03 ml acetic acid
pH 4.5 (NaOH)
Hybridization-Mix (Hybmix) 50 % Formamide (v/v)
5x SSC
1 mg/mL Torula RNA
100 yg/mL Heparin
1x Denhardt’s
0.1% Tween-20 (v/v)
0.1% CHAPS (w/v)

10 mM EDTA

Injection buffer 1 x MBS
2 % (wl/v) Ficoll 400

LB-Agar 1.5 % (w/v) agar-agar (Roth) in LB-
medium

Luria-Bertani (LB)- Medium 1 % (w/v) Bacto-Trypton (Roth)

0.5 % (w/v) yeast extract (Roth)
1 % (w/v) NaCl
pH 7.5
MAB (Maleic acid buffer) (5x) 0.5 M maleinacid (Roth)
0.75 M NaCl
pH 7.5
MBS (Modified Barth’s Solution) (5x) 10 mM Hepes (Roth), pH 7.0
88 mM NaCl
1 mM KCI
2.4 mM NaHCOs
0.82 mM MgSO4
0.41 mM CaCl2
0.66 mM KNOs3
MDCK cells media MEM, Gibco
5% FCS
2 mM glutamine
100 U/mL penicillin
100 mg/mL streptomycin
for MDCKr1L-crp add 0.5 mg/mL Geniticin
(G418)
MEM (Modified Eagle solution) (10x): 1 M MOPS (Roth)
20 mM EGTA (Roth)
10 mM MgSOa4
heat and light sensitive
MEMFA 1 x MEM
3.7 % (v/v) Formaldehyd (Roth/Merck)
PBS (Phosphate bufferd saline) (10x) 1.37 M NaCl
27 mM KCI



Penicillin/Streptomycin/PBS (Pen/Strep/PBS)

Proteinase K-solution (Merck)
PTw (1x)

PTw (1x) + FA

SSC (20x)

SSC (2x)/ RNase

TAE (10x)

Transfer buffer (10x):

Triethanolamin (0.1 M):

X-gal staining solution

4.7 Kits
Table 4.19 Kits

Name

100 mM Naz2HPO4

18 mM KH2PO4

pH 7.4

100 U/mL Penicillin, 100 pg/mL
Streptomycin, 1x PBS

Stock solution 600 U/mL

0.25 yL/mL in PTw

1x PBS

0.1 % Tween-20

4 % Formaldehyd in PTw

0.3 M Sodium citrate

3 M NaCl

pH 7.0

2 mg/mL RNase A, 5,000 U/mL RNaseT1
(Thermo Scientific); 1:10,000 in 2 x SSC
2 M Tris

100 mM EDTA (Roth)

pH 7.7 with acetate

250 mM Tris

1.9 M glycine

20 % methanol

1.86 % (w/v) Triethanolamin-Hydrochlorid
pH7.5

1 mg/mL X-Gal (Roth)

5 mM KsFe(CN)s (Roth)

5 mM KasFe(CN)s (Roth)

2 mM MgCl2

1 x PBS

Company

GenJet Gel Extraction Kit

GendJet PCR Purification Kit

GendJet PCR Purification Kit

illustraTM RNAspin Mini RNA Isolation Kit
SP6 mMMESSAGE mMACHINE

T7 mMESSAGE mMACHINE
ZymocleanTM Gel DNA Recovery Kit

4.8 Competent cells
Table 4.20 Competent cells

Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
GE Healthcare

Ambion

Ambion

Zymo Research

E. coli strain Source
XL1-Blue Stratagene
Top10 Life Technologies
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4.9 Cell lines
Table 4.21 Cell lines

Cell line Organism Tissue ATCC-Nr. Source
MDCKWT/MDCKarr/ Canis Kidney CCL-34 (Miller et al.,
MDCKrrL-crp familiaris, dog | (epithelial) 2021)

4.10 Enzymes

Table 4.22 Enzymes
Name Company

BamHI (FastDigest®)

Clal (FastDigest®)

CutSmart™ Buffer

Dralll HF®

EcoRI (FastDigest®)

FastDigest® Buffer (10x)

Hindlll (FastDigest®)

Notl (FastDigest®)

Phusion High-Fidelity DNA Polymerase (2 U/uL)
Proteinase K

RNase A/T1 Mix

RNase OUT Ribonuclease Inhibitor
T4 DNA Ligase (5 U/mL)

T7 RNA Polymerase (20 U/uL)
DreamTagTM DNA Polymerase
Xbal (FastDigest®)

Xhol (FastDigest®)

4.11 Vectors
Table 4.23 Vectors

Thermo Fischer Scientific
Thermo Fischer Scientific
New England Biolabs
New England Biolabs
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Merck Millipore

Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific
Thermo Fischer Scientific

Name Vector Insert Application/ Citation/ Cloning
RNA synthesis

AP-2a pCS2+ X. laevis antisense (Winning et al., 1991)

AP-2a probe, Hindlll,

T7

Twist pGEM-T X. laveis twist antisense (Hopwood et al.,
probe, EcoRl, 1989)
T7

H2B- pCS2+ Histone 2B-mCherry sense RNA, (Kashef et al., 2009)

mCherry Notl, SP6

lacZ pCS2+ Bacterial B-galactosidase sense RNA, (Smith and Harland,
Notl, SP6 1991)

pCS2+- pCS2+ eGFP Cloning (Wehner et al., 2011)

GFP

36



membrane-
GFP

membrane-
RFP

membrane-
CFP

EMTB-
tomato

EB3-
mCherry

EB3-GFP

Paxillin-
mCherry

TRIO-GFP

TRIO-
SRNN

TRIO-
dead-
GEF1

TRIO-
dead-
GEF2

XxGEF1-
GFP

XGEF2-
GFP

xGEF2-
SRNN

xGEF2-
SSNN

pCS2+

pCS2+

pSP64 TBx

pCS2+

pcDNA3.1+

pCS2+

pCS2+

pEGFP-C1
pEGFP-C1

pEGFP-C1

pEGFP-C1

pCS2+

pCS2+

pCS2+

pCS2+

GAP43-GFP

myristoylation/palmitylation
motif from the Lck tyrosine
kinase- RFP
Glycosylphosphatidylinositol-
CFP

microtubule binding domain
of ensconsin-tomato
End-binding protein3-
mCherry

End-binding protein3-GFP

Paxillin-mCherry

full-length human TRIO

full-length human TRIO
including SRNN mutation

full-length human TRIO
including GEF1 mutation,
leading to catalytic dead
GEF1

full-length human TRIO
including GEF2 mutation,
leading to catalytic dead
GEF2

X. laevis Trio-GEF1 domain
-GFP

X. laevis Trio-GEF2 domain
-GFP

X. laevis Trio-GEF2 domain
-GFP including SRNN
mutation

X. laevis Trio-GEF2 domain
-GFP including SSNN
mutation

sense RNA,
Notl, SP6

sense RNA,
Notl, SP6

sense RNA,
EcoRI, SP6

sense RNA,
Notl, SP6

sense RNA,
Dralll, T7

sense RNA

sense RNA,
Kpnl, SP6

DNA injection
DNA injection

DNA injection

DNA injection

sense RNA,
Xhol, SP6

sense RNA,
Xhol, SP6

sense RNA,
Xhol, SP6

sense RNA,
Xhol, SP6

(Moriyoshi et al.,
1996)

(Megason and
Fraser, 2003)

(Stanganello et al.,
2015)

(Revenu et al., 2014)

Jubin Kashef

Ligation cloning;
backbone: pCS2+-
GFP was cut with
BamHl, insert: EB3
was cut out of EB3-
mCherry with BamHI

Ligation cloning,
backbone: pCS2+-
GFP was cut with
Clal and Xbal, insert
was PCR amplified
out of pmCherry-
paxillin (Addgene
plasmid # 50526)
using primer 1+2
(Tab. 4.24)

(Debant et al., 1996)

(van Haren et al.,
2014)

(Cannet et al., 2014)

(Cannet et al., 2014)

cloned by Marie
Kratzer

cloned by Marie
Kratzer

Cloning via site-
directed mutagenesis
using XGEF2-GFP
and primer 3+4
(Tab.4.24)

Cloning via site-
directed mutagenesis
using XGEF2-GFP
and primer 5+6
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xTrio-1G- pCS2+
STK-GFP

xDsh-GFP | pCS2+

4.12 Primer
Table 4.24 Primer

(Tab.4.24)

X. laevis C-terminal Trio-Ig sense RNA, Ligation cloning:

and STK domains-GFP Notl, SP6 backbone: xGEF1-
GFP cut with Clal
and Xhol, insert: was
PCR amplified out of
X. laevis cDNA using
primer 7+8
(Tab.4.24)

X. laevis Dishevelled2-GFP | sense RNA (Yang-Snyder et al.,
1996)

Nr.  Name Sequence 5> 3’
1 fdw_Clal_mCherry- TCATCGATCGATATGGACGACCTCGACGCC
Pax
Pax
3 GEF2-SRNN_fw CTCTCGGAATAACCAGCCCGTCAGACACCACTCTCCAGTCCTGG
4 XGEF2-SRNN_rv CGGGCTGGTTATTCCGAGAGGGCCTGCTTCGGCTGGAGC
5 XGEF2-SSNN_fw GAGCTCAAATAACGGATCTCCAGCCAGCCGGCCTG
6 XGEF2-SSNN_rv GAGATCCGTTATTTGAGCTCCAAAAAGAGCCTTTTTGAAGGGGAC
7 Clal_xTrio-IG-STK- TCATCGATCGATATGGTATCGGTTAAGCTCCTG
GFP_fw
8 Xhol-xTrio-IG-STK- TTACTACTCGAGCTGGTGTTTACGACGTTC
GFP_rv
9 Clal_mCherry- TCATCGATCGATATGGTGAGCAAGGGCGAG
Pax_fw
10 | Xbal_mCherry- 5TTACTATCTAGACTCGAGCCTAGCAGAAGAG

Pax_rv

4.13 Morpholino oligonucleotides

Table 4.25 Morpholino oligonucleotides

Name Sequence 5> 3’ Citation

Co MO CCTCTTACCTCAGTTACAATTTATA -

Trio MO1 AAAAAAAGTCGACATCGATACGCGT (Kratzer et al., 2020)
Trio MO2 ATCCTTAGAGTTCCCCAACCCTCCA (Kratzer et al., 2020)
Mapre2 MO1 TCCGAACAGAGTCAATGGGAGAAT this thesis

Mapre2 MO2 TTGACCGCCATTCCCCAA this thesis

Tubb MO TCATGGTTCAGGCGTAATAGAT this thesis
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4.14 Antibodies
Table 4.26 Antibodies

Name Description Dilution IF | Company
anti-a-tubulin Mouse Primary Monoclonal IgG 1:100 Calbiochem
anti-acetylated- a-tubulin Mouse Primary Monoclonal IgG2b 1:100 Sigma-Aldrich
anti-B-integrin Mouse Primary Monoclonal IgG 1:100 DSHB
Zr:;lilzc:))ﬂi:g;;tase Sheep Primary Polyclonal 1IgG - Roche
anti-Rac1-GTP Mouse Primary Monoclonal IgM 1:100 Biomol
anti-RhoA-GTP Mouse Primary Monoclonal IgM 1:100 Biomol
anti-phospho-paxillin Rabbit Primary Polyclonal IgG 1:50 Abcam

anti-mose Alexa 488 Goat Secondary Polyclonal IgG 1:400 Life Technologies
anti-mouse Alexa 594 Goat Secondary Polyclonal IgG 1:400 Life Technologies
anti-rabbit Alexa 488 Goat Secondary Polyclonal IgG 1:400 Life Technologies
anti-rabbit Alexa 594 Donkey Secondary PolyclonallgG 1 4.490 Life Technologies

4.15 Microscopes
Table 4.27 Microscopes

Name

Version

Spinning disk microscope Zeiss

Nikon stereo microscope SMZ18 SMZ18

4.16 Software
Table 4.28 Software

Zeiss AxioObserver.Z1

Name Version Producer

ApE-A plasmid Editor v3.1.4 Wayne Davis

Fiji (Imaged) 1.54f NIH

Graphpad Prism 8 GraphPad Software
Image Studio™ 5.5.4 (LI-COR® Biotechnology)
NanoDrop 2000/2000c 1.6.198 Thermo Fisher Scientific
NIS-Elements 5.21.03 Nikon

Office 2019 Microsoft

ZEN blue Zeiss
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5. Results

5.1 The Trio-GEF2 domain dynamically localizes to microtubule plus-ends

Since Trio appears to have different functions depending on its subcellular localization, we
examined whether localization studies could provide additional insight into Trio’s essential role
in NC cell migration. Therefore, Xenopus embryos were injected with either full-length-TRIO-
GFP DNA, xTrio-GEF1-GFP RNA, xTrio-GEF2-GFP RNA, xTrio-IG-STK-GFP RNA or
membrane-GFP RNA as control. NC cells were explanted at stage 18 and cultivated on
fibronectin-coated microscopy slides. Localization of the different Trio constructs was analyzed
using spinning disk microscopy (Fig. 5.1 A). Full-length-TRIO-GFP was detected in small
intracellular spots and at the plasma membrane. Comparably, the Xenopus Trio GEF2 (xTrio-
GEF2) construct, consisting of the DH2, PH2, and SH3 domain, dynamically localized to
intracellular spots, tracking from the cell center to the plasma membrane. In contrast, uniform
cytoplasmic expression was observed for the Xenopus Trio GEF1 construct (xTrio-GEF1),
encoding the DH1, PH1 and SH3 domain. The Xenopus construct comprising the C-terminal
Trio Ig domain and the serine/threonine kinase domain (xTrio-IG-STK) as well showed an even
distribution within the cytoplasm, while membrane-GFP localized at the cell membrane as
expected (Fig. 5.1 A). Since van Haren et al. showed that the C-terminal part of the Trio protein
including the GEF2 domain binds to the end binding protein EB1 and functions as a +TIP in
neurons (van Haren et al.,, 2014), we further tested whether Trio also co-localizes with
microtubular structures in migrating Xenopus NC cells. Therefore, embryos were injected with
XGEF1-GFP RNA, xGEF2-GFP RNA or membrane-GFP RNA in combination with the
microtubule marker EMTB (microtubule binding domain of ensconsin)-tomato (Bulinski et al.,
2001) or the +TIP marker EB3-mCherry (Stepanova et al., 2003). NC cells were explanted at
stage 18 und cultivated on fibronectin-coated slides. Life cell imaging showed that xGEF2 was
dynamically localized at microtubules (Fig. 5.1 B, supplemental movie 1). Furthermore,
XGEF2-GFP consistently co-localized with EB3-mCherry at microtubule plus-ends, while
XGEF1-GFP and membrane-GFP did not (Fig. 5.1 C-E, Fig. 5.2). In conclusion, the Trio GEF2
domain undergoes microtubule-mediated transport during NC cell migration by binding to
microtubule plus-ends, which is consistent with previously published data in neurons (van
Haren et al., 2014).
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Figure 5.1 The Trio-GEF2 domain co-localizes with microtubule plus-ends in migrating NC cells.
(A-E) NC cells were explanted at stage 18 and protein localization was analyzed using spinning disk
microscopy. (A) Full-length-TRIO-GFP and xGEF2-GFP localized in small intracellular dots within the
cytoplasm, while xGEF1-GFP and xIG-STK-GFP were evenly distributed throughout the cytosol and
membrane-GFP localized at the plasma membrane. Embryos were injected in one blastomere at the
two-cell stage with 200 pg full-length-TRIO-GFP DNA, xGEF2-GFP RNA, xGEF1-GFP RNA, xIG-STK-
GFP RNA or 150 pg membrane-GFP RNA. Scale bar = 10 um (B) xGEF2-positive spots co-localized at
EMTB-tomato-positive microtubules in NC cells explanted from embryos injected with 200 pg xGEF2-
GFP RNA and 250 pg EMTB-tomato RNA. Scale bar =5 pm. (C) xGEF2-positive spots co-localized with
the +TIP marker EB3-mCherry in NC cells explanted from embryos injected with 200 pg xGEF2-GFP
RNA and 300 pg EB3-mCherry RNA. Scale bar = 10 ym. (D, E) xGEF1-GFP uniformly localized in the
cytoplasm and membrane-GFP was localized at the plasma membrane. Both do not show co-
localization with EB3-mCherry in NC cells explanted from embryos injected with 200 pg xGEF1-GFP
RNA or 150 pg membrane-GFP RNA in combination with 300 pg EB3-mCherry RNA. Scale bar = 10

um.
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Figure 5.2 xGEF2-GFP co-localizes with EB3-mCherry at microtubule plus-ends in NC cells.
XGEF2-GFP and EB3-mCherry display co-localization in migrating NC cells at all imaged time points.
Analyzed NC cells were explanted from embryos injected with 200 pg xGEF2-GFP RNA and 300 pg
EB3-mCherry RNA. Time points are indicated at 0, 16 and 32 seconds of imaging. Scale bar first row =

5 um, following rows = 2 uym.

43



5.2 Microtubule plus-end mediated transport of Trio is required for its function

in NC cell migration

In previous studies, we showed that Trio loss-of-function induces NC migration defects and
that the Trio GEF2 domain is sufficient to rescue these phenotypes. To address the question
whether microtubule plus-end binding of the GEF2 domain is important for the function of Trio
during NC cell migration, a xGEF2 mutant was cloned, that does not bind to microtubule plus-
ends. Multiple +TIPs contain the small amino acid motif Ser-x-lle-Pro (SxIP), that serves as
EB1-dependent microtubule plus-end binding motif (Honnappa et al., 2009). Trio contains two
SxIP motifs between the GEF2-PH2 and SH3 domain: An SRIP motif and an SSIP motif. Using
site-directed mutagenesis, either the first SRIP motif was mutated into SRNN or the second
SSIP motif was mutated into SSNN (illustrated in Fig 5.3 A), as Honnappa et al. showed that
substitution of the apolar isoleucine and proline to polar residues (asparagines or serines)
abrogates binding to EB1 and tracking of microtubule ends in multiple +TIPs (Honnappa et al.,
2009). Here, we show that mutation of the first SRIP motif to SRNN completely abolished
microtubule plus-end binding of the Xenopus Trio GEF2 domain in NC cells, while mutation of
the second SSIP motif to SSNN did not (Fig. 5.3, supplemental movies 2—4). These findings
were previously demonstrated in neuronal cells for full-length TRIO by (van Haren et al., 2014).
To analyze if microtubule plus-end binding is required for Trio function, we performed in vivo
rescue experiments using the xGEF2-SRNN mutant. Therefore, Xenopus embryos were
injected with Trio morpholino (Trio MO) in combination with wild type xGEF2-GFP RNA or
XGEF2-SRNN-GFP RNA in one blastomere at the eight-cell stage. Control morpholino (Co
MO) injection served as control and co-injection of /lacZ RNA in all conditions was used as
lineage tracer. NC cell migration was analyzed at tailbud stages by AP2-a in situ hybridization.
As expected, Trio morphant embryos showed defects in NC migration (Fig. 5.4 A), while Co
MO-injected embryos showed a normal pattern of migrating NC cells (Fig. 5.4 B). Co-injection
of increasing concentrations of wild type xGEF2 rescued the Trio morphant NC migration
defects at all concentrations analyzed (Fig. 5.4 C, E). In contrast, the xGEF2-SRNN mutant
was not as efficient in rescuing the Trio MO induced NC migration defects (Fig. 5.4 D, E) and
failed to restore NC migration at low concentrations. At higher concentrations of xGEF2-SRNN,
a rescue effect was observed, however, it was weaker compared to wild type xGEF2. At these
high concentrations, the GEF2 domain may already be provided to all functional sites,

potentially eliminating the need for microtubule plus end-mediated transport.
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Figure 5.3 The xGEF2-SRNN mutant abolished co-localization to microtubule tips. (A) Schematic
structure of xGEF2 constructs. The wild type xGEF2-GFP construct consists of the PH1, DH1 and SH3
domains and two SXIP motifs (SRIP and SSIP) that can act as microtubule plus-end localization signals
(Honnappa et al., 2009). (B-D) Mutation of the first SRIP motif into SRNN completely abolished
microtubule plus-end binding, while mutation of the second SSIP motif into SSNN did not. Embryos were
injected in one blastomere at the two-cell stage with 200 pg xGEF2-GFP RNA, xGEF2-SRNN-GFP RNA
or xGEF2-SSNN-GFP RNA in combination with 300 pg EB3-mCherry RNA. NC cells were explanted at

stage 18 and protein localization was analyzed using spinning disk microscopy. Scale bar = 5 ym.
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Figure 5.4 Microtubule plus-end localization of Trio is required for NC cell migration. (A-D)
Embryos were injected with 4 ng Trio MO or a control MO in combination with 50, 75 or 100 pg wild type
XGEF2-GFP or xGEF2-SRNN-GFP RNA together with 75 pg /lacZ RNA as lineage tracer in one
blastomere at the eight-cell stage. NC cell migration was analyzed at stage 26 by AP2-a in situ
hybridization. The injected side is marked with an asterisk. Scale bar =500 um. (A, B) Trio morphant
embryos showed NC cell migration defects compared to control embryos. (C) Co-injection of wild type
XGEF2 rescued the Trio loss-of-function NC cell migration defects at all used concentrations. (D) The
XGEF2-SRNN mutant failed to restore NC migration at low concentrations. (E) Graph summarizing the
percentage of embryos with NC cell migration defects in at least three independent experiments. +s.e.m.
and the number of analyzed embryos are indicated for each condition. **** p<0.0001, ***p<0.001,
**p<0.01, *p<0.05, ns = not significant (one-way ANOVA).

To further analyze the need for microtubule-based transport of Trio during NC cell migration,
in vitro migration assays were performed. Xenopus embryos were injected with Co MO or Trio
MO together with H2B-mCherry RNA and membrane-CFP RNA (to mark the membrane and
the nucleus, respectively) in combination with either xGEF2-GFP RNA or xGEF2-SRNN-GFP
RNA in one blastomere at the eight-cell stage. NC cells were explanted at stage 18, followed
by cultivation on fibronectin-coated microscopy slides. Live-cell imaging was performed directly
after NC cells were attached to the fibronectin-matrix using spinning disk microscopy. NC cell
dispersion was analyzed after 5 h by determining the dispersion area via Delaunay
triangulation followed by calculation of the mean triangle size. NC cell dispersion was strongly
reduced in Trio morphant explants compared to controls (Fig. 5.5). Co-injection of wild type
XGEF2 restored NC cell migration, while co-injection of the mutant xGEF2-SRNN did not. For
all the Trio MO injected conditions, only a few explants were evaluable as most of the NC cells
died within a few hours of imaging. Consequently, these results are not statistically significant,
but support the in vivo result described above. Taken together, these data suggest that

microtubule trafficking of Trio is important for its function in NC migration.
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Figure 5.5 Microtubule trafficking of Trio is important for its function in NC cell dispersion. (A)
Embryos were injected with 4 ng Co MO or 4 ng Trio MO together with 150 pg H2B-mCherry RNA and
250 pg membrane-CFP RNA in combination with either 50 pg xGEF2-GFP RNA or 50 pg xGEF2-SRNN-
GFP RNA in one blastomere at the eight-cell stage. NC cells were explanted at stage 18 and cultivated
on fibronectin-coated microscopy slides. Live-cell imaging was started after NC cells were attached to
the fibronectin-matrix using spinning disk microscopy. NC cell dispersion was analyzed after 5 h by
determining the dispersion area via Delaunay triangulation using Imaged. Scale bar = 50 um. (B) Graph
summarizing NC cell dispersion defined as the mean triangle size per explant (um2) calculated by
Delaunay triangulation after 5 h of cultivation in two independent experiments. NC cell dispersion was

reduced in Trio morphant explants compared to controls. Co-injection of wild type xGEF2 rescued NC
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cell migration defects, while co-injection of the mutant xGEF2-SRNN did not. Box plots show median,
25th to 75th percentiles and Whiskers from min to max. Single values for each explant are shown in

gray, number of explants are indicated. **** p<0.0001, *p<0.05, ns = not significant (one-way ANOVA).

5.3 Trio loss-of-function disrupts microtubule dynamics in NC cells

Since microtubule plus-end based transport of Trio is important for NC cell migration, we further
investigated if Trio loss-of-function affects microtubule dynamics. Therefore, microtubule plus-
end tracking analysis of Trio morphant and control NC cells was performed. Xenopus embryos
were injected with either Co MO or Trio MO together with EB3-GFP RNA or EB3-mCherry
RNA. NC cells were explanted at stage 18 and cultivated on fibronectin-coated microscopy
slides. Microtubule plus-ends were tracked at the cells leading edge during NC cell migration
using the Imaris particle tracking tool. Consistent with our previous findings (Kratzer et al.,
2020) control cells formed protrusions in the direction of migration, while Trio morphant NC
cells displayed less protrusions and cellular blebbing (Fig. 5.6 A-D, supplemental movie 5, 6).
To analyze microtubule dynamics at cell-cell contacts, explanted Trio morphant and control
NC cells were placed in close proximity to facilitate cell-cell interaction. Microtubule plus-ends
were tracked during the time of cell-cell contact (Fig 5.6 E, F, supplemental movie 7). Here,
fluorescently labeled EB3 proteins were switched during the repetition of experiments to
exclude any effect of the used fluorophores. Our findings showed that microtubule plus-ends
at the leading edge of Trio morphant cells are less stable, as measured by the EB3 lifetime
(Fig. 5.6 G), but grow significantly faster, as measured by the mean growth rate (Fig. 5.6 H),
compared to control cells. At cell-cell contacts, however, Trio morphant NC cells display slower
and more stable microtubules compared to control cells (Fig. 5.6 G, H). Thus, Trio loss of
function impairs distinct microtubule functions critical for NC migration (Fig. 5.6 |). At the
leading edge, microtubules are stabilized and are involved in the formation of actin structures
and the formation of focal adhesions (Etienne-Manneville, 2004). On the contrary, at cell-cell
contacts, NC cells undergo CIL and change their direction of migration (Szabé and Mayor,
2018). In order to establish cell retraction, microtubules depolymerize fast and facilitate the
formation of actomyosin stress fibers (Moore et al., 2013). Taken together, these results
suggest that Trio is important for the regulation of microtubule stability promoting stable

microtubules at the leading edge and microtubule catastrophe at cell-cell contacts.
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Figure 5.6 Trio affects microtubule plus-end dynamics at the leading edge and at cell-cell contact
sites. (A-F) NC cells were explanted at stage 18 and migrating NC cells were imaged every two seconds
for three minutes using spinning disk microscopy. Microtubule plus-ends were tracked using the Imaris
particle tracking tool. Scale bar = 5 ym. (A-D) Embryos were injected with 6.5 ng Co MO or Trio MO in
combination with 450 pg EB3-mCherry RNA and 300 pg membrane-GFP RNA in one blastomere at the
two-cell stage. Microtubule plus-ends were tracked at the leading edge of NC cells using a specific
square size, indicated by the white dashed line. Single tracks are indicated by distinct colors. (E, F) For
microtubule tracking at cell-cell contact sites, embryos were injected with 4 ng Co MO or Trio MO in
combination with 250 pg EB3-mCherry RNA or 150 pg EB3-GFP RNA in one blastomere at the eight-
cell stage. The outer line of the cells was indicated by a green and red line. (B, D, F) Higher
magnifications of the square shown in A, C and E, respectively. (G) Graph summarizing measured EB3
lifetime in seconds. (H) Graph summarizing microtubule plus-end growth rate in pm/s. (G, H) +s.e.m.
and the number of analyzed cells are indicated for each condition in four independent experiments.
****p<0.0001, *p<0.05 (Mann-Whitney test). Trio loss-of-function disrupts microtubule dynamics in
migrating NC cells. Microtubules demonstrate reduced stability and faster growth at cell protrusions,
while displaying increased stability and slower growth at cell-cell contacts as compared to the control.
(I) Trio loss of function impairs microtubule dynamics relevant for NC migration. In wild type NC cells,
microtubules located at the leading edge are more stable (indicated by a solid green line) and contribute
to the formation of protrusions, while microtubules at cell-cell contacts depolymerize rapidly (indicated
by a dashed green line), leading to a change in cell directionality. Both of these functions are
compromised in Trio morphant NC cells, with microtubules being stabilized at cell-cell contacts (solid

green line) but display less stability at cell protrusions (dashed green lines) compared to the control.

Since microtubule stability is disturbed in Trio morphant NC cells, we started to analyze
whether microtubule acetylation and cell matrix adhesion are also affected. Tubulin acetylation
increases the stability and flexibility of microtubules against mechanical stress and enhances
vesicle and protein-complex trafficking (Eshun-Wilson et al., 2019; Nekooki-Machida and
Hagiwara, 2020). Xenopus embryos were injected at the eight-cell stage with Co MO or Trio
MO in combination with either xGEF2-GFP RNA or xGEF2-SRNN RNA together with
membrane-GFP RNA as lineage tracer. NC cells were explanted at stage 18 and microtubule
acetylation and cell matrix adhesion were analyzed by immunostaining for acetylated-tubulin
or B-integrin, respectively; DNA was stained with DAPI. Initial experiments suggest that
acetylated tubulin appeared less frequently in Trio morphant NC cells compared to controls,
which seems to be rescued by co-injection of wild type xGEF2 but not by the mutant xGEF2-
SRNN construct (Fig. 5.7 A). Furthermore, cell-matrix adhesion appeared to be affected in Trio
morphant NC cells, as analyzed by B-integrin immunostaining. While control NC cells exhibited
B-integrin expression at the leading edge, Trio morphant NC cells showed a more diffuse
signal. Integrin expression seemed to be restored by co-injection of wildtype xGEF2 but not by
XGEF2-SRNN (Fig. 5.7 B). These results provide a first indication of Trio loss-of-function-
induced defects in microtubule acetylation and cell-matrix adhesion, but require further

analysis to draw meaningful conclusions.
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Figure 5.7 Microtubule acetylation and cell matrix adhesion in NC cells seem to be affected by
Trio-loss-of-function. (A, B) Embryos were injected with 4 ng Co MO or Trio MO together with 50 pg
wild type xGEF2 RNA or xGEF2-SRNN RNA and 250 pg membrane-GFP RNA as lineage tracer in one
blastomere at the eight-cell stage. NC cells were explanted at stage 18 and analyzed by immunostaining
against acetylated-tubulin and B-integrin. (A) Acetylated tubulin seems to occur less frequently in Trio
morphant NC cells compared to controls. Microtubule acetylation status of Trio morphant NC cells
appears to be restored by co-injection of wild type xGEF2 but not by xGEF2-SRNN. (B) B-integrin
expression seems to be affected in Trio morphant NC cells. While control NC cells exhibit B-integrin
expression at the leading edge, Trio morphant NC cells show a more diffuse signal. Co-injection of wild
type xGEF2 restored B-integrin expression patterns, while co-injection of xGEF2-SRNN did not.
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5.4 Trio is required for focal adhesion dynamics in NC cells

Previously, we have shown that Trio morphant NC cells display migration defects, reduced cell
protrusions, a diffuse actin cytoskeleton and a blebbing phenotype (Kratzer et al., 2020).
Furthermore, these cells exhibit changes in microtubule stability and, possibly, cell adhesion.
All these cellular components are involved in focal adhesion assembly and disassembly. Thus,
to analyze if focal adhesion formation is affected by Trio loss-of-function, co-immunostaining
for phospho-paxillin and a-tubulin was performed. Xenopus embryos were injected at the eight-
cell stage with Co MO or Trio MO in combination with either xGEF2-GFP RNA or xGEF2-
SRNN-GFP RNA together with H2B-mCherry RNA as lineage tracer. In addition, cell circularity
of single cells was measured. NC cells were explanted at stage 18, cultivated on fibronectin-
coated coverslips and fixed after 2 h. In control cells, microtubules were organized in radial
asters and extended into cell protrusions. In contrast, Trio morphant NC cells displayed a
disrupted microtubule network, with microtubules predominantly concentrated at the cell
center, while cell protrusions were mostly absent (Fig. 5.8 A). These cells exhibited a rounder
shape, measured by cell circularity (Fig. 5.8 B). Furthermore, phospho-paxillin staining
revealed that focal adhesions in Trio loss-of-function NC cells are mislocalized towards the cell
center. Co-injection of xGEF2 rescued these defects - NC cells were less circular and focal
adhesions localized at cell protrusions - while xGEF2-SRNN failed to restore circularity and
normal focal adhesion formation (Fig. 5.8 A, B). However, measurements of focal adhesion
area showed no significant differences in focal adhesion size for all conditions (data not

shown).

Since prominent mislocalization of focal adhesions was observed in Trio morphant NC cells,
we sought to effectively determine whether Trio loss-of-function impairs focal adhesion
formation in NC cells. Therefore, we turned to life-cell analysis using Paxillin-mCherry RNA to
examine focal adhesion assembly and disassembly in detail. Xenopus embryos were injected
with Co MO or Trio MO together with Paxillin-mCherry RNA and membrane GFP RNA in one
blastomere at the two-cell stage. After explantation and cultivation on fibronectin-coated
microscopy slides, migrating NC cells were imaged every minute for 40 minutes (Fig. 5.9 A,
supplemental movie 8). Focal adhesion size and lifetime were determined using the focal
adhesion analysis server (Berginski and Gomez, 2013). Trio morphant NC cells showed
significantly larger focal adhesions compared to controls (Fig. 5.9 A, B). The lifetime of focal
adhesions was slightly, but not significantly, increased (Fig. 5.9 C). During live-cell imaging, it
was noted that focal adhesions exhibited high dynamics in control cells, whereas focal
adhesions in Trio loss-of-function NC cells mostly maintained their position (supplemental
movie 8). These findings indicate that Trio morphant NC cells display compromised focal
adhesion size and dynamics, which could potentially be a factor contributing to their migration

defects.
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Figure 5.8 Trio loss-of-function disrupts microtubule network and focal adhesion formation. (A)
Embryos were injected with 4 ng Co MO or Trio MO together with 50 pg wild type xGEF2-GFP or xGEF2-
SRNN-GFP RNA and 300 pg H2B-mCherry RNA as lineage tracer in one blastomere at the eight-cell
stage. NC cells were explanted at stage 18 and migrating NC cells were analyzed by immunostaining
against a-tubulin and phospho-paxillin. a-tubulin staining revealed a dispersed arrangement of
microtubules and mislocalization of focal adhesion clusters in Trio morphant NC cells. These
phenotypes were also observed in the samples injected with xGEF2-SRNN-GFP RNA (yellow arrows).
Co MO and xGEF2-GFP RNA injected samples showed normal a-tubulin and focal adhesion
distribution. White rectangles show magnified areas of a-tubulin (red) and phospho-paxillin (green)
staining. Scale bar = 5 pym (B) Graph showing cell circularity measured for imaged cells in three
independent experiments. Trio loss-of-function leads to an increase in cell circularity, that can be
rescued by co-injection of xGEF2-GFP RNA, but not by xGEF2-SRNN-GFP RNA. Box plots show
median, 25th to 75th percentiles and Whiskers from min to max. Single values for each cell are shown
in black. +s.e.m. and numbers of analyzed cells are indicated for each condition. **** p<0.0001,

***n<0.001, ns = not significant (Kruskal-Wallis test).
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Figure 5.9 Trio loss-of-function affects focal adhesion size. (A) Embryos were injected with 6.5 ng
Co MO or Trio MO together with 400 pg Paxillin-mCherry RNA and 250 pg membrane-GFP RNA in one
blastomere at the two-cell stage. NC cells were explanted at stage 18 and cultured on fibronectin-coated
microscopy slides. NC cells were recorded each minute for a 40 min time frame. Images after 0, 5 and
10 min are shown. Focal adhesions in control cells are highly dynamic, while focal adhesions in Trio
loss-of-function NC cells remain mostly at their position. Scale bar = 5 ym (B) Graph showing focal
adhesion size. (C) Graph showing focal adhesion lifetime. (B, C) Three independent experiments,
+s.e.m. and numbers of analyzed cells are indicated for each condition. ****p<0.001, ns = not significant
(Mann-Whitney test).

5.5 Loss of Trio affects Dishevelled trafficking in migrating NC cells

Previously, we showed that Dishevelled interacts with the Trio GEF2 domain and restores the
Trio loss-of-function induced NC cell migration defects (Kratzer et al., 2020). Furthermore, Trio
loss-of-function mediated Rac1 downregulation was rescued by Dishevelled expression.
Dishevelled can interact with the GEF Tiam to activate Rac1 (Cajanek et al., 2013; Habas et
al., 2003), but it is also a known regulator of Wnt signaling and RhoA activity (Gao and Chen,
2010). In addition, Dishevelled has been shown to affect microtubule stability in neurons (Ciani
et al., 2004; Krylova et al., 2000). We further observed that co-expression of full-length-TRIO
or TRIO-GEF2 together with Dishevelled recruits Trio to intracellular Dishevelled signalosomes
(Kratzer et al., 2020). These intracellular vesicle-like organelles are known to be directionally
transported along microtubules, as observed during embryonic cortical rotation establishing
dorsal cell fates in Xenopus (Miller et al., 1999). Since Trio loss-of-function affects microtubule
dynamics and Trio-Dishevelled interaction appears to be required for NC cell migration, we
analyzed whether Trio loss-of-function affects Dishevelled trafficking in migrating NC cells.
Therefore, Xenopus embryos were injected with Co MO or Trio MO together with xDishevelled-
GFP RNA and EB3-mCherry RNA in one blastomere at the eight-cell stage. NC cells were
explanted at stage 18 and cultivated on fibronectin-coated microscopy slides. Time lapse
imaging was performed using spinning disk microscopy. Dishevelled was localized intracellular
in small, dynamic dot-like structures (Fig. 5.11 A, supplemental movie 9). Each Dishevelled
signalosome was tracked over time using the Imaris particle tracking tool. Interestingly, Trio
morphant NC cells exhibited a reduced number of Dishevelled signalosomes per cell,
measured by the track number (Fig. 5.11 B). Furthermore, the track length of Dishevelled
signalosomes was significantly reduced in Trio morphant NC cells, measured by the track
displacement length (Fig. 5.11 C). These preliminary findings indicate that impaired Trio
function could affect Dishevelled trafficking in NC cells. Yet, conducting additional replicates is
crucial to confirm the data. Thus, it remains to be investigated in future studies whether the
decreased quantity of Dishevelled signalosomes and their compromised trafficking are a result
of the microtubule stability defects due to Trio loss-of-function discussed earlier, or attributed

to other factors.
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Figure 5.10 Dishevelled trafficking is impaired in Trio morphant NC cells. (A) Xenopus embryos
were injected with 4 ng Co MO or Trio MO together with 200 pg xDishevelled-GFP RNA and EB3-
mCherry RNA in one blastomere at the eight-cell stage. Life-cell imaging was performed using spinning
disk microscopy. Dishevelled signalosomes were tracked over time using Imaris in one experiment.
Scale bar = 10 um (B) Trio morphant NC cells showed a reduced Dishevelled track number per cell,
compared to controls. (C) In addition, the track length of Dishevelled signalosomes was significantly
reduced in Trio morphant NC cells, measured by the track displacement length. (B, C) SD and number

of analyzed cells are indicated for each condition. *p<0.05, ***p<0.001 (Mann-Whitney test).

5.6 Both Trio GEF domains play an important role in NC cell migration

We previously demonstrated that neural crest cell migration and protrusion formation rely on
the Trio GEF2 domain, while the GEF1 domain appeared to be irrelevant in this context
(Kratzer et al., 2020). Based on recent research, showing that the N-terminal spectrin repeats
within the Trio protein autoregulate Trio GEF1 activity (Bircher et al., 2022; Bonnet et al., 2023),
we repeated Trio loss-of-function rescue experiments, but instead of using constructs
harboring only the respective GEF domains, we used full-length-TRIO constructs with
catalytically dead GEF domains. These contain point mutations in either the GEF1 or GEF2
domain, which result in the elimination of their exchange activity (Cannet et al., 2014).
Consequently, they are incapable of activating Rac1 (dead-GEF1) or RhoA (dead-GEF2). For

rescue experiments, Trio MO was co-injected in Xenopus embryos with full-length-TRIO DNA,
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TRIO-dead-GEF1 DNA or TRIO-dead-GEF2 DNA and /acZ RNA as lineage tracer. Co MO
injection served as control condition. NC cell migration was analyzed at tailbud stages by AP2-
a in situ hybridization. As expected, Trio MO injection resulted in severe NC migration defects
(Kratzer et al., 2020; Moore et al., 2013), while control embryos displayed normal NC cell
migration patterns (Fig. 5.11). Co-injection of full-length-TRIO DNA and TRIO-dead-GEF1
DNA restored in vivo NC migration. Surprisingly, injection of TRIO-dead-GEF2 DNA also
prevented NC migration defects, although slightly less efficiently than the dead-GEF1 mutant,
which possesses the functional GEF2 domain (Fig. 5.11). These results suggest that one GEF
domain can substitute for the other. For example, Rac1, which is activated by the GEF1
domain, could potentially also be activated by the interaction between the GEF2 domain and
Dishevelled, as previously discussed (Kratzer et al., 2020). Additionally, these findings indicate
that the Trio GEF domains are not the only factors that are crucial for NC cell migration. The
additional Trio domains, that influence its localization and binding to specific interaction

partners, could also play an important role in regulating Trio’s function during NC cell migration.
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Figure 5.11 The Trio GEF1 and GEF2 domain play an important role in NC cell migration. (A)
Xenopus embryos were injected with 4 ng Trio MO alone or in combination with 30 pg full-length TRIO-
GFP DNA, 30 pg TRIO-dead-GEF1-GFP DNA or 30 pg Trio-dead-GEF2-GFP DNA and 100 pg lacZ
mRNA as lineage tracer. Injection of 4 ng Co MO served as control condition and NC cell migration was
analyzed at tailbud stages by AP2-a in situ hybridization. The injected side is marked with an asterisk.
Scale bar =500 uym. (B) Graph summarizing the percentage of embryos with NC cell migration defects
in four independent experiments. +s.e.m. and the number of analyzed embryos are indicated for each
condition. ****p<0.0001, **p<0.01, *p<0.05, ns = not significant (one-way ANOVA). As shown before
(Kratzer et al., 2020), Trio MO injection caused severe NC migration defects. These were significantly
reduced by co-injection of TRIO DNA, TRIO-dead-GEF1 DNA and TRIO-dead-GEF2 DNA.
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5.7 Mapre2 and Tubb are required for craniofacial development in Xenopus
embryos

Microtubule organization and dynamics as well as microtubule-based transport of vesicles and
proteins are essential for cell migration (Etienne-Manneville, 2013). Here, we showed that the
Rho GEF Trio functions via microtubule plus-end based transport and vice versa effects
microtubule dynamics in migrating NC cells. Mapre2 is a member of the evolutionary
conserved family of microtubule end binding proteins (Su and Qi, 2001) and was shown to be
necessary for the regulation of cell adhesion, mitotic progression and genome stability (limori
et al., 2016; Liu et al., 2015; Yue et al., 2014). Tubb encodes for a beta-tubulin and is highly
expressed during central nervous system development (Sferra et al., 2020). To investigate a
disease-related association between Trio, Mapre2 and Tubb and to comprehend their
molecular function during NC cell migration, we performed initial loss-of-function experiments.
First, we aimed to determine whether deficiencies in Mapre2’s and Tubb’s function in Xenopus
embryos result in phenotypes like those observed in patients with mutations in the MAPRE?2
or TUBB genes. Individuals carrying MAPREZ2 mutations display intellectual disability,
microcephaly and facial dysmorphism, reminiscent of those with TRIO gene mutations.
Additionally, they exhibit symmetrical limb skin creases, a median cleft palate and short stature
(Isrie et al., 2015). Further on, it was shown that mutations in the TUBB gene, lead to similar
phenotypes (Isrie et al., 2015). To induce Mapre2 and Tubb loss-of-function in Xenopus
embryos, translation-blocking morpholino antisense oligonucleotides were designed. For the
Xenopus mapre2 gene, there are five known transcript variants (Fisher et al., 2023) and both
the L and S homeologs are expressed during development (Session et al., 2016). To target all
possible Mapre2 transcript variants, two Mapre2 morpholinos were designed (Fig 5.12 A).
Mapre2 MO1 binds the 5" UTR of the L1 and S1 variants, while Mapre2 MO2 binds the 5 UTR
and start codon region of the L2, S2 and S3 transcript variants, to ensure coverage for all
potentially expressed Mapre2 isoforms. Since only the L homeolog of Xenopus Tubb is
expressed during embryonic development (Session et al., 2016) and there is only one
transcript variant described (Fisher et al., 2023), a single translation blocking Tubb MO was
designed binding the 5 UTR and start codon region. For phenotypic analysis, embryos were
injected with Mapre2 MO1, Mapre2 MO2, a combination of both or Tubb MO together with lacZ
RNA as lineage tracer in one blastomere at the two-cell stage. Co MO injection served as
control condition and embryos were analyzed at stage 44. Comparable to patient phenotypes,
injection of Mapre2 MO2 and of the combination of Mapre2 MO1 and MO2 resulted in
craniofacial malformation on the injected side (Fig. 5.12 B, C). Furthermore, embryos were
shorter in length. In contrast, the injection of Mapre2 MO1 resulted in a slight increase in
craniofacial defects, which did not reach statistical significance. This suggests that Mapre2
MO2 is more efficient than Mapre2 MO1. The embryos injected with Tubb MO also present

craniofacial defects, including smaller eyes, shorter body length and impaired gut
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development. In conclusion, these findings indicate that the used morpholinos lead to
phenotypes similar to those observed in patients. This suggests that Xenopus can be used as
a viable model organism for studying diseases associated with misregulation of Mapre2 and
Tubb.
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Figure 5.12 Mapre2 and Tubb loss-of-function leads to craniofacial defects in Xenopus embryos.
(A) Designed translation-blocking morpholino antisense oligonucleotides Mapre2 MO1 (3'-
TAAGAGGGTAACTGAGACAAGCCT-5‘) and MO2 (3-AACCCCTTACCGCCAGTT-5) (highlighted in
blue). The respective Mapre2 mRNA sequences are shown based on Xenbase (Fisher et al., 2023).
Mapre2 MO1 is designed to target the transcript variants Mapre2-L1 and Mapre2-L2, binding to the 5’
UTR. Mapre2 MO?2 is designed to target the transcript variants Mapre2-L2, -S2 and -S3, binding to the
5 UTR and the start codon (ATG) regions (green). The morpholino binding regions are marked in blue.
Yellow highlighted nucleotides show mismatches compared to the Mapre2-L1 sequence. Points (..)
stand for the sequences of Mapre2-L1 and Mapre2-S1, that are hidden here. Hyphens (---) show that
these sequence parts are missing in the Mapre2-L2, -S2 and S3 transcript variants. (B) Xenopus
embryos were injected with 10 ng Co MO, Mapre2 MO1, Mapre2 MO2, a combination of 7.5 ng Mapre2
MO1 and MO2 each, or 10 ng Tubb MO (5-TCATGGTTCAGGCGTAATAGAT-3') together with 100 pg
lacZ RNA as lineage tracer in one blastomere at the two-cell stage. Developmental defects with focus
on craniofacial malformations were analyzed at stage 44. The injected side is marked with an asterisk.
Scale bar=1000 um. (C) Graph summarizing the percentage of embryos with craniofacial defects in
three independent experiments. +s.e.m. and the number of analyzed embryos are indicated for each
condition. **p<0.01, ns = not significant (one-way ANOVA). Injection of Mapre2 MO2 results in
craniofacial defects, which were also observed with the combined injection of Mapre2 MO1 and MO2

and with the Tubb MO. Injection of Mapre2 MO1 alone did not result in significant craniofacial defects.

5.8 Mapre2 and Tubb loss-of-function induce early and late NC migration defects
Mutations in MAPREZ2 and TUBB have been demonstrated to cause defects in NC cell
migration and, consequently lead to the observed patient phenotypes (Isrie et al., 2015). To
analyze whether Mapre2 and Tubb loss-of-function induced craniofacial malformations are
also caused by NC migration defects in Xenopus, embryos were injected with Mapre2 MO1,
Mapre2 MO2, a combination of both or Tubb MO together with /lacZ RNA as lineage tracer in
one blastomere at the two-cell stage. Co Mo injection served as control condition. NC cell
migration was analyzed at stage 21 and 26 by twist in situ hybridization. Mapre2 MO2 and
Tubb MO injections caused severe NC migration defects in early and late migratory stages,
compared to control embryos (Fig. 5.13). Again, Mapre2 MO1 injection did not induce any
major defects (Fig. 5.13). Taken together, like in patients, loss of Mapre2 and Tubb results in

impaired NC migration leading to craniofacial malformations in Xenopus embryos.
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Figure 5.13 Mapre2 and Tubb loss-of-function leads to early and late NC migration defects.
Xenopus embryos were injected with 10 ng Co MO, Mapre2 MO1, Mapre2 MO2, a combination of 7.5 ng
Mapre2 MO1 and MO2 each or 10 ng Tubb MO together with 100 pg lacZ RNA as lineage tracer in one
blastomere at the two-cell stage. NC cell migration was analyzed at stage 21 (A) and 26 (B) by twist in
situ hybridization. The injected side is marked with an asterisk. Scale bar = 500 um. Graph summarizing
the percentage of embryos with NC cell migration defects at stage 21 (C) and stage 26 (D) in one
experiment. The number of analyzed embryos is indicated for each condition. Mapre2 and Tubb
knockdown results in NC migration defects during early and late migratory stages, compared to control

embryos. NC migration defects were mostly not observed following injection of Mapre2 MO1.
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6. Discussion

The Rho GEF Trio is well suited to act as a downstream effector of several signaling pathways,
that are involved in the regulation of cytoskeletal rearrangements and, thus, cell motility. During
development, Trio is required for filopodia and lamellipodia formation and proper cell migration
in NC cells (Kratzer et al. 2020). Loss of Trio results in a cell blebbing phenotype, in which NC
cells fail to form protrusions and actin structures are disrupted. This blebbing phenotype is
rescued by constitutively active Rac1 and RhoA, demonstrating that Trio activates both
GTPases in NC cells (Kratzer et al., 2020). Additionally, a number of pathogenic TRIO
missense or nonsense variants have been observed in patients, leading to various clinical
manifestations, such as neurodevelopmental disorders, micro- or macrocephaly and distinct
facial characteristics (Gazdagh et al., 2023). These findings provide further support for the
existence of a defect in multipotent neural crest cells, which migrate long distances within the
embryo during development and differentiate into various tissues and organs (Mayor and
Theveneau, 2013). The literature provides evidence that Trio has distinct functions depending
on its subcellular localization and interaction with different binding partners, resulting in
temporal and spatial regulation of Rac1 and RhoA activity (Bellanger et al., 2000; Guo et al.,
2021; Kashef et al., 2009; Kratzer et al., 2020; Kruse et al., 2019; Medley et al., 2003; Moore
et al., 2013; van Haren et al., 2014). However, it is unclear how Trio is transported to different
cellular compartments and whether additional cellular processes are affected, that lead to a
defect in NC cell migration. Here, we show that Trio is transported by microtubules and
participates in microtubule stability and focal adhesion dynamics - key mechanisms essential

for cell migration.

6.1 Microtubule-mediated transport of Trio is required for its function in NC cell
migration

In NC cells, Trio has been shown to have different functions depending on its subcellular
localization. At cell protrusions, Trio interacts with Cadherin-11, which is required for NC cell
migration (Kashef et al., 2009). Furthermore, Cadherin-11 plays a role in contact inhibition of
locomotion (CIL), maintaining collective cell migration via its adhesive function. During CIL,
Trio may play an important role in RhoA activation via Cadherin-11 at cell-cell contacts (Becker
et al., 2013). In addition, Moore et al. showed that Trio co-localizes at NC cell-cell contacts
with the polarity protein Par3. This interaction leads to an inhibition of the Trio GEF1 domain
and, thereby, to a downregulation of Rac1 activity, facilitating microtubule depolymerization

and cell retraction required for CIL (Moore et al., 2013).

Since Trio functions at specific subcellular sites, including cell-cell contacts and cell
protrusions, it must be effectively and dynamically transported to these sites of action.
Previously, it was shown that Trio interacts with the +TIP proteins EB1 and NAV1 and can

itself act as +TIP via a specific microtubule plus-end localization motif (van Haren et al., 2014).
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In neurons, this TRIO-NAV1 complex is important for neurite outgrowth. We find that Trio is
likewise transported by microtubules in migrating NC cells, shown by co-localization studies
using the microtubule marker EMTB and the +TIP marker EB3. Furthermore, using site-
directed mutagenesis, we confirm that the amino acid motif SRIP, which is located immediately
downstream of the GEF2 domain and has been shown to be required for EB1 binding in
neurons (van Haren et al., 2014), is crucial for microtubule plus-end binding in NC cells as well.
In addition, we showed that a GEF2 mutant, abolishing microtubule plus-end binding, was
ineffective in rescuing the NC migration defects in vivo and in vitro. Furthermore, cell blebbing,
measured by cell circularity, of Trio morphant NC cells was restored by wild type GEF2, but
not by the GEF2 mutant. At higher concentrations of the GEF2 mutant, a rescue effect was
observed, however, it was weaker compared to wild type GEF2. In this case, the GEF2 domain
may be provided to all functional sites, potentially eliminating the need for microtubule plus
end-mediated transport. To verify this concentration-dependent effect, western blotting could
be used to test whether wild-type GEF2 and GEF2 mutant protein levels are the same in
Xenopus embryo lysates. Furthermore, to support our findings, rescue experiments could be
repeated using a full-length Trio construct containing the SRNN mutation. Taken together,
these results demonstrate that microtubule-mediated trafficking of the Trio GEF2 domain is

required for its function.

Another GEF, known as GEF-H1, has also been shown to bind directly to microtubules, which
is inhibiting its function, while microtubule depolymerization leads to GEF-H1 mediated RhoA
activation (Chang et al., 2008). It is currently unclear whether Trio or specific catalytic domains
are inactive when transported on microtubule tracks. To analyze this, drugs like nhocodazole,
that affect microtubule stability and lead to depolymerization, or taxol, which induces
microtubule polymerization, could be applied. For example, RhoA and Rac1 levels could be
measured using FRET sensors in Trio morphant or Trio overexpressing NC cells treated with

microtubule stability affecting drugs.

6.2 Trio is involved in regulating microtubule stability in migrating NC cells

Trio is not only transported by microtubules, but it also affects microtubule dynamics.
Microtubule dynamics differ depending on their subcellular localization in migrating cells
(reviewed in (Etienne-Manneville, 2013)). Consistent with the prior research shown for
migrating NC cells (Moore et al., 2013; Villaseca et al., 2023), we observe differing microtubule
dynamics at the cell's leading and trailing edges. At the leading edge, microtubules polymerize
and facilitate the formation of protrusions, whereas at sites of cell-cell contact, microtubules
undergo frequent catastrophes to retract protrusions, resulting in contact inhibition of
locomotion. This gradient of microtubule stability is disturbed in Trio morphant NC cells.
Microtubules at cell-cell contacts become more stable compared to controls, while at the

leading edge, microtubule stability decreases, concluding that Trio is involved in maintaining
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microtubule dynamics required for NC cell migration. Contrary to our findings, Moore et al.
demonstrated that inhibition of Par3 results in an increase of Rac1 activity and stabilization of
microtubules at NC cell-cell contacts, which can be rescued by co-injection of a Trio morpholino
(Moore et al., 2013). Likely, Trio loss-of-function rescues the Par3 morphant phenotype, since
loss of Trio also reduces Rac1 activity in NC cells (Kratzer et al., 2020), possibly offsetting the
observed increase in Rac1 activity in Par3 morphant NC cells. In addition, it was shown that
Par3 interacts with the GEF Tiam1, leading to Rac1 activation required for persistent migration
of keratinocytes (Pegtel et al., 2007). Furthermore, Par3 depletion and Tiam1 deficiency
reduced microtubule stability, shown by a decrease in microtubule acetylation. Possibly, like
Trio, Par3 may have varying roles, that rely on its subcellular positioning and the linked

interaction partners.

Additional to Trio and Tiam1, GEF-H1 was hypothesized to affect microtubule organization,
since GEF-H1 overexpression showed abnormal circular microtubule morphology in COS7
cells (Yoshimura and Miki, 2011). Furthermore, it was suggested that GEF-H1 promotes
tubulin-acetylation following microtubule binding and stabilization, while phosphorylation of
GEF-H1 by Par1lb releases GEF-H1 from microtubules and induces microtubule
depolymerization. Our findings suggest that microtubule acetylation could also be affected in
Trio morphant NC cells. However, the results are inconclusive, since only one experiment of
acetylated tubulin staining was conducted and not all Trio morphant cells exhibited defects in
tubulin acetylation. To examine the impact of Trio on microtubule acetylation, fluorescence
intensity measurements of acetylated tubulin could be performed in Trio morphant cells. In
addition, the ratio of tubulin to acetylated tubulin in single cells could be measured by
fluorescence intensity or using western blotting. Furthermore, Trio could affect additional
posttranslational modifications of microtubules. Interesting targets for testing are microtubule
tyrosination and detyrosination. Dynamic microtubules are mainly tyrosinated, while
detyrosination can inhibit microtubule disassembly (Palazzo et al., 2004). Here, again,
immunostainings could be performed to analyze the levels of microtubule tyrosination and
detyrosination in Trio morphant NC cells. The enzyme tubulin tyrosine ligase (TTL) catalyzes
C-terminal a-tubulin tyrosination on ap-tubulin heterodimers and restores tyrosinated-tubulin.
The lab of Ralf Jacob established stable TTL-overexpressing Madin-Darby Canine Kidney
(MDCKrr-6rp) and TTL deficient MDCKarr. cell lines (Miller et al., 2021), which could be used
to study the effect of Trio on microtubule tyrosination and detyrosination. Initial experiments
were started to cultivate these cell lines in our lab and various TRIO constructs were
successfully expressed in MDCK wild type cells (supplemental figure 8.1). To elucidate the
regulation of microtubule dynamics, upcoming experiments could investigate the effects of Trio

or specific Trio domains on microtubule tyrosination and detyrosination.

Another binding partner of Trio, that is known to affect microtubule stability is Dishevelled. In
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neurons, Dishevelled induces inhibition of GSK3B, which phosphorylates and inactivates
microtubule-associated proteins (Ciani et al., 2004; Krylova et al., 2000). Here, we show that
Trio loss-of-function impairs Dishevelled signalosome trafficking via microtubules. The initial
findings indicate a reduced presence of Dishevelled signalosomes in Trio morphant cells, with
those, that are present, exhibiting a shorter trafficking length. These experiments should be
repeated to establish statistical evidence. Furthermore, co-localization and life-cell imaging
analysis for Trio in combination with Dishevelled could be performed in NC cells, since our
previous results, showing that Trio is recruited to Dishevelled positive signalosomes, were
obtained using immunostaining in HEK293 cells (Kratzer et al., 2020). A remaining question is
whether Dishevelled trafficking is indeed impaired in Trio morphant NC cells, despite our
findings that Dishevelled rescues Trio loss-of-function induced NC migration defects (Kratzer
et al., 2020). One hypothesis could be that Trio and Dishevelled operate at the same signaling
level, capable of activating Rac1 and RhoA, while the absence of one component may still
result in incomplete Trio or Dishevelled signaling functionality. Rescue experiments using Trio
overexpression in Disheveled-deficient NC cells could be performed to test this hypothesis.
The fact that Dishevelled can interact with the GEF Tiam1 to activate Rac1 (Cajanek et al.,
2013; Habas et al., 2003), but is also known as a regulator of RhoA activity (Gao and Chen,
2010) supports this hypothesis. We have shown that Dishevelled interacts with the GEF2
domain of Trio and restores Trio morphant NC cell defects and Rac1 activity (Kratzer et al.,
2020). Thus, there may be additional links in how the GEF2 domain is involved in the regulation
of microtubule dynamics, potentially through specific interaction partners. At present, the
molecular mechanisms, that regulate microtubule dynamics in various subcellular locations by
Trio remain unclear. Nevertheless, our data suggests that the GEF2 domain plays a crucial

role for Trio’s functionality, in addition to the already well-defined function of the GEF1 domain.

6.3 Trio is required for focal adhesion dynamics in NC cells

In addition to its effects on microtubule dynamics, Trio appears to play a role in focal adhesion
turnover during NC cell migration. This is not unexpected, as Trio localizes to paxillin-positive
focal adhesion sites in non-NC cells (Muller et al., 2020) and has been shown to interact with
and enhance the activity of FAK in COS-7 cells (Medley et al., 2003). Additionally, Trio was
shown to be transported via acentrosomal microtubules toward focal adhesions (Cheng et al.,
2019). Furthermore, Trio interacts with Cadherin-11 in NC cells (Backer et al., 2007; Kashef et
al., 2009), which also localizes to focal adhesions and promotes adhesion to fibronectin
(Langhe et al., 2016). Microtubules can specifically grow towards focal adhesions and promote
focal adhesion turnover rate at the cell periphery, which facilitates cell retraction necessary for
motility (Etienne-Manneville, 2004). Furthermore, migration depends on cell adhesion to the
extracellular matrix (ECM), which occurs via focal adhesions, that connect the ECM to the cell
cytoskeleton. To regulate focal adhesion turnover, there is a bidirectional crosstalk between

stress fibers located at focal adhesions and microtubules. This crosstalk is guided by Rho-
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GTPase signaling. Microtubule-mediated transport of RhoA regulators may be critical for the
establishment of Rho GTPase activity zones, which have been shown to be necessary at focal
adhesion sites and at the leading edge (Mdiller et al., 2020; Stehbens and Wittmann, 2012).
Thus, via microtubule plus-end mediated transport, Trio could be directly transported to focal
adhesions. Here, the GEF2 domain may play an essential role, since it was shown that RhoA
activity is regulating both microtubule stability via the effector mDia, resulting in focal adhesion
disassembly, as well as the development of stress fibers, which induces focal adhesion

formation (Etienne-Manneville, 2004).

In this study, we show that loss of Trio leads to disturbed focal adhesion localization.
Furthermore, by using live-cell imaging, we observed an increased focal adhesion size in Trio
morphant cells. Additionally, focal adhesions seem to be less dynamic over time in Trio
morphant cells compared to controls, the focal adhesion lifetime, however, was not significantly
affected. The GEF STEF (Sif and Tiam1-like exchange factor) was shown to be required for
multiple targeting of focal adhesions by microtubules, leading to Rac1 activation. STEF
knockdown cells displayed a reduced focal adhesion disassembly rate leading to impaired cell
migration (Rooney et al., 2010). Furthermore, MAPRE2 was shown to play a role in the
crosstalk between microtubules and focal adhesions, since MAPRE2 knockdown caused
enlarged focal adhesions leading to increased cell adhesion and impaired cell migration
(Thues et al., 2021). To evaluate the impact of Trio loss-of-function on cell-matrix adhesion, a
flipping assay could be performed alongside Atomic force microcopy-based single-cell force
spectroscopy (SCFS), to determine if ECM adhesion is increased in Trio morphant NC cells

as well.

Furthermore, it would be intriguing to visualize, how RhoA and Rac1 activity is impaired in Trio
morphant NC cells. Since data from embryo lysates cannot provide insight into the intracellular
localization of RhoA and Rac1, we attempted to measure Rac1 and RhoA activity in single
cells using Rac1-GTP and RhoA-GTP antibodies, but the results were inconclusive. The
measurement of Rac1-GTP fluorescence intensity exhibited no significant difference
compared to control NC cells (supplemental figure 8.2). However, a comparison of Rac1-GTP
levels at the leading edge and the cell-cell contact may provide more convincing results.
Analysing Rac1 and RhoA activity using live-cell imaging would be even more promising.
Therefore, FRET imaging using Rac1 and RhoA biosensors could be performed (Matthews et
al., 2008). Additionally, live-cell imaging sensors have been developed to track active Rac1
and RhoA, which were found to be effective in Xenopus NC cells (Benink and Bement, 2005).
Utilizing these, it would be very interesting to visualize if specific zones of RhoA and Rac1
signaling in distinct regions at the leading edge and at cell-cell contacts are affected by Trio
loss-of-function, leading to impaired focal adhesion turnover and, thereby, to cell migration

defects.
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6.4 Additional Trio domains may play an essential role in Trio localization and
function

In the literature, the frequency of TRIO GEF2 mutations in patients is low (Gazdagh et al.,
2023), raising the question of whether the GEF2 domain is less significant for TRIO's function
in developmental processes or if loss-of-function mutations in the GEF2 domain would be lethal
due to its essential role. Interestingly, depletion of RhoA signaling in leukocytes leads to a loss
of migratory polarity similar to the blebbing phenotype observed in Trio morphants (Heasman
et al., 2010), indicating the potential relevance of Trio's GEF2 domain, which activates RhoA.
This aligns with our previous findings that only the GEF2, but not GEF1 domain, can rescue
Trio-loss-of-function induced NC cell migration defects (Kratzer et al., 2020). In contrast, we
have shown here that both catalytically-dead-GEF1- and catalytically-dead-GEF2-full-length-
TRIO are able to rescue Trio knockdown induced NC cell migration defects. On one hand, this
could mean that it is irrelevant which GEF domain is functional, or that one GEF domain can
take over the functionality of the other. The second possibility is suggested by our previous
results, showing that the interaction between the GEF2 domain and Dishevelled could
potentially lead to the activation of Rac1 (Kratzer et al., 2020). Additionally, it is possible that
not only the GEF domains of Trio play a crucial role for its function, but also the additional
domains that can potentially regulate Trio's localization and binding to specific effectors. This
further supports that microtubule trafficking of Trio facilitates the spatiotemporally regulated

activity of the Trio GEF domains.

It is likely that the other Trio domains, such as the Sec14 domain, the spectrin repeats or the
SH3 domains, are also able to influence the subcellular localization of Trio, possibly by
interacting with specific up- or downstream effectors recruiting it to functional sites. We tried to
examine the specific functions of the N-terminal Trio GEF1 region, the microtubule binding
motif and the Trio kinase domain by using splice blocking morpholinos. However, we were
unable to demonstrate that these morpholinos resulted in the intended splicing event and/or
caused specific downregulation effects in Xenopus embryos (data not shown). To analyze the
relevance of the additional Trio domains for its subcellular localization, additional deletion
mutants of Trio can be employed for localization studies. To analyze their biological relevance,
rescue experiments using deletion constructs could be performed. In addition, CRISPR/Cas-
based gene editing can be utilized to create targeted deletions or point mutations. In this case,
Xenopus tropicalis is preferred over Xenopus laevis due to its diploid nature, which simplifies

the editing process compared to the tetraploid Xenopus laevis.
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6.5 Mapre2 and Tubb are required for NC cell migration and craniofacial
development

Mapre2 is a member of the evolutionary conserved family of microtubule end binding proteins
(Su and Qi, 2001) and was shown to be required for proper NC cell migration in vitro and the
development of craniofacial structures in vivo (Thues et al., 2021). Furthermore, it is suggested
that MAPREZ2 plays a role in the crosstalk between microtubules and focal adhesions. Similar
to the observed impairment of focal adhesions in Trio loss-of-function NC cells demonstrated
here, Thues et al. showed that knockdown of MAPREZ2 results in enlarged focal adhesion size,
which enhances cell adhesion and impairs migration. To investigate the disease-related
association between Trio and Mapre2 and understand their molecular function in NC cell
migration, we performed initial experiments to determine if deficiencies of Mapre2 and Tubb in
Xenopus embryos lead to similar phenotypes as observed in patients with mutations in the
MAPRE?2 or TUBB genes. Individuals with MAPREZ2 mutations exhibit intellectual disability,
microcephaly and facial dysmorphism, similar to those with TRIO gene mutations (Isrie et al.,
2015). Mutations in the TUBB gene, which encodes for a beta-tubulin and is highly expressed
during central nervous system development (Sferra et al., 2020), result in similar phenotypes
(Isrie et al., 2015).

Our findings show that the injection of Mapre2 and Tubb morpholinos results in severe defects
in Xenopus embryos comparable to those observed in patients with MAPRE2 or TUBB
mutations. Especially the development of craniofacial structures is significantly impaired.
Furthermore, we showed that the knockdown of Mapre2 and Tubb has an impact on both early
and late in vivo migration of NC cells. In a subsequent undergraduate project, it was
demonstrated, that the loss of Mapre2 and Tubb also impacts the induction of NC cells
(Hosenseidl, L., Bachelor thesis, 2023). Furthermore, the injection of Mapre2 and Tubb MOs
impacts brain development in Xenopus embryos. It is currently unclear whether Trio and
Mapre2 function together or interact with the same effectors to regulate the crosstalk between
microtubules and focal adhesions. First, it would be interesting to study whether the loss of
Mapre2 results in the same blebbing phenotype observed in Trio morphant NC cells.
Furthermore, it could be tested if the impact of Mapre2 downregulation on microtubule
dynamics and the potential effects on focal adhesion turnover are similar in Xenopus NC cells
to what has been observed in human iPSC-derived NC cells (Thues et al., 2021). By utilizing
immunoprecipitation or the yeast two-hybrid system, it could be analyzed whether Trio and
Mapre2 act as direct binding partners. Conclusively, additional research is necessary to
elucidate the interaction partners and signaling pathways affected by Trio and Mapre2 and to

reveal their developmental functions.
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7. Conclusion

The Rho GEF Trio is a known regulator of cell migration and is essential for filopodia and
lamellipodia formation in NC cells (Kratzer et al., 2020). Furthermore, the small GTPases Rac1
and RhoA function downstream of Trio in the regulation of NC cell migration. Several
pathogenic missense or nonsense variants in TRIO have been described in patients, leading
to various clinical manifestations, such as developmental delay, microcephaly, macrocephaly,
skeletal issues and facial dysmorphisms (Gazdagh et al., 2023). Understanding the molecular
functions of Trio in cell migration processes is of great interest for comprehending human
diseases linked to TRIO mutations. While previous studies have primarily examined the role
of the GEF1 domain in activating Rac1, limited information exists on the functionality,
regulation and interaction partners of the GEF2 domain, which activates RhoA. This study
demonstrates that Trio is transported intracellularly via microtubule plus-ends and regulates
microtubule dynamics. Additionally, Trio regulates focal adhesion dynamics in migrating NC
cells. Since RhoA activity is required for both focal adhesion assembly and disassembly
(Etienne-Manneville, 2004), the involvement of Trio in focal adhesion formation supports a
crucial role for the GEF2 domain in this process. In addition, Rac1 activity is likely also involved
in focal adhesion turnover (Rooney et al., 2010). We have shown here, that both full-length
Trio with catalytically dead-GEF1 or catalytically dead-GEF2 rescued the Trio loss-of-function
induced NC migration defects, although the GEF1 domain alone did not (Kratzer et al., 2020).
This suggests that not only the two GEF domains are required for Trio’s role in NC cell
migration, but the additional domains may also be crucial in controlling Trio’s localization and
effector binding. Furthermore, it is possible that the Trio GEF domains mediate the function of
both Rho GTPases through specific binding partners. For example, binding of the Trio GEF2
domain to Dishevelled could facilitate Rac1 activation induced by Dishevelled (Kratzer et al.,
2020). Another potential binding partner of Trio could be Mapre2, as it is a microtubule end-
binding protein that contributes to focal adhesion formation. Additionally, mutations in MAPRE2
in patients have resulted in phenotypes similar to those observed in patients with TRIO
mutations. Our findings show that the effects of Mapre2 loss-of-function can be analyzed using
the model organism Xenopus. Future experiments will reveal whether Trio and Mapre2 act in
the same signaling pathway and how both of these proteins affect cellular processes, such as

cytoskeletal rearrangement, cell-matrix adhesion and protrusive activity.

Furthermore, we were able to replicate the Tubb loss-of-function malformations reported in
patients with TUBB mutations in Xenopus embryos. Since Trio, Mapre2 and Tubb are involved
in tubulin organization, this provides a connection to tubulopathies, which are a class of
disorders in which genes encoding for tubulin are affected (Hoff et al., 2022). These disorders
can as well result in neurodevelopmental malfunction. Furthermore, the tubulin biology

required for NC cell migration links tubulin regulating factors to the functionality of chromatin
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regulators, since these were often shown to regulate both histones and tubulin. Defects in
chromatin regulators can also lead to neurodevelopmental disorders like observed for Trio,
Mapre2 and Tubb (Lasser et al., 2023). In conclusion, it is of great interest to gain an
understanding of the molecular interactions and signaling pathways, that govern microtubule
and focal adhesion dynamics - crucial mechanisms underlying cell migration. Deciphering the
roles of Trio, Mapre2 and Tubb in neural crest cell migration will provide further insight into the
regulation of these processes. Ultimately, this will be an important step for the discovery of

new treatments for neurodevelopmental disorders, that affect tubulin-regulating genes.
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8. Supplement

8.1 Time lapse movies

Movie 1: xGEF2-positive spots co-localize at EMTB-tomato-positive microtubules in NC
cells. Experiment was performed as described in Fig. 5.1 B. xGEF2-GFP (green) is
dynamically localized, EMTB-tomato (red) marks microtubules, merge (green + red) shows
that xGEF2-GFP co-localizes to EMTB-tomato marked microtubules and moves from the cell

center to the cell membrane. Scale bar = 5 ym, recording time is indicated.

Movie 2: xGEF2-positive spots co-localize with the +TIP marker EB3-mCherry in NC
cells. Experiment was performed as described in Fig. 5.3. xGEF2-GFP (green) dynamically
co-localizes with EB3-mCherry (red) positive microtubule plus-ends, visible in the merge

channel (green + red). Scale bar = 5 ym, recording time is indicated.

Movie 3: xGEF2-SRNN mutant abolishes co-localization to microtubule tips. Experiment
was performed as described in Fig. 5.3. XxGEF2-SRNN-GFP (green) does not co-localize with
EB3-mCherry (red) positive microtubule plus-ends, visible in the merge channel (green + red).

Scale bar = 5 ym, recording time is indicated.

Movie 4: xGEF2-SSNN mutant co-localization to microtubule tips. Experiment was
performed as described in Fig. 5.3. xGEF2-SSNN-GFP (green) dynamically co-localizes with
EB3-mCherry (red) positive microtubule plus-ends, visible in the merge channel (green + red).

Scale bar = 5 ym, recording time is indicated.

Movie 5: Migrating control NC cell showing microtubule plus-end dynamics. Experiment
was performed as described in Fig. 5.6. EB3-mCherry positive microtubule tips are shown in
red and the cell membrane is marked in green by membrane-GFP. Scale bar =5 um, recording

time is indicated.

Movie 6: Migrating Trio morphant NC cell showing microtubule plus-end dynamics.
Experiment was performed as described in Fig. 5.6. EB3-mCherry positive microtubule tips
are shown in red and the cell membrane is marked in green by membrane-GFP. Scale bar =

5 ym, recording time is indicated.

Movie 7: Trio morphant and control NC cell during cell-cell contact showing microtubule
plus-end dynamics. Experiment was performed as described in Fig. 5.6. Control cell shows
EB3-mCherry positive microtubule tips and Trio morphant cell shows EB3-GFP positive

microtubule tips. Scale bar = 5 ym, recording time is indicated.
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Movie 8: Trio loss-of-function impairs focal adhesion formation. Experiment was
performed as described in Fig. 5.9. Control cell shows dynamic focal adhesion marked by
Paxillin-mCherry. Trio morphant cell shows impaired focal adhesion dynamics marked by

Paxillin-mCherry. Scale bar = 5 ym, recording time is indicated.

Movie 9: Dishevelled trafficking is impaired in Trio morphant NC cells. Experiment was
performed as described in Fig. 5.10. Control cells (left channel) show dynamic Dishevelled-
GFP signalosomes (green) and EB3-mCherry (red) signal. Trio morphant cells (right channel)
show less Dishevelled-GFP signalosomes (green), that are less mobile compared to controls.

EB3-mCherry signal is shown in red. Scale bar = 10 ym, recording time is indicated.

a-tubulin DAPI merge

TRIO-GFP

TRIO-SRNN-GFP  TRIO-GEF2-GFP

EGFP

Supplemental Figure 8.1 Immunostaining of MDCK wild type cells transfected with different TRIO
constructs. MDCK wild type cells were transfected with 800 ng DNA of TRIO-GFP, TRIO-GEF2-GFP,
TRIO-SRNN-GFP or EGFP. Immunostaining was performed against a-tubulin and the nucleus was

marked by DAPI staining. Scale bar = 20 um
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Supplemental Figure 8.2 Rac1-GTP level in Trio morphant NC cells compared to controls.
Xenopus embryos were injected with 4 ng Trio MO together with membrane-GFP RNA as lineage tracer
in the eight-cell stage. Wild type NC cells served as control. NC cells were explanted at stage 18 and,
after fixation, immunostaining against Rac1-GTP was performed. Randomly picked example cells are
shown. Signal intensity is visualized using a “fire” color scale, where blue indicates no signal and white
indicates strong signal. Statistical analysis revealed no significant difference in Rac1 fluorescence
intensity between Trio morphant cells and control cells. Box plots show median, 25th to 75th percentiles
and Whiskers from min to max for three independent experiments. Single values for analyzed cells are

shown in gray, numbers of cells are indicated, ns = not significant (Mann-Whitney test).
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