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ABSTRACT OF THE DISSERTATION

Regulation of Cellular Adhesion and Cytoskeletal Remodeling in Neurodevelopment:
Functional Roles for beta-Chimaerins and the Crk-Associated Substrate (Cas) Family of
Proteins

by

Jason A Estep

Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental Biology
University of California, Riverside, December 2022
Dr. Martin M Riccomagno, Chairperson

Proper nervous system function requires neurons to make synaptic connections
with the appropriate partners, ensuring the formation of precise circuits. Even transient
developmental delays in cell migration, lamination, neurite outgrowth, axon guidance,
synapse assembly or refinement might have lasting consequences, as manifested in a
wide range of neurodevelopmental disorders. Underscoring each of these cellular
processes is the requirement of newborn neurons and glia to dynamically alter their
morphology in response to extracellular cues. Failure to appropriately remodel the
cytoskeleton during any of the above processes may result in changes to nervous system
architecture, circuit organization and physiology, and consequently behavioral or
cognitive function. Therefore, to understand how neurons organize themselves into
functional circuits, it is imperative to understand how neural cells remodel their

cytoskeleton in response to instructive and permissive cues from the environment. Many



neuronal guidance cues that regulate circuit assembly have been functionally
characterized, yet little is known regarding the intracellular effectors that these ligand-
receptor pairs utilize to modulate cellular adhesion and cytoskeletal remodeling during
neuronal guidance events. Here, I present the combined studies of three intracellular
effectors at the crossroads of adhesion and guidance signaling. In chapter 1, I provide
genetic evidence the Crk-Associated Substrate (Cas) family of adaptor proteins are
required for the proper fasciculation of several forebrain tracts. In chapter 2, I present the
design of a novel luminescent-based, genetically-encoded tool for live cell analysis and
quantification of adhesion signaling events upstream of Focal Adhesion Kinase. In
chapter 3, I provide genetic evidence that the RacGAP B-chimaerin is required for
cerebellar lamination. Collectively, these studies provide novel insights into the
cytoplasmic effectors essential for the regulation of cell adhesion and cytoskeletal

remodeling during circuit building events.
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Introduction

Proper histogenesis of the vertebrate Central Nervous System (CNS) relies on the
sequential regionalization of the embryonic neural tube into distinct transcriptionally
defined domains. Cells within each domain, in turn, are guided by both cell-autonomous
programs and extrinsic signals to direct proliferation, migration, differentiation, axonal
and dendritic outgrowth, synaptic establishment and refinement events — thus building the
elaborate architecture and connectivity of the adult CNS. Failure of any of these
neurodevelopmental processes may result in dramatic changes in CNS organization or
function, and thus each have become areas of interest within modern cellular
neuroscience. Despite decades of research, fundamental questions regarding the cellular
mechanisms underlying CNS morphogenesis and histogenesis persists. In the context of
neuronal guidance, several ligand-receptor systems that act as attractive or repulsive cues
have been functionally characterized (H. T. Park, Wu, and Rao 2002; Kolodkin and
Tessier-Lavigne 2011), yet relatively little is understood regarding how these signaling
events are relayed intracellularly to converge on regulators of the cytoskeletal system.
Further, as development advances new cohorts of neurons must correctly navigate an
increasingly elaborate milieu of transcriptionally defined domains, instructive substrates,
neighboring cell types, and diffusible extracellular cues. How individual cells integrate
this complex array of extracellular signals to achieve directed cytoskeletal responses

remains an important and outstanding question in developmental neuroscience.



Cellular Adhesion Molecules underlie most neurodevelopmental processes

Early in vitro studies established that neurons display strong adhesive preferences
for particular extracellular matrix (ECM) substrates (HARRISON 1959; Weiss 1934;
WEISS 1945; M. Singer, Nordlander, and Egar 1979), and require contact with such
permissive substrates for adhesion, neurite outgrowth, axonal extension, and migration
(Bonner and O’Connor 2001; Walter et al. 1987; Bozyczko and Horwitz 1986;
Gundersen 1987; Hatten, Furie, and Rifkin 1982; Husmann, Faissner, and Schachner
1992). Such cell-cell and cell-ECM associations are mediated by broad classes of Cell
Adhesion Molecules (CAMs), including the four classical families: Cadherins, Selectins,
Integrins, and the Immunoglobulin superfamily (IgSF) of receptors (R O Hynes and
Lander 1992; Letourneau, Condic, and Snow 1994; Kenneth M. Yamada and Geiger
1997); as well as the more recently described Neuroligins, Neurexins, Teneurins, and
Leucine-Rich Repeat (LRR) Proteoglycans (Moreland and Poulain 2022). As a group,
CAMs have been demonstrated to participate in nearly every aspect of
neurodevelopment, including neurogenesis (Homan et al. 2018; R. Huang et al. 2020),
neuronal migration (Schmid and Maness 2008; Solecki 2012; Y.-A. Chen, Lu, and Tsai
2018), neurite formation (Pollerberg et al. 2013; Missaire and Hindges 2015; Fischer,
Kiinemund, and Schachner 1986), synaptogenesis (Gerrow and El-Husseini 2006; Yogev
and Shen 2014; Duncan, Murphy, and Maness 2021), and myelination (Rasband and
Peles 2021).

Some of the best studied CAMs have been the integrin family of transmembrane

receptors, due to their demonstrated roles in mediating cell-ECM associations, acting to



physically link the extracellular environment to the cytoskeletal network, and thereby
relay anchorage-dependent growth and survival signals to the cell (B. Geiger 1989; E.
Zamir and Geiger 2001; Brakebusch and Féssler 2003; Reichardt and Tomaselli 1991).
However, the roles of integrins and their ECM ligands during neurodevelopmental events
was not always clear. Early investigators quickly recognized that ECM components such
as laminin, fibronectin, collagen, thrombospondin, and tenascin participate in many
aspects of neurodevelopment; histological studies showed these molecules were present
in many basement membranes, line the borders of tissues and axon tracts, and are
expressed by diverse glial populations, suggesting they have important roles in
organizing tissues (Nakanishi 1983; Nagata and Nakatsuji 1990; Hausmann and Sievers
1985; Halfter et al. 2002; M. Singer, Nordlander, and Egar 1979). Similarly, early genetic
and in vitro studies using purified substrates showed these molecules are required for
neurite outgrowth (Davis et al. 1985; Edgar, Timpl, and Thoenen 1988; Gundersen 1987),
neuronal migration (Dufour et al. 1988; Hatten, Furie, and Rifkin 1982; O’Shea,
Rheinheimer, and Dixit 1990; Bartsch et al. 1992; Husmann, Faissner, and Schachner
1992; J R Sanes 1989; Liesi 1985), and axonal pathfinding (Carbonetto, Gruver, and
Turner 1983; Stephen S. Easter et al. 1994; Lefcort and Bentley 1987; J. Cohen et al.
1986; J R Sanes 1989). Initially these findings led to a view that neurons could navigate
to their targets simply by displaying selective adhesion to particular substrates, until it
was demonstrated that adhesive strength alone was not sufficient to predict substrate
choice or axonal growth rates in vitro (Lemmon et al. 1992); while these ECM substrates

were shown to be ‘permissive’ for neurite and axonal growth, they were not ‘instructive’



in the same way as the classical guidance molecules like Netrins, Slits, Semaphorins, and
Ephrins (Tessier-Lavigne and Goodman 1996). However, the role of the ECM could not
be described as purely mechanical, as it was observed that ECM components and their
integrin receptors could induce signaling cascades independent of classical guidance
molecules, eliciting the same second messenger systems as growth factor receptors
(Damsky and Werb 1992; Richard O Hynes 1992; R O Hynes and Lander 1992;
Schweighoffer and Shaw 1992). Further, early evidence showed that ECM molecules
could modulate a neuron’s response to a given guidance cue (Nguyen-Ba-Charvet et al.
2001; Hopker et al. 1999) or even response to ECM components of other families (Snow,
Brown, and Letourneau 1996; Carbonetto, Gruver, and Turner 1983). Collectively, such
observations engendered a nuanced view of cell-ECM adhesion and integrin receptors
during neurodevelopmental events; while they are not sufficient to instruct guidance
events, integrins nevertheless underlie almost all investigated examples of neuronal
guidance due to their fundamental roles in sensing the environment and physically
linking the extracellular environment to the cytoskeletal network (Letourneau, Condic,
and Snow 1994). Therefore, from the earliest days of the field of neuronal guidance,
researchers have sought to understand how guidance molecule signaling modulates such
integrin-mediated cellular adhesion pathways in ways that direct neuronal migration and

axonal pathfinding (Myers, Santiago-Medina, and Gomez 2011a).



Regulation of Cellular Adhesion during Neuronal Migration and Axon Pathfinding
Two key steps during the proper histogenesis of the CNS are: 1) the establishment
of laminated structures, and 2) the precise and regulated assembly of circuits upon these
structures. Lamination of the CNS has been proposed as a fundamental organizational
mechanism, as it provides a means of grouping cells with similar properties, functions, or
connectivity (Caviness, Bhide, and Nowakowski 2008; Joshua R Sanes and Zipursky
2010; Rakic and Sidman 1970). Indeed, the laminar organization of tissues through the
assembly upon, or anchorage to, basement membranes appears to be a deeply conserved
organizational strategy across species and tissue types (Kruegel and Miosge 2010;
Sekiguchi and Yamada 2018; Halfter et al. 2002; Hausmann and Sievers 1985;
Yurchenco 2011). Disruptions to lamination during human CNS development are
associated with behavioral and cognitive dysfunction, as evidenced by multiple
neurodevelopmental disorders like lissencephaly or focal dysplasia (Barkovich 2022;
Bliimcke et al. 2011; Palmini and Holthausen 2013; Bahi-Buisson and Guerrini 2013;
Guerrini, Dobyns, and Barkovich 2008). Laminar organization of the CNS is principally
achieved through the sequential production of transcriptionally defined cohorts of
neurons (Chédotal and Rijli 2009; Nobrega-Pereira and Marin 2009), followed by their
directed migration to form discrete tissues or structures. Guided by a broad suite of
extracellular cues (H. T. Park, Wu, and Rao 2002), postmitotic neurons must navigate
away from their point of origin, often a highly proliferative germinal zone, to their final
target structure, thus ensuring proper stratification of discrete layers and spatial-temporal

relationships between cells (Valiente and Marin 2010; Kriegstein and Noctor 2004).



Much of our understanding of the cellular mechanisms orchestrating cell
migration comes from live imaging and biochemical studies of isolated fibroblasts or
mesenchymal cells (Ridley et al. 2003; SenGupta, Parent, and Bear 2021). These studies
have elucidated a discrete series of steps that occur to ensure processive movement,
termed the ‘Migration Cycle’ (Lauffenburger and Horwitz 1996). In this framework, cells
first become polarized in response to some attractant or repulsive signal, appropriately
partitioning the subcellular machinery and orienting the cytoskeletal network, followed
by the extension of a leading process in the direction of migration, adhesion of that
leading process to the substrate, the coordinated production of traction and contractile
forces to propel the cell forward, and finally detachment of the cell from the substrate
(Ridley et al. 2003; Lauffenburger and Horwitz 1996; T. Kawauchi and Hoshino 2007;
Trivedi et al. 2014). In this way, progressive cellular locomotion is achieved through the
cyclic regulation of leading process extension, attachment, force generation, and
detachment.

In contrast to migrating fibroblasts, neurons display diverse strategies and
morphologies to achieve directed migration (Marin et al. 2010; Valiente and Marin 2010;
Cooper 2013; Evsyukova, Plestant, and Anton 2013; Nguyen and Hippenmeyer, n.d.;
Trivedi and Solecki 2011; Kriegstein and Noctor 2004). Some neurons will adopt
multipolar morphologies with highly branched leading processes, such as that observed in
tangentially migrating interneurons as they travel from the ganglionic eminences to
populate the neocortex (O Marin and Rubenstein 2001), tangentially migrating

precerebellar pontine neurons (Watanabe and Murakami 2009), or the multipolar stage of



pyramidal neurons of the neocortex (LoTurco and Bai 2006). /n vitro observations of
such multipolar neurons have shown that they can dynamically extend and retract these
leading processes, and that exposure to guidance molecules can influence the rate and
directionality of branching and new process formation (Ward, Jiang, and Rao 2005;
Martini et al. 2009). Migration is achieved through the subsequent shuttling of the
nucleus and small organelles into a newly formed extension in a two-step process termed
‘nucleokinesis’ (Bellion et al. 2005; Kappeler et al. 2006; Nasrallah et al. 2006), wherein
centrosome repositioning precedes movement of the nucleus into a newly formed
process. Alternatively, neurons migrating through the assistance of a glial scaffold will
often display a bipolar morphology, extending a single elongated leading process with
which they closely associate with the scaffold, as is seen in the radial migration of
cerebellar granule cells (Komuro and Rakic 1998; Edmondson et al. 1988) and during the
radial migration of more superficial neurons of the neocortex (Rakic 1972). Migration of
these cells more closely mirrors the ‘migration cycle’ model of fibroblast cells, with
neurons advancing through the cyclic regulation of leading process extension,
centrosome repositioning, nucleokinesis, and trailing process retraction (Oscar Marin,
Valdeolmillos, and Moya 2006). An individual neuron may display both multipolar, glial-
independent and bipolar, gliophilic modes of locomotion over the course of its navigation
from its germinal zone to its final destination, as is observed with cerebellar granule cells
(Komuro and Rakic 1998; Leto et al. 2016), precerebellar pontine neurons (Yee et al.
1999; D. Kawauchi et al. 2006), and cortical pyramidal neurons (LoTurco and Bai 2006).

However, the cellular mechanisms that orchestrate such changes in locomotive strategies



remain poorly understood and highlight the complex interplay between cellular adhesion,
guidance signaling, cell polarity, and cytoskeletal dynamics.

A second developmental event required for proper CNS histogenesis is the
assembly of precise circuits. Proper connectivity between neurons and structures is
achieved through the regulated guidance of axons from the cell body towards the
innervation target, followed by the establishment and refinement of synaptic contacts
(Kolodkin and Tessier-Lavigne 2011). Axonal navigation is mediated by a specialized
structure known as the growth cone (Lowery and Van Vactor 2009; Huber et al. 2003),
which must properly regulate timely adhesion and detachment from the underlaying
substrate in response to long- and short-range guidance cues, thereby achieving axonal
steering and proper fasciculation and defasciculation events (Breau and Trembleau 2022;
Myers, Santiago-Medina, and Gomez 2011b; Nichol et al. 2016; Zang, Chaudhari, and
Bashaw 2021; Craig 2018). The growth cone is a highly organized and dynamic
structure, consisting of three layers of distinct cytoskeletal organization. Closest to the
axon body is the microtubule-dense Central (C) domain, which is enriched with
organelles and vesicles and is the main site of axon elongation (Lowery and Van Vactor
2009; Nozumi and Igarashi 2018; Sdnchez-Huertas and Herrera 2021). Most distal to the
cell body is the Peripheral (P) domain, which contains a dense, branched network of
filamentous actin (F-actin) and myosin motors that creates a lamellipodial-like structure
at the tip of the axon (Lowery and Van Vactor 2009; Omotade, Pollitt, and Zheng 2017).
The P domain also contains arrays of long, unbranched F-actin bundles that produce

finger-like filopodial projections that contain many guidance receptors (Lowery and Van



Vactor 2009; Snow, Brown, and Letourneau 1996); this unique combination of
lamellipodia and filopodial projections gives the growth cone its characteristic ‘hand’
shape. Sandwiched between the C and P domains is the Transitory (T) zone, which
contains short F-actin polymers that run perpendicular to the dense, branched F-actin
network in the P zone and which encircle the C domain; this ring-like structure controls
the advancement of the microtubule network in the C domain during axon elongation
(Medeiros, Burnette, and Forscher 2006; Burnette et al. 2008). New F-actin is
polymerized against the leading edge of the lamellipodium in the P domain, producing
force that pushes already assembled F-actin backward towards the C domain, a process
that is facilitated by the pulling of myosin motor proteins, and older F-actin is
depolymerized in the C domain (Bray and White 1988; C.-H. Lin and Forscher 1995).
This coordinated polymerization, pulling, and depolymerization causes a constant
treadmilling effect that pushes F-actin towards the C domain in a process termed ‘F-actin
retrograde flow’ (Bray and White 1988; C.-H. Lin and Forscher 1995; Kerstein, Nichol,
and Gomez 2015; Craig et al. 2012). In many ways, the axonal growth cone may be
considered analogous to the lamellipodial leading edge of a migrating fibroblast, as this
cytoskeletal organization closely mirrors the lamellipodial of non-neuronal migrating
cells (Craig 2018; Zang, Chaudhari, and Bashaw 2021; Sdnchez-Huertas and Herrera
2021; C. H. Lin, Thompson, and Forscher 1994; Huber et al. 2003; Lewis, Courchet, and
Polleux 2013; Kerstein, Nichol, and Gomez 2015; Schneider, Metz, and Rust 2022),
suggesting conserved cellular mechanisms and effectors coordinate cellular movement in

each process.



Much of our current understanding of the interplay between neuronal guidance
signals and adhesion signaling comes from in vitro studies of growth cone cytoskeletal
dynamics and in vivo genetic studies that ablate specific guidance receptors or the
adhesive machinery of the cell (Moreland and Poulain 2022; Huber et al. 2003). Sites
where neurons must distinguish and selectively respond to multiple instructive cues are
known as ‘Choice Points’ (Stoeckli and Landmesser 1998; Tessier-Lavigne and
Goodman 1996; Raper and Mason 2010), and are often sites of axonal turning, sorting, or
regulated fasciculation. In the mammalian CNS, some classical examples of choice points
include axonal sorting at the optic chiasm (Erskine et al. 2000; Plump et al. 2002) and
subsequent target selection to produce visual maps in the optic tectum and superior
colliculus (Feldheim and O’Leary 2010), commissural axon crossing in the spinal cord
(Comer et al. 2019), midline-crossing of forebrain tracts like the corpus callosum or
anterior commissure (Julien et al. 2005; Piper et al. 2009; Hatanaka et al. 2009; Shu and
Richards 2001; Shu, Sundaresan, et al. 2003; Bagri et al. 2002), and subplate regulation
of thalamocortical axon entry into the cortex (McConnell, Ghosh, and Shatz 1989; Ghosh
et al. 1990; Ghosh and Shatz 1992; Kanold and Luhmann 2010). During development,
choice points present a broad array of permissive, attractive and repulsive signals, in the
form of diffusible cues or contact-mediated interactions with other cell types or ECM
substrates (Kolodkin and Tessier-Lavigne 2011; Raper and Mason 2010; H. T. Park, W,
and Rao 2002). On the cellular level, these cues are integrated within the growth cone to
direct steering or fasciculation by causing asymmetrical differences in its adhesion to the

substrate, a model referred to as the ‘Clutch Hypothesis’ (Mitchison and Kirschner 1988;

10



Jay 2000; Short, Suarez-Zayas, and Gomez 2016). In this framework, guidance cues
direct axonal steering by selectively strengthening or weakening growth cone adhesion to
its substrate, causing the growth cone to turn towards or away from the guidance cue. In
support of this, coupling of F-actin to the substrate through Integrin receptors has been
shown to allow growth cone advancement through the production of traction forces (C.-
H. Lin and Forscher 1995; Craig et al. 2015; Nichol et al. 2016; Elosegui-Artola et al.
2016; 2014) and asymmetric remodeling of F-actin and microtubules is associated with
growth cone turning (Cammarata, Bearce, and Lowery 2016; Omotade, Pollitt, and
Zheng 2017; Craig 2018; Geraldo and Gordon-Weeks 2009). However, the exact cellular
pathways that permit the coordination between guidance receptor activation and
strengthening or weakening of integrin-based attachments remains poorly understood.

While commonly discussed separately, both neuronal migration and axonal
pathfinding are often paired developmental processes: great overlap exists between the
guidance factors, cellular machinery, signaling, and mechanical forces orchestrating each
(Oscar Marin, Valdeolmillos, and Moya 2006; T. Kawauchi and Hoshino 2007), and an
individual neuron may be engaged in both processes simultaneously. Indeed, the tight
spatiotemporal regulation of cellular adhesion is crucial to coordinate complex cellular
activities like locomotion or growth cone turning; in each case neurons must tightly
adhere to the substrate to anchor themselves and generate traction forces, detach
themselves from the substrate once advanced, and cyclically regulate these two processes
to ensure processive movement until the destination is reached (Webb, Parsons, and

Horwitz 2002; Moreland and Poulain 2022; Craig 2018). Due to their roles mediating

11



cell-ECM interactions, the Integrin family of transmembrane receptors have been
extensively studied in the context of cellular locomotion (Huttenlocher and Horwitz
2011; Webb, Parsons, and Horwitz 2002; Askari et al. 2010; Ballestrem et al. 2001), and
have been shown to play integral roles in adhesion signaling (Richard O Hynes 2002;
Reichardt and Tomaselli 1991; Schwartz 2001; Askari et al. 2010; Damsky and Werb
1992; Benjamin Geiger and Yamada 2011; J. L. Guan, Trevithick, and Hynes 1991;
Yurchenco 2011), cytoskeletal reorganization (Miyamoto et al. 1995; K M Yamada and
Miyamoto 1995; Schoenwaelder and Burridge 1999; Palazzo et al. 2004; Brakebusch and
Fassler 2003; DeMali, Wennerberg, and Burridge 2003), and force generation (Keith
Burridge and Chrzanowska-Wodnicka 1996; Beningo et al. 2001; Sheetz, Felsenfeld, and
Galbraith 1998; J. Lee et al. 1994; Oliver, Dembo, and Jacobson 1999). Similarly, the
Rho family of GTPases have been extensively studied for their roles in regulating cell
polarization and remodeling the cytoskeletal network in both migrating cells and axonal
growth cones (Nobes and Hall 1995; Watabe-Uchida, Govek, and Van Aelst 2006; E.-E.
Govek, Hatten, and Van Aelst 2011; Stankiewicz and Linseman 2014; Guilluy, Garcia-
Mata, and Burridge 2011). However, the cellular pathways that link integrin receptors
and Rho family GTPases, and how these pathways are influenced by guidance receptor

signaling, remain largely uncharacterized.

Integrin Adhesion Complexes mediate cell-ECM adhesion signaling events
Integrin Adhesion Complexes (IACs, or simply ‘adhesion complexes’) are

cellular structures that permit cells to tightly adhere to the extracellular matrix (ECM) by

12



mechanically linking the cellular exterior to the intracellular actin cytoskeletal system (K.
Burridge et al. 1988; B. Geiger 1989; Jockusch et al. 1995; Miyamoto et al. 1995;
Winograd-Katz et al. 2014), thus anchoring the cell to its substrate. Highly dynamic
structures, IACs encompass at least four types of adhesive complexes: focal complexes
(FXs, also referred to as nascent adhesions), focal adhesions (FAs), fibrillar adhesions
(FBs), and cellular podosomes (Benjamin Geiger and Yamada 2011; Nobes and Hall
1995; Vicente-Manzanares and Horwitz 2011). The role of IACs and their components in
the sensing and mediating mechanical forces has been under increasing investigation in
recent years (J. Thomas Parsons, Horwitz, and Schwartz 2010; Sun, Guo, and Féssler
2016), and has prompted reexamination of the role of force production in tissue
morphogenesis (Yusko and Asbury 2014; Eyckmans et al. 2011), cell and neuronal
migration (Sun, Guo, and Féssler 2016; Minegishi and Inagaki 2020), and axon guidance
(Kerstein, Nichol, and Gomez 2015; Suter and Miller 2011; Raffa 2022). While it has
long been appreciated that the formation of actinomyosin ‘stress fibers’ is associated with
stabilization and maturation of IAC complexes (Chrzanowska-Wodnicka and Burridge
1996; Choi et al. 2008; Shemesh et al. 2005; Flinn and Ridley 1996), recent studies have
demonstrated that intracellular forces indeed increase integrin receptor affinity for ECM
substrates (Katsumi et al. 2005; Thodeti et al. 2009; Sheetz, Felsenfeld, and Galbraith
1998; Galbraith, Yamada, and Sheetz 2002), that many IAC components are recruited
and signal in a force-dependent manner (del Rio et al. 2009; Satz et al. 2010; Galbraith,
Yamada, and Sheetz 2002), and experience stretch-induced molecular rearrangements

that expose binding motifs and enable force-induced interactions (Goult, Yan, and
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Schwartz 2018; Kadaré et al. 2015; Branis et al. 2017; Zhao et al. 2016; Janostiak et al.
2014). Collectively, these studies have added a novel layer of complexity to our
understanding of adhesion-based neuronal guidance, and highlight the work that must be
done to delineate the chemical and mechanical cues that drive cytoskeletal responses
during guidance events.

IACs are named for the integrins, which are a large family of transmembrane
receptors that include 18 alpha (o)) and 8 beta () subunits, which are known to form 24
combinations of afy heterodimers (Takada, Ye, and Simon 2007; Schwartz 2001). The
integrin-B1 subunit has been particularly well studied, as it is found in 12 of the known
heterodimer combinations and appears to mediate most intracellular signaling functions
during CNS development (Richard O Hynes 2002; Takada, Ye, and Simon 2007; Milner
and Campbell 2002; Lilja and Ivaska 2018; Jaudon, Thalhammer, and Cingolani 2021;
Myers, Santiago-Medina, and Gomez 2011a; Riccomagno et al. 2014; Schmid and Anton
2003). Integrin-B1 deficiency results in embryonic lethality (Fassler and Meyer 1995).
CNS-specific ablation of Integrin-1 results in disrupted cortical lamination, caused by
destabilization of glial endfoot processes (Graus-Porta et al. 2001; Belvindrah et al.
2007), speaking to its role in maintaining cell-ECM interactions. Other roles for Integrin-
B1 in CNS development include regulating cerebellar granule cell proliferation (Blaess et
al. 2004), cortical neural progenitor proliferation (Leone et al. 2005), cortical neuron
radial migration (Marchetti et al. 2010), neurite outgrowth of DRG axons (Tomaselli et

al. 1993) and retinal ganglion cells in xenopus retina (Sakaguchi and Radke 1996),
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remodeling of hippocampal dendritic spines (Ning et al. 2013) and hippocampal synapse
function (Zhen Huang et al. 2006).

Proteomic approaches on fibroblast cells have identified over 200 proteins that
make up [ACs, termed the ‘integrin adhesome’ (Byron et al. 2011; Winograd-Katz et al.
2014; Zaidel-Bar and Geiger 2010; Zaidel-Bar et al. 2007), although a conserved set of
147 proteins organized into five signaling modules has been proposed (Chastney et al.
2020). The regulation of IAC assembly, turnover, signaling, and disassembly is crucial to
coordinate complex cellular behaviors such as cell migration, axonal guidance, epithelial-
to-mesenchymal transitions, and podosome formation, and tissue morphogenesis (J. T.
Parsons et al. 2000; J. Thomas Parsons, Horwitz, and Schwartz 2010; Webb, Parsons, and
Horwitz 2002; Long and Huttner 2019; Robles and Gomez 2006). These cellular
adhesive complexes rapidly remodel in response to internal or external stimuli, and have
been shown to signal bi-directionally through ‘outside-in’ and ‘inside-out’ mechanisms
(Hoffmann et al. 2014; Lele et al. 2008; Wolfenson et al. 2009).

One of the earliest observable events in IAC assembly is the recruitment and tran-
autophosphorylation of Focal Adhesion Kinase (FAK), a nonreceptor tyrosine kinase that
mediates many of the scaffolding and signaling functions of IACs and also regulates their
turnover in migrating cells (L. Kornberg et al. 1992; Miyamoto et al. 1995; Webb,
Brown, and Horwitz 2003; Zaidel-Bar et al. 2003). Like the integrins, FAK and its
homologue Pyk2 have been shown to have diverse roles in neuronal guidance, with
demonstrated roles in neurite outgrowth (Ivankovic-Dikic et al. 2000), axonal adhesion

(Woo, Rowan, and Gomez 2009), growth cone remodeling and turning (Myers and

15



Gomez 2011; Chacon, Fernandez, and Rico 2010; Moore Dr. et al. 2012), and axon
pathfinding (Robles and Gomez 2006; Kerstein, Patel, and Gomez 2017). In recent years,
FAK has also gained attention for its potential roles in tumorigenesis or metastasis due to
its unique role in mediating anchorage-dependent survival signaling (Chauhan and Khan
2021; Chuang et al. 2022; Dawson et al. 2021; B. Y. Lee et al. 2015; Murphy et al. 2020;
Sulzmaier, Jean, and Schlaepfer 2014). These findings make phospho-activation of FAK
a desirable target to monitor during IAC assembly and signaling either during
development or disease, yet traditional approaches to monitor FAK activity rely on
western blot or fluorescently-tagged genetic constructs, neither of which allow for the
sensitive, quantitative observation of FAK phosphorylation in living cells.

In Chapter 2, I describe the generation of a novel luminescent-based tool to
monitor [AC activation in living cells. We call this tool pYFAK BiLuc due to its bi-
molecular complementation design to produce firefly luciferase (BiLuc) and its
sensitivity in recognizing tyrosine-phosphorylated Focal Adhesion Kinase (pYFAK). I
propose that this genetically-encoded set of probes fulfills a current need for a tool that
provides simple, specific, and sensitive reporting of FAK activation during IAC assembly
and signaling, with the potential to be expanded for high-throughput drug screens, genetic

screens, or other in vivo or in vitro applications.

Cas proteins as integrators of adhesive and neuronal guidance signals
An intriguing and understudied group of IAC constituents are the Cas family of

cytoplasmic adaptors. The Cas family of proteins comprises of four paralogues: P/30Cas
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(Bcarl), Cas-L (HEF'1, NEDD?Y), Sin (EFS), and Cass4 (Defilippi, Di Stefano, and
Cabodi 2006; Deneka, Korobeynikov, and Golemis 2015). The more recently discovered
fourth family member, Cass4, initially believed to be a pseudogene, appears to only be
expressed in adult tissues (Deneka, Korobeynikov, and Golemis 2015). As scaffolding
proteins, all Cas members share a common secondary structure consisting of multiple
interaction domains: an N-terminal Src Homology 3 (SH3) domain, a tyrosine-repeat rich
substrate domain, a serine rich domain, and a C-terminal Focal Adhesion Targeting
(FAT) domain (Deneka, Korobeynikov, and Golemis 2015). Except for Cass4, all Cas
homologues have been shown to interact with Src-family kinases via their C-terminal
domain (Deneka, Korobeynikov, and Golemis 2015). During integrin-mediated adhesion
signaling, Cas is recruited to IACs through SH2-mediated binding to Focal Adhesion
Kinase (FAK) and FAT-mediated targeting to Paxillin (Calalb, Polte, and Hanks 1995b;
Harte et al. 1996; Nakamoto et al. 1997; Hayashi, Vuori, and Liddington 2002; Arold,
Hoellerer, and Noble 2002). Once recruited, these highly structurally similar scaffolding
proteins may be phosphorylated on tyrosine residues within the substrate-binding
domain, which contain repeats of a YxxP sequence, thus permitting docking of SH2 and
PTB-containing partners like Crk1, Crk2, and CrkL (Defilippi, Di Stefano, and Cabodi
2006; Ruest et al. 2001; Fonseca et al. 2004; Bouton, Riggins, and Bruce-Staskal 2001).
A signaling complex of Cas-Crk-DOCK180 is then able to activate Rho family GTPases,
leading to local actin polymerization and lamellipodial extension, promoting cell motility
and spreading (Defilippi, Di Stefano, and Cabodi 2006; Honda et al. 1999; Gustavsson,

Yuan, and Fallman 2004; Tomar and Schlaepfer 2009). In this way, Cas proteins act as
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upstream positive regulators of Rac-mediated F-actin assembly, cell spreading, and cell
migration (Cary et al. 1998; Honda et al. 1999).

In the context of neuronal guidance signaling events, phosphotyrosine activation
of Cas proteins has been observed downstream of Integrin (Bargon, Gunning, and
O’Neill 2005; Z. Huang et al. 2007), CXCL12/CXCR4 (J. F. Wang, Park, and Groopman
2000), Neuropilin (Evans et al. 2011), and Netrin (Liu et al. 2007) signaling. Conversely,
Eph/Ephrin (Bourgin et al. 2007) signaling events have been demonstrated to decrease
Cas phosphorylation. These findings indicate Cas may have additional
neurodevelopmental roles, yet its functions during CNS development remain largely
unexplored. The Drosophila homologue DCas is required for proper motor axon
projection and fasciculation (Z. Huang et al. 2007). Consistent with this, Cas proteins
function in the mammalian PNS to regulate DRG axon fasciculation and pathfinding
(Vahedi-Hunter et al. 2018). In the mammalian CNS, Cas proteins are required for
Retinal Ganglion Cell migration and monolayer resolution within the mouse retina
(Riccomagno et al. 2014), and have been recently shown to participate in cortical
lamination (Wong et al. 2022), demonstrating the dual-roles for Cas proteins in neuronal
migration and axonal guidance events. Within this framework, the study of Cas protein
function could provide a unique opportunity to understand how the interplay between
adhesive and instructive cues regulates neuronal guidance events.

In Chapter 1, I provide evidence that Cas proteins are required for the proper
fasciculation and guidance for two forebrain white matter tracts: the Anterior

Commissure (AC) and Thalamocortical (TCA) projections. Using conditional mouse
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genetics, I demonstrate that Cas proteins are required cell-autonomously for the proper
fasciculation of the AC in a manner that is not phenocopied by Integrin-f1 mutants,
suggesting Cas proteins are signaling independently of their canonical receptor.
Additionally, I show that Cas proteins are required in a cortical-autonomous manner to
regulate the guidance of TCA afferents, in a manner that is phenocopied by Integrin-f1
mutants. I go on to demonstrate that in both Cas and Integrin-B1 mutants, lamination of
the subplate is disrupted, providing a developmental mechanism to explain the mis-

projection of TCA afferents in these animals.

Rho-family GTPases as effectors of guidance signaling

The ultimate consequence of any neuronal guidance signaling event is to affect a
change in the cytoskeletal system (Mitchison and Kirschner 1988). As mentioned above,
the Rho family of GTPases are attractive candidates as common targets of guidance and
adhesive signaling events, due to their well-demonstrated roles in actin assembly and
microfilament organization (Jaffe and Hall 2005). The mammalian Rho family consists of
approximately 23 members, while over 70 negative regulators and 80 activators of Rho
GTPases have been identified (Bai et al. 2015; Cherfils and Zeghouf 2013). Errors in Rho
GTPase activity or regulation underlay a breadth of neurodevelopmental and psychiatric
disorders (DeGeer and Lamarche-Vane 2013; G. H. Huang et al. 2017; Zamboni et al.
2018; Stankiewicz and Linseman 2014), as they have been found to participate in almost
every aspect of CNS circuit formation (G. H. Huang et al. 2017; Stankiewicz and

Linseman 2014). In the context of neuronal migration, Rho family GTPases have been
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implicated in neuronal polarization, neurite outgrowth, leading process dynamics,
adhesion to substrates, the regulation of contractile bundles, and somal translocation (G.
H. Huang et al. 2017; Stankiewicz and Linseman 2014; E.-E. Govek, Hatten, and Van
Aelst 2011; Bai et al. 2015). Coordinated activities of Racl and RhoA have been shown
to promote neuritogenesis through stabilizing focal contacts (Woo and Gomez 2006).
Studies have shown a requirement for RhoA (Mulherkar et al. 2014b), Cdc42 (E.-E.
Govek et al. 2018), and Rac1/Rac3 (Nakamura et al. 2017) GTPases during cerebellar

granule cell migration.

Chimaerin proteins as negative regulators of RhoGTPases

As small G-proteins, Rho GTPases exist in both active (GTP-bound) and inactive (GDP-
bound) states (Cherfils and Zeghouf 2013). Therefore, to ensure proper migratory
behaviors, cells must precisely control the subcellular activity of GTPases in response to
guidance cues. This is generally achieved through the action of local positive regulators
(Guanine Nucleotide Exchange Factors, of GEFs) and negative regulators (GTPase
Activating Proteins, GAPs), which induce conversion to either the GTP- or GDP-bound
form, respectively (Cherfils and Zeghout 2013; Kutys and Yamada 2015). Two main
families of GEFs exists: the DH-PH (Dbl homology-pleckstrin homology) domain family
(Rossman, Der, and Sondek 2005), and the DHR (Dock homology region) domain family
(Meller, Merlot, and Guda 2005; Bai et al. 2015). In contrast, the diversity of GAPs has
prevented their classification into related families, and they are instead grouped by their

respective targets, which may or may not reflect actual evolutionary relatedness
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(Bernards 2003). Notably, a third class of Rho GTPase regulators, called Guanine
Disassociation Inhibitors, or GDIs, have been described to regulate the membrane
recruitment of some classes of GTPases (Cherfils and Zeghouf 2013). The target
promiscuity of these regulators, coupled with their overlapping expression profiles and
placements in diverse signaling cascades, have made elucidation of their individual in
vivo roles a difficult task.

The chimaerin family of RacGAPs consists of two genes: a-chimaerin (CHNI)
and B-chimaerin (CHN2), each of which are known to produce two isoforms (Yang and
Kazanietz 2007). Among the estimated 70 mammalian RhoGAPs, the chimaerins are
unique for their specificity as negative regulators of Racl GTPase, and for their C1
binding domain, which allows interactions with the second messenger diacylglycerol
(DAG) and consequent recruitment to the plasma membrane inner leaflet (G. H. Huang et
al. 2017; Yang and Kazanietz 2007). Of the two homologues, a-chimaerin has been more
thoroughly investigated in neurodevelopmental processes, and has been demonstrated to
play roles in hippocampal dendritic spine remodeling (Van de Ven 2005; Buttery et al.
2006), Ephrin-mediated growth cone collapse, (Brown 2004; Beg et al. 2007; Iwasato et
al. 2007; Wegmeyer et al. 2007) and optic tract axon guidance (Ferrario et al. 2012). The
homologue B-chimaerin is less well studied but was recently shown to act downstream of
Sema3F/neuropilin-2 signaling to regulate Racl activity during hippocampal Dentate
Gyrus axon pruning (Riccomagno et al. 2012). Of note, B-chimaerin has been shown to
be strongly expressed in cerebellar granule cells (GCs) in the adult (Leung et al. 1994),

but its function during cerebellar morphogenesis is unknown.
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A new functional role for B-chimaerin during cerebellar lamination is the main
topic of study of Chapter 3. Here I demonstrate that a small population of cerebellar
granule cell progenitors (GCPs) express B-chimaerin prior to completing their radial
migration from the External Germinal Layer (EGL) inward to the mature Granule Cell
Layer (GCL). Mouse mutants for f-chimaerin have disrupted lamination of the cerebellar
cortex, displaying aggregated ectopic clusters of neurons well into adulthood. I show that
these clusters are composed principally of post-mitotic granule cells and not other
cerebellar neurons, and that they are able to recruit mossy fiber afferents from the pontine
nucleus. These results expand on our current knowledge of the regulation of Racl during

cerebellar development.
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Chapter 1

Cas proteins are required for cortical white matter tract fasciculation
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Abstract

Proper neural circuit organization requires individual neurons to project to their
targets with high specificity. While several guidance molecules have been shown to
mediate axonal fasciculation and pathfinding, little is understood regarding how neurons
intracellularly integrate these cues. Here we provide genetic evidence that the Crk-
Associated Substrate (Cas) family of intracellular adaptor proteins are required for proper
fasciculation and guidance of two cortical white matter tracts, the Anterior Commissure
(AC) and thalamocortical axons (TCAs). Using a Triple Conditional Knock Out (Cas
TcKO) model generated in our lab, we show evidence that Cas proteins are required non-
neuronal-autonomously for TCA projection, in a manner that phenocopies a non-neuronal
requirement for the integrin-f1 receptor. Additionally, analysis of Cas TcKO mutants
reveals a neuronal-autonomous role in AC fasciculation that is not phenocopied in
integrin-B1 deficient mutants, suggesting that Cas proteins are signaling downstream of a
different receptor during this axon pathfinding event. These findings build on a growing
literature implicating Cas proteins as key mediators of axon fasciculation and guidance,

acting downstream of a variety of receptors.
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Introduction

During Central Nervous System (CNS) development, axons often traverse
complex routes to meet their synaptic targets, interacting with a diverse array of
attractive, repulsive, and permissive substrates (Tessier-Lavigne and Goodman 1996;
Kolodkin and Tessier-Lavigne 2011). One developmental mechanism proposed to ensure
proper guidance of large tracts is the concept of “pioneer” vs “follower” axons (Stephen
S. Easter et al. 1994; S S Easter, Ross, and Frankfurter 1993; Caudy and Bentley 1986;
Lefcort and Bentley 1987; L. Wang and Marquardt 2013). In this framework, initial
pioneering axons are able to carve out exquisitely precise and stereotyped trajectories
thanks to the presence of intermediate targets or guidepost cells, their passage laying
tracks by which subsequent follower axons may use to reach a common target (Chédotal
and Richards 2010). Both the guidepost-to-guidepost advancement of pioneering axons
and the regulated fasciculation and defasciculation of follower axons require neurons to
properly sense and respond to adhesive signals (Moreland and Poulain 2022; Breau and
Trembleau 2022), in the forms of cell-cell and cell-extracellular matrix (ECM)
interactions. In the vertebrate nervous system, two well established examples of
guidepost-assisted axonal guidance are thalamocortical axon (TCA) projections (Garel
and Lopez-Bendito 2014; Lopez-Bendito et al. 2006) and the commissural tracts of the
forebrain, such as the Anterior Commissure (AC) (Squarzoni, Thion, and Garel 2015).
However, the exact cellular and molecular mechanisms that permit the timely regulation

of adhesive signals during TCA guidance or AC formation remains to be elucidated.
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During normal development, TCA projections are guided by a diverse array of
secreted gradients, multiple guidepost populations, and intermediate targets as they carve
out their complex trajectories to cross the pallio-subpallial boundary, fasciculate to form
the internal capsule, innervate the cortical plate, and defasciculate to reach their
individual targets (Molnar et al. 2012). TCAs reach the cortex before their target layer
(IV) is fully formed, and their processes arrest for several days before entering the
cortical plate, temporarily targeting a cortical region known as the subplate (Ghosh et al.
1990; Ayoub and Kostovic 2009; Allendoerfer and Shatz 1994). Entry of thalamic axons
into the cortical layers and coordinated target selection is facilitated by subplate neurons,
a developmentally transient population of the earliest-born telencephalic neurons that
may be considered another type of intermediate target for TCA pathfinding (McConnell,
Ghosh, and Shatz 1989; Ghosh et al. 1990; Ghosh and Shatz 1992; Allendoerfer and
Shatz 1994; Kanold and Luhmann 2010). The formation of commissural tracts in the
forebrain is also known to involve the assistance of intermediate targets, often in the form
of transient midline glial populations (Silver, Edwards, and Levitt 1993; Marcus et al.
1995; Shu and Richards 2001; Shu, Li, et al. 2003), such as the glial “tunnel” that
facilitates the formation of the AC (Pires-Neto, Braga-De-Souza, and Lent 1998; Lent et
al. 2005). The AC is composed of two tracts that share a midline crossing point: axons of
the anterior AC (aAC) originate in the Anterior Olfactory Nucleus and form reciprocal
connections to each olfactory bulb, while axons of the posterior AC (pAC) originate from
the ventrolateral cortex and join with the stria terminalis to form reciprocal connections

between the two hemispheres (Jouandet and Hartenstein 1983; Fenlon et al. 2021).
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Recent developmental studies have identified a population of pioneering axons that
precede the formation of a primary fascicle and midline crossing during pAC formation
and suggest a role for ECM molecules in the sorting of aAC and pAC axons (Martin-
Lopez, Meller, and Greer 2018).

The Cas family of signal adapter proteins comprises of four paralogues: p/30Cas
(Bcarl), Cas-L (HEF'1, NEDD?Y), Sin (EFS), and Cass4 (Defilippi, Di Stefano, and
Cabodi 2006; Deneka, Korobeynikov, and Golemis 2015). Upon integrin receptor
stimulation, these highly structurally similar scaffolding proteins may be phosphorylated
on tyrosine residues within the substrate-binding domain, which contain repeats of a
YxxP sequence, thus permitting docking of SH2 and PTB-containing partners like Crk
(Defilippi, Di Stefano, and Cabodi 2006; Ruest et al. 2001; Fonseca et al. 2004; Bouton,
Riggins, and Bruce-Staskal 2001; Donato et al. 2010). This induces the assembly of a
Cas-Crk-DOCK 180 scaffold complex that subsequently recruits and activates Rac
GTPases, leading to local actin polymerization (Defilippi, Di Stefano, and Cabodi 2006;
Honda et al. 1999; Gustavsson, Yuan, and Fiallman 2004). In this way, Cas proteins act as
an essential link between external adhesion signals and the actin cytoskeleton, permitting
cells to reorganize their actin network in response to ECM engagement.
Developmentally, Cas proteins have been demonstrated to regulate motor axon
fasciculation and projection in Drosophila (Z. Huang et al. 2007), with similar roles in
the fasciculation and pathfinding of DRG axons in the mammalian PNS (Vahedi-Hunter
et al. 2018). In the mammalian CNS, Cas proteins coordinate commissural projections in

the spinal cord (Liu et al. 2007), are required for Retinal Ganglion Cell positioning in the
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mouse retina (Riccomagno et al. 2014) and have been recently shown to participate in
cortical lamination (Wong et al. 2022), demonstrating the multifaceted roles for Cas
proteins in neuronal migration and axonal guidance events. Biochemical studies have
shown that Cas proteins may be phosphorylated downstream of Integrin (Bargon,
Gunning, and O’Neill 2005; Z. Huang et al. 2007), Dystroglycan (Wong et al. 2022),
CXCLI12/CXCR4 (J. F. Wang, Park, and Groopman 2000), Neuropilin (Evans et al.
2011), and Netrin (Liu et al. 2007) signaling. Conversely, activation of the Eph/Ephrin
pathway has been demonstrated to decrease Cas protein phosphorylation (Bourgin et al.
2007), suggesting these scaffolding proteins may serve as versatile mediators of both
adhesion and neuronal guidance signaling events.

In this study, we sought to investigate the potential roles for Cas proteins during
the formation of forebrain white matter tracts. Using conditional reverse genetics, we
show that Cas proteins are broadly required for proper guidance of TCA projections and
for fasciculation of pAC axons. We go on to show that the TCA projection phenotype is
forebrain-autonomous but non-neuronal-autonomous, with mis-projecting TCA processes
closely associating with misplaced subplate neurons. Further, we demonstrate a neuronal-
autonomous role for Cas genes during AC fasciculation, and show that defasciculating
axons originate, in part, from dorsolateral cortex. Interestingly, these defects in AC
fasciculation are not phenocopied by integrin-f1 mutants, suggesting this receptor is
dispensable for AC fasciculation and pathfinding, and that Cas proteins act at least in part

independently of integrin-B1 in this process.

28



Results

To investigate the potential roles for Cas family proteins during cortical tract
formation, we began by assessing the expression of Cas family paralogues during cortical
development. Recently, we established that transcripts for the paralogues p/30Cas,
CasL/Nedd9, and Sin/Efs are all expressed in the developing cortex, with overlapping
expression in the subventricular and ventricular zones (Wong et al. 2022). Additionally,
the localization of p/30Cas transcript is also dynamically enriched in the cortical plate
(embryonic day 12.5, E12.5) and intermediate zone (embryonic day 14.5, E14.5),
consistent with expression in postmitotic migrating neurons and projecting axons (Wong
et al. 2022). We next performed immunohistochemistry for the Cas proteins p130Cas and
Nedd9 on C57BL/6J embryos at embryonic days 12.5, 14.5, and 16.5 (E12.5, E14.5,
E16.5), as these represent the window when many cortical tracts are established
(Wahlsten 1981; Pires-Neto, Braga-De-Souza, and Lent 1998; Martin-Lopez, Meller, and
Greer 2018) (Figure 1.1). Initially, p130Cas protein is restricted to the marginal and
ventricular zones (Figure 1.1 D and D’), subsequently expanding to include
ventricular/subventricular and intermediate zones by E14.5 (Figure 1.1 E and E’). By
E16.5, p130Cas protein remains diffusely expressed throughout the cortical plate, with
the most intense signal observable in the marginal zone and white matter (Figure 1.1 F
and F’). In a similar manner, Nedd9 (CasL paralogue) protein is restricted to the
marginal zone at E12.5 (Figure 1.1 G and G’), expanding to include the cortical plate at
E14.5 (Figure 1.1 H and H’), before again becoming restricted to the marginal zone at

E16.5 (Figure 1.1 I and I’). Unfortunately, commercial antibodies for Sin and Cass4
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proteins are not available, but the mRNA distribution for Sin indicates that this paralogue
is indeed developmentally expressed in the cortex (Wong et al. 2022). Overall, these
initial expression analysis support the idea that Cas genes may participate in cortical
circuit assembly.

To better visualize axons originating from neurons expressing p/30Cas, and to
test whether these axons contribute to major cortical tracts, we took advantage of the
p130Cas-EGFP-BAC transgenic line produced by the GENSAT BAC transgenic project
(Gong et al. 2003). These mice carry a bacterial artificial chromosome (BAC) containing
an enhanced green fluorescent protein (EGFP) expression cassette driven by the p/30Cas
promoter and 10kb of upstream regulatory sequences, thereby causing all cells with
pl130Cas promoter activity to accumulate cytosolic EGFP in a pattern that recapitulates
endogenous expression. We collected p/30Cas-EGFP-BAC pups at E14.5, E16.5 and
neonates (P0) and performed immunohistochemistry for Neural Cell Adhesion Molecule
L1 (NCAM-L1) (Fischer, Kiinemund, and Schachner 1986; Moos et al. 1988; Munakata
et al. 2003) to visualize cortical white matter tracts (Figure 1.2). Indeed, we find at E14.5
pl130Cas-driven EGFP signal is co-expressed with NCAM-L1 throughout the cortical
plate, in the lateral cortex and in a group of axons fasciculating to form the presumptive
Anterior Commissure (AC) (Figure 1.2 A-A’’, white arrowheads denote forming AC).
By E16.5, robust p/30Cas-driven EGFP signal is observed in all layers of the cortex,
marginal zone, and white matter, with clear expression in the External Capsule (EC,
Figure 1.2 B, white star), striatal axons, and continued expression in the now midline-

crossing AC (Figure 1.2 B, white arrowheads). In neonates (P0), we observe strong
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p130Cas-driven EGFP in all major cortical tracts, including the corpus callosum,
striatum, EC and AC (Figure 1.2 C-C”’, white star denotes EC and white arrowheads
denote AC). High-magnification images are shown for the pallio-subpallial boundary
(Figure 1.2 D-D”’, white dotted line indicates boundary) and cingulate cortex (Figure
1.2 E-E”’) in p130Cas-EGFP-BAC neonates. We can see many diffuse NCAM-L1"
processes innervate the subpallium that are not expressing p/30Cas-driven EGFP,
although many EGFP" cell bodies occupy this region (Figure 1.2 D-D’). Similarly, the
cortex shows robust expression of p/30Cas-driven EGFP in all cortical layers and in the
white matter (Figure E-E).

Having confirmed the developmental expression of Cas genes during the
formation of cortical white matter, we next sought to test the requirement for Cas proteins
during cortical tract formation. To this end, we generated Cas triple conditional
knockouts (Cas TcKO) (Riccomagno et al. 2014; Vahedi-Hunter et al. 2018; Wong et al.
2022) to assess the broad requirements for Cas proteins during cortical tract development.
In brief, these animals bear homozygous null alleles for the Cas homologues CasL (CasL"
) and Sin (Sin”"), while also harboring homozygous floxed alleles for p130Cas
(p130Cas™"), permitting Cre-mediated excision upon crossing to different Cre-driver
lines. As such, the Cas TcKO model is a powerful resource to study the broad
developmental requirements of Cas homologues in a cell- and tissue-specific manner.

To determine the requirement Cas genes during brain development, we chose to
induce a broad deletion of Cas gene function by crossing Cas TcKO animals with Nestin-

Cre mice, which drives early (E9.5) recombination in neural stem cells and intermediate

31



progenitors (Tronche et al. 1999). As such, Nestin-Cre is often employed by investigators
to produce CNS-wide deletions in both neural and glial populations. We generated
Nestin-Cre;CasL™”;Sin”";p130Cas"* (or more simply Nes-Cre; TcKO) mutants and
performed immunohistochemistry for the axon marker NCAM-LI1 to examine the
organization of major cortical tracts (Figure 1.3). We observe notable disruptions to two
major white matter tracts in Nes; TcKO mutants: the Anterior Commissure (AC) and
cortical white matter. Axons of the External Capsule (EC) that, upon exit from the
pallium, turn medially to join the posterior Anterior Commissure (pAC), fail to
fasciculate properly in Nes-Cre; TcKO mutants and project ventrally into the subpallium
(Figure 1.3 A’ vs D). These mis-projecting axons connect to the dorsolateral cortex, as
they are labelled by tracing experiments using DiA crystals placed into the
Somatosensory 2 (S2) region of the cortex (Figure 1.3 B vs E, white arrowheads). This is
notable, as in mice the pAC has only been described to connect projections from
lateroventral areas, mainly the piriform and entorhinal cortex (Fenlon et al. 2021).

Nes,; TcKO mutants also display severe defects in white matter within the cortical plate,
with large fasciculated bundles of axons mis-projecting to the pial surface. (Figure 1.3
A”’ vs D”’). We hereafter refer to these ectopic projections as Cortical Bundles (CBs).
Given the cortex receives complex input from multiple cortical and subcortical areas,
including contralateral connections via commissural tracts like the corpus callosum or
AC (Chédotal and Richards 2010) and subcortical thalamic input from Thalamocortical
(TCA) projections (Lopez-Bendito and Molnar 2003; Hanashima, Molnér, and Fishell

2006), we asked if the CB phenotype presented by Nes-Cre; TcKO mutants consists of
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axons originating from cortical or subcortical areas. We performed lipophilic tracing
experiments using Dil by placing crystals into the laterodorasal nucleus of the thalamus
and found robust labeling of CBs in the ipsilateral hemisphere in Nes-Cre; TcKO mutant
neonates (Figure 1.3 C, F, white stars). To assess if cortical axons contribute to either
CB formation, we performed stereotactic injection of an AAV-tdTomato fluorescent
reporter into the endopiriform cortex of P21 Nes-Cre,; TcKO and cre-negative control
littermates (Fenlon et al. 2021), and allowed viral expression for two weeks before
collecting tissue for immunohistochemistry. We found robust labeling of callosal, EC and
AC tracts with this method (Figure 1.3 G and H). Surprisingly, we did not observe CB
labeling from cortical axons, including those crossing through the corpus callosum
(Figure 1.3 G’ and H”), suggesting that these CBs form primarily from TCA afferents.
Similarly, we did not observe AC defasciculating axons contralateral to the injection site
(Figure 1.3 G”’ and H”’), demonstrating the AC defasciculating axons in Nes-Cre; TcKO
mutants originate only from ipsilateral cortex. These data point to a strong requirement
for Cas family genes during cortical white matter tract formation.

To better assess the developmental progression of Nes-Cre; TcKO white matter
tract defects, we collected mutant embryos at E14.6, E16.5, and E18.5 and performed
immunohistochemistry for NCAM-L1 (Figure 1.4). Interestingly, we observed different
developmental trajectories for each phenotype. Initial formation of the EC-AC tract was
unperturbed in Nes-Cre; TcKO animals, with no observable defasciculating axons at
E14.5 and E16.5 (Figure 1.4 A’ vs B’, C’ vs D’). It was not until late embryonic

development (E18.5) that axons aberrantly defasciculating from the EC were observed
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(Figure 1.4 E’ vs F°, white arrowhead). In contrast, the CB phenotype is apparent in Nes-
Cre; TcKO mutants as early as E14.5 (Figure 1.4 A”’ vs B”’, white stars), with the
phenotype growing in severity as development continues (Figure 1.4 C*’-F’’, white stars
denote CBs). These results suggest subtly different developmental trajectories for each of
the presented white matter tract phenotypes.

Due to the apparent differences in developmental timing for each of the white
matter phenotypes observed in Nes-Cre; TcKO mutants, we next asked if Cas family
genes are functioning cortical- or neuronal-autonomously during establishment of these
white matter tracts. As such, we chose to generate two new classes of Cas TcKO mutants
by crossing into Emx1-Cre (Gorski et al. 2002) and Nex-Cre (Goebbels et al. 2006) driver
lines. In contrast to the broad expression of Nestin-cre,, Emx1-Cre and Nex-Cre
recombination events are largely restricted to the cortex. While Emx/-Cre induces
recombination in cortical intermediate progenitors, thus affecting both cortical neurons
and most glial populations, Nex-Cre is active only in postmitotic neurons within the
cortex. As such, comparisons between the three classes of Cas TcKOs (Nestin-Cre vs
Emx1-Cre vs Nex-Cre) allow us to elucidate the tissue- and cell-specific requirements of
Cas family genes during cortical white matter tract establishment.

Following this genetic reasoning, we generated EmxI-Cre; CasL™”";Sin”
;p130Cas™* (Emx1-Cre; TcKO) mutants and collected neonates for
immunohistochemistry using the axon marker NCAM-L1 (Figure 1.5). Emx[-Cre; TcKO
animals phenocopy the AC defasciculation errors observed in Nes-Cre; TcKO neonates

(Figure 1.5 A’,vs D’, white arrowhead). These defasciculating AC axons were labeled by
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lipophilic tracing from DiA crystal placement into the S2 cortex (Figure 1.5 B vs E,
white arrowheads), reproducing the unusually dorsolateral origin of these projections in
both classes of mutants. Emx-Cre; TcKO animals also present the CB phenotype (Figure
1.5 A”’ vs D”’, white stars). We performed axon tracing experiments using lipophilic
dyes in Emx1; TcKO neonates and confirmed that these CBs are primarily formed by
thalamic axons in these mutants. (Figure 1.5 C vs F, white stars). Given Emx/-Cre is not
expressed in the thalamic territory (Gorski et al. 2002), and we have established that the
CBs in Nes-Cre,; TcKO mutants are primarily TCA afferents originating from the thalamic
nuclei (Figure 1.3 C vs F), these results suggest a non-cell autonomous role for Cas
genes in TCA innervation, possibly through the positioning of, or in response to, some
local guidance cue or intermediate target population. Collectively, analysis of EmxI-
Cre; TcKO mutants demonstrates that both white matter tract phenotypes in Cas TcKO
animals are cortical-autonomous, i.e. requiring Cas gene function in the cortical plate
itself, and reproduce a dorsolateral origin of the defasciculating AC axons.

We next generated Nex-Cre;CasL”;Sin”";p130Cas"* (Nex-Cre; TcKO) and
collected neonates for immunohistochemistry using the axon marker NCAM-L1 (Figure
1.5). In contrast to Emx1-Cre; TcKO mutants, Nex-Cre; TcKO mutant neonates only
present the AC defasciculation phenotype (Figure 1.5 G’ vs J°, white arrowheads),
demonstrating a cortical- and neuronal-autonomous role for Cas genes during AC
fasciculation. These stray AC axons were again confirmed dorsolateral in origin by
lipophilic tracing from DiA crystal placement into the S2 cortex (Figure 1.5 H vs K,

white arrowheads). Interestingly, Nex-Cre; TcKO mutant neonates do not present the CB
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phenotype. Collectively, analysis of the three classes of Cas TcKO mutants implicate a
multifaceted requirement for Cas genes during cortical white matter tract formation. The
proper fasciculation of AC axons appears to require Cas in a cortical- and neuronal-
autonomous manner, likely reflecting a requirement for Cas genes in the projecting axons
themselves. In contrast, the proper projection of TCA afferents into the cortex appears to
have a cortical-autonomous, but non-neuronal-autonomous requirement for Cas genes.
As such, we infer that Cas genes are required by some cortical-resident cell population to
properly coordinate TCA guidance. We chose to examine more closely both the
neuronal-autonomous role of Cas genes in AC fasciculation and the non-cell autonomous
role of Cas genes in TCA projection into the cortex in subsequent experiments.

To further assess the neuronal-autonomous role of Cas genes during AC
fasciculation, we decided to genetically label these axons and confirm their cortical
origins. This also allowed us to more closely examine their relationship to neighboring
tracts. To this end, we made use of the 4i]4/R26"S-4Temato cre reporter line (or simply
Ail4 in text), which produces tdTomato fluorescent protein upon cre-mediated excision
of upstream translational STOP sequences, permitting visualization of cells or tissues that
have or previously had cre recombinase expression (Madisen et al. 2010). We crossed the
Ail4 reporter line into EmxI-Cre; TcKO line to generate Emx1-Cre;Ail4"; TcKO mutants
and collected neonates for immunohistochemistry with the marker NCAM-L1 (Figure
1.6). As expected, we found robust labeling of the EC-AC tract in Emx/-Cre" controls
and observed tight fasciculation of the AC tract in these animals (Figure 1.6 A-B’’ and

C-D”’). Examination of Emx1-Cre;Ail 4% :TcKO mutants revealed that all of the
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defasciculating AC processes were tdTomato", genetically confirming the cortical origin
of these mis-projections (Figure 1.6 E-F’’, white arrowheads). Interestingly, these
tdTomato NCAM-L1" processes appear to interpolate with tdTomato NCAM-L1"
processes that diffusely populate the subpallium, suggesting that these Cas deficient
(tdTomato") axons are improperly associating with other axonal processes.

We next crossed the 4i/4 reporter line into Nex-Cre,; TcKO line to generate Nex-
Cre;Ail4™; TcKO mutants and collected neonates for immunohistochemistry with the
marker NCAM-L1 (Figure 1.6). As expected, we found robust labeling of the EC-AC
tract in Nex-Cre" controls (Figure 1.6 G-H”’ and I-J*). Interestingly however, we
observed a dose-dependent effect of the loss of Cas gene function in the severity of the
AC defasciculation phenotype in Nex-Cre crosses. While Nex-Cre;Ail14";CasL™;Sin*"
;p130Cas™" animals display normal AC fasiculation (Figure 1.6 H-H"*), Nex-
Cre;Ail4"";CasL”;Sin”";p130Cas"" animals begin to display a less severe AC
defasciculating phenotype (Figure 1.6 I-I’’), with the full severity of the phenotype
presented by Nex-Cre; Ail4";TcKO (full genotype written as Nex-Cre;Ail4";CasL”
;Sin”";p130Cas™") mutants (Figure 1.6 J-J*°). Like seen with EmxI-Cre;Ail14""; TcKO
mutants, all defasciculating AC processes are tdTomato " and appear to interpolate with
with tdTomatoNCAM-L1" processes that diffusely populate the subpallium (Figure 1.6
I-I”’ and J-J”°). Collectively, these data genetically confirm the cortical origins of EC
defasciculating axons while also suggesting that defasciculating AC projections are

incorrectly associating with other NCAM-L1" processes.
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We next sought to further investigate the non-neuronal-autonomous role for Cas
genes during TCA projection into the cortex. During canonical adhesion signaling events,
Cas proteins are recruited to early focal complexes downstream of integrin-B1 receptor
stimulation and activation of the non-receptor tyrosine kinases Focal Adhesion Kinase
(FAK) and Src (Defilippi, Di Stefano, and Cabodi 2006). In the brain, the integrin-f1
receptor (encoded by the Itghl gene) appears to be the most prevalent B-integrin subunit
mediating adhesion signaling events (Yan and Cui 2022; Myers, Santiago-Medina, and
Gomez 2011a; Jaudon, Thalhammer, and Cingolani 2021; Lilja and Ivaska 2018; Milner
and Campbell 2002), with established roles in axonal guidance and growth cone
dynamics (Myers, Santiago-Medina, and Gomez 201 1a; Kerstein, Nichol, and Gomez
2015; Bixby and Harris 1991; Renaudin et al. 1999). Given the cortical-autonomous but
non-cell-autonomous role for Cas genes during TCA projection (Figure 1.5), we asked if
this non-neuronal-autonomous requirement was recapitulated by /¢tgb/ mutants, or if
these mutants display similar deficits in other white matter tracts. Therefore, we
generated Emx-Cre; Itgb """ and Nex-Cre;Itgh " mice and performed
immunohistochemistry for NCAM-L1 (Figure 1.7). We observe that Emx-Cre, Itgh """
mutants strongly phenocopy the CB phenotype presented by Cas TcKO mutants (Figure
1.7 A’ vs B*’, white stars), whereas Nex-Cre; Itgb " do not (Figure 1.7 C>* vs D”*).
These results suggest a similar non-neuronal-autonomous role for integrin-1 during
TCA projection. Having generated these two classes of /tghl mutants, we also took the
opportunity to examine the EC-AC tract in these neonates. Interestingly, we found that

neither class of /tgh1 mutants phenocopy the AC defasciculation defects observed in Cas
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TcKO mutants (Figure 1.7 A’ vs B’ and C’ vs D). These observations confirm a non-
neuronal-autonomous role for /tgh/ during TCA guidance and fasciculation and
demonstrate the integrin-B1 receptor is dispensable for AC fasciculation.

Finally, we sought to identify a developmental mechanism by which TCA
afferents mis-project to form CBs in Cas TcKO mutants. Informed by recent research in
our lab establishing a role for Cas proteins during cortical lamination (Wong et al. 2022),
we asked if the cortical-autonomous, non-cell-autonomous CB phenotype presented by
EmxI-Cre; TcKO and Emx1-Cre; Igtb ' mutants could be explained as a secondary
phenotype resulting from the cortical lamination defects we observe in these mutants. As
previously mentioned, the subplate is a transient structure that acts as an intermediate
target for TCAs that coordinates the entry of these thalamic axons into the cortical plate
(Ghosh and Shatz 1992; Lopez-Bendito and Molnar 2003). Given the cortical
requirement of Cas genes for TCA guidance, and the previously described errors in
cortical lamination presented by Cas TcKO mutants (Wong et al. 2022), we hypothesized
that one possible explanation for the CB phenotype presented here could be the
displacement of subplate neurons in Cas TcKO and Igtb]l mutants. Therefore, we
generated Emx-Cre; CasTcKO and EmxI-Cre;Itgh™" mutants and collected E16.5 cortex
for immunohistochemistry with the markers NCAM-L1 and Tbrl, a transcription factor
known to regulate the specification of the subplate and layer VI cortical layers (Hevner et
al. 2001) (Figure 1.8). Indeed, we find that in both Emx/-Cre; CasTcKO and EmxI-

Cre; Itgh"" mutants lamination of Tbr1™ cells is highly disrupted, displaying focal

dysplasia containing columns of Tbr1™" cells that reach the marginal zone (Figure 1.8 B’
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vs D’ and F’ vs H’). We observe that NCAM-L1" CBs strongly correlate with these
displaced Tbrl" cells, at times with clear “tubes” of Tbr1™" cells containing CBs
projecting to the marginal zone (Figure 1.8 D-D’’ and H-H’, white stars). These results
demonstrate that the subplate and deep cortical layer organization is disrupted in both
Cas TcKO and Itgbl mutants, with breakages in the subplate correlating strongly with the

CB phenotype in these animals.

Discussion

In this study we used conditional mouse genetics to assess the cortical-
autonomous and neuronal-autonomous roles of Cas genes during forebrain white matter
tract formation. Using a triple conditional knockout (Cas TcKO) model developed in the
Kolodkin and our labs (Riccomagno et al. 2014; Vahedi-Hunter et al. 2018; Wong et al.
2022), we provide strong genetic evidence Cas proteins are required neuronal-
autonomously for proper fasciculation of the posterior branch of the Anterior
Commissure (pAC) (Figure 1.3 D’ and E) and cortical-autonomously for
thalamocoritical axon (TCA) guidance (Figure 1.3 D" and F). Each of these phenotypes
is discussed below, beginning with the AC fasciculation.

The AC is highly evolutionarily conserved forebrain tract that, in mice, makes
reciprocal connections between the Anterior Olfactory Nuclei of each olfactory bulb (via
the anterior AC tract, aAC), as well as mediating reciprocal connections between the
piriform and entorhinal cortices of the two hemispheres (via the posterior AC tract, pAC)

(Fenlon et al. 2021). Recent developmental studies have identified a small group of
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pioneering axons with unusual elongation kinetics that advance towards the embryonic
midline at E13 that precede the majority of pAC axons arriving later at E15 (Martin-
Lopez, Meller, and Greer 2018). These later arriving processes join with the stalled
pioneers to form a primary fascicle that crosses the embryonic midline in unison at E16,
with contralateral innervation occurring at E17 and specific target selection achieved at
E18 (Martin-Lopez, Meller, and Greer 2018). In the present study, we find that Cas
TcKO mutants display defasciculation and ventral targeting of axons of the pAC tract
(Figure 1.3 D’ and E). However, these defects are only observable at later embryonic
(E18.5) and postnatal (PO) stages (Figure 1.3 and Figure 1.4 F’). Considering the
developmental timeline of pAC development, this suggests that it is a population of late
“follower” axons that arrive at the AC, possibly reflecting slower axonal extension or
more distant cell body positioning. Indeed, we find that the defasciculating AC processes
originate from dorsolateral cortex, as they are labeled by lipophilic tracing from the
somatosensory S2 cortex in all three classes of Cas TcKO mutants analyzed (Figure 1.3
E, Figure 1.5 E and K). These results are unusual, in that the pAC has only been
described to carry axons from ventrolateral cortical areas in mice (Fenlon et al. 2021),
suggesting these axons may be mis-routed from their normal tracts, possibly the corpus
callosum. We go on to genetically confirm the cortical origin of these defasciculating AC
processes, as they are labeled by the Ai/4 fluorescent cre-dependent reporter when
crossed to either Emx[-Cre or Nex-Cre (Figure 1.6 F-F*’ and L-L’’). Further, we
observe that the defasciculating tdTomato”™ AC processes appear to interpolate with other

NCAM-L1" processes in the subpallium, suggesting these axons are failing to properly
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regulate homotypic vs heterotypic associations (Spead and Poulain 2020). Of note, we
observe a dose-dependent effect of the loss of Cas genes in the Nex-Cre crosses, with
animals containing a single wildtype copy of p/30Cas presenting an intermediate
phenotype (Figure 1.6 J-J°). We believe that these observations may be explained in
part by the highly sensitized and somewhat outbred background of 4i/4";CasL”;Sin”"
animals; we postulate that the differences seen here in sensitivity to Cas gene dosage may
reflect either different efficiencies of the Emx-Cre and Nex-Cre lines, or simply random
intractable differences in sensitizing genetic background when generating these crosses
from outbred lines, or both. Nevertheless, a single allelic copy of wildtype or floxed
pl130Cas appears generally sufficient for normal cortical tract development in a cre-
negative Cas TcKO background, as evidenced by the littermate controls presented
elsewhere in this manuscript. Taken together, these data support a cell autonomous
requirement for Cas proteins for guidance of a subset of cortical axons, that in the
absence of these genes mis-project into the ventral subpallium.

During canonical adhesion signaling, Cas proteins are recruited to cellular
adhesion complexes following integrin receptor-ECM engagement (Defilippi, Di Stefano,
and Cabodi 2006; Vuori et al. 1996; Donato et al. 2010). The integrins are a large family
of transmembrane receptors that include 18 alpha (o) and 8 beta () subunits, which are
known to form 24 combinations of aff heterodimers (Takada, Ye, and Simon 2007;
Schwartz 2001). The integrin-B1 subunit has been particularly well studied, as it is found
in 12 of the known heterodimer combinations and appears to mediate most intracellular

signaling functions during CNS development (Richard O Hynes 2002; Takada, Ye, and
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Simon 2007; Milner and Campbell 2002; Lilja and Ivaska 2018; Jaudon, Thalhammer,
and Cingolani 2021; Myers, Santiago-Medina, and Gomez 201 1a; Riccomagno et al.
2014; Schmid and Anton 2003). Therefore, we asked if Cas proteins are signaling
downstream of the integrin-B1 receptor during the formation of cortical white matter
tracts. We analyzed the structure of the AC in /gtb] mutant neonates, which are deficient
for the integrin-f1 subunit. We found that conditional deletion of Igth using Emx1-Cre
or Nex-Cre failed to phenocopy the AC defasciculation defects observed in Cas TcKO
mutants, suggesting that integrin-f1 is dispensable for the fasciculation of this tract. This
raises two intriguing possibilities: either there is compensation from another 3 subunit in
Igth1 deficient animals, or Cas proteins are signaling downstream of a non-canonical
receptor system. Indeed, Integrin-B5, Integrin-B6, and Integrin-f8 have all been shown to
be expressed in the embryonic cortex (Schmid and Anton 2003). These three subunits are
known to form heterodimers with Integrin-aV, permitting recognition of the ECM
molecules fibronectin and vitronectin (Lilja and Ivaska 2018). Development of the pAC
is coordinated by a population of midline glial cells that dynamically express the ECM
molecules CSPG, tenascin, fibronectin, and laminin (Pires-Neto, Braga-De-Souza, and
Lent 1998), making it plausible that Cas proteins are mediating an aV-fibronectin
signaling cascade, a novel function for these versatile scaffolding proteins. The second
possible explanation for the failure of /g¢zb/ mutants to phenocopy the AC defasciculation
defects presented by Cas TcKO animals is if Cas proteins are signaling downstream of a
different receptor system. In support of this, it has been shown that phospho-activation of

Cas can be modulated by CXCL12/CXCR4 (J. F. Wang, Park, and Groopman 2000),
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Neuropilin (Evans et al. 2011), Netrin (Liu et al. 2007), and Eph/Ephrin (Bourgin et al.
2007) signaling. Mutations in several genes have been shown to affect the development
of the aAC (Fazeli et al. 1997), pAC (Henkemeyer et al. 1996; Robichaux et al. 2016;
Kwon, Tsai, and Crandall 1999), or the entire AC tract (Islam et al. 2009; Ito et al. 2010;
Serafini et al. 1996; Klingler et al. 2015; Julien et al. 2005; Dottori et al. 1998; H. Chen et
al. 2000; Giger et al. 2000; Sahay et al. 2003; Suto et al. 2005; Abudureyimu et al. 2018;
Deuel et al. 2006; Shen et al. 2002; Tissir et al. 2005; L. Chen et al. 2007; Tole et al.
2006; Hua et al. 2014), although most observed mutations result in thinning or absence of
the AC tracts, not defasciculation of AC axons. Notably, mutants of the Eph ligand Nuk
(Henkemeyer et al. 1996) as well as EphB1/EphB2 double-mutants (Robichaux et al.
2016) display similar defasciculation and ventral targeting of pAC axons as those we
observe in Cas TcKO mutants. Similarly, the defasciculating AC axons observed in
EphB1/EphB2 double-mutants have an unusually dorsolateral origin, which the authors
suggest demonstrates axonal guidance defects in these animals (Robichaux et al. 2016).
Some biochemical studies have implicated cross-talk between Integrin-f1 and
EphB/EphrinB receptor pathways in various cell types (Stein, Huynh-Do, et al. 1998;
Stein, Lane, et al. 1998; Huynh-Do et al. 1999; Becker et al. 2000). In the context of CNS
biology, the adhesion molecules laminin and NCAM-L1 were shown to differentially
modulate EphB-stimulated growth cone collapse in cultured retinal ganglion cells (Suh et
al. 2004). Similarly, Ephrin-B reverse signaling was shown to induce stereotyped mossy
fiber axon pruning via the recruitment of the SH2/SH3-domain containing scaffolding

protein Grb4, leading to the formation of a Grb4-Pak-Dock180 complex to induce Rac
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activity (Xu and Henkemeyer 2009). This latter signaling cascade is quite similar to the
canonical Cas-Crk-Dock180 complex that induces Rac activation downstream of integrin
receptor stimulation (Defilippi, Di Stefano, and Cabodi 2006), suggesting multiple
potential points of cross-talk between EphB/Ephrin-B and Integrin signaling could exists
in neurons. Differentiating if Cas proteins are working downstream of either Integrin or
Eph/Ephrin receptor systems during AC projection and fasciculation will be an
interesting goal for future studies.

The second white matter tract phenotype presented by Cas TcKO mutants is the
appearance of large fasciculated bundles of axons mis-projecting to the pial surface of the
cortex (Figure 1.3 A’ vs D”*), which we termed Cortical Bundles (CBs). Lipophilic and
adenoviral tracing experiments reveal the origin of these mis-projections to be thalamic
(Figure 1.3 F and H’). We go on to demonstrate that this phenotype is cortical- but non-
neuronal-autonomous, as conditional deletion of Cas genes using Nex-Cre fail to
recapitulate the CB phenotype (Figure 1.5 G*°, I, J*°, L). From this, we infer that Cas
gene function is not required in TCA projections themselves, but rather some cortical-
resident population that is responsible for coordinating TCA entry. Analysis of /gtb]
mutants similarly revealed a cortical-autonomous but non-neuronal-autonomous role for
integrin-P1, as conditional deletion of /gth using Nex-Cre did not result in the formation
of CBs (Figure 1.7 D”’).

During normal development, TCA innervation of the cortex is regulated by a
transient structure known as the subplate, which acts as an intermediate target for TCAs

until their target layer IV is fully formed (Molnar et al. 2012). Arriving TCA projections
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will stall in the subplate for several days and grow extensive side processes within the
subplate during this waiting period (Ghosh et al. 1990; Ayoub and Kostovic 2009;
Allendoerfer and Shatz 1994). Upon entering the cortical plate, TCAs will form transient
microcircuits with subplate neurons and maturing cortical layer IV neurons, a process
which appears to facilitate the proper targeting of layer IV and thus the organization of
mature circuits (Kanold and Luhmann 2010; Tolner et al. 2012; Viswanathan et al. 2012).
Similarly, subplate neurons display surprising heterogeneity in morphology over the
course of development (Hoerder-Suabedissen and Molnar 2012), suggesting they are
dynamically involved in coordinating TCA regionalization and partner choice, yet the
exact cellular mechanisms that regulate the formation and remodeling of these
connections is not yet well elucidated. Nevertheless, mutations that disrupt the laminar
organization of the subplate, such as Reeler mutants (Molnar et al. 1998) and Cdk5
mutants (Gilmore et al. 1998) result in aberrant TCA projection patterns within the
cortical plate, speaking to the developmental importance of the subplate in TCA
guidance. Previous work from our lab and others has demonstrated that Cas TcKO and
Igth1 mutants have severely disrupted laminar organization of the cortex, caused by
breakages in the basal lamina that destabilize radial glial endfeet attachment, thus
resulting in improper migration of cortical neurons that results in severe cortical dysplasia
(Wong et al. 2022; Graus-Porta et al. 2001; Belvindrah et al. 2007). Therefore, we asked
if the subplate organization were disrupted in Cas TcKO and Igthl mutants, as this could
suggest a developmental mechanism to explain the cortical-autonomous defects we

observe in TCA guidance. Indeed, using the subplate/Layer VI marker Tbr1, we observe
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severe disruption to the deep cortical layers at E16.5 in both Cas TcKO and Igth] mutants
(Figure 1.8 D’ and H’). Co-labeling with NCAM-LI1 reveals that the CB phenotype
correlates strongly with displaced Tbr1" cells. These results suggest a model wherein Cas
genes are required by cortical radial glia to regulate their endfeet attachment and
subsequent migration of the cortical layers, including the subplate. Mispositioned
subplate neurons, in turn, recruit TCAs to innervate improper cortical layers, resulting in
the CB phenotype.

Collectively, these studies demonstrate multifaceted roles for the Cas family of
signal adaptor proteins to function cell-autonomously and non-cell autonomously to
direct axonal guidance and fasciculation of cortical white matter tracts. We build on
previous evidence that Cas genes function radial glial-autonomously downstream of the
integrin-B1 receptor to ensure proper lamination of the cortex (Wong et al. 2022),
showing that such errors in lamination result in disruptions to the subplate, causing
aberrant TCA guidance and the formation of fasciculated bundles that mis-project to the
pial surface. Further, we provide genetic evidence that Cas genes function independently
of the integrin-B1 receptor during fasciculation and guidance of the Anterior
Commissure, demonstrating that a subset of late-arriving axons fail to properly
fasciculate with the posterior branch of the Anterior Commissure. These mis-projecting
axons are, in part, originating in the Somatosensory 2 (S2) cortex and display improper
ventral targeting following crossing of the pallio-subpallio boundary. This study builds

on a rapidly growing literature implicating Cas proteins as key mediators of axon
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fasciculation and guidance downstream of multiple receptor systems, suggesting these

versatile scaffolding proteins uniquely mediate both adhesion and guidance events.

Materials & Methods

Animals and Genotyping: For embryonic collections, the morning of vaginal plug
observation was designated as embryonic day 0.5 (E0.5) and the day of birth was
postnatal day 0 (PO). The generation of the Cas TcKO model has been previously
described (Riccomagno et al. 2014; Seo et al. 2005; Donlin et al. 2005). The following
lines were purchased from The Jackson Laboratory: Nestin-Cre (Stock: 003771), EmxI-
Cre (Stock: 005628), Ail4/R26-SE-1Tomate (Stock: 007914), and Itgh " (Stock: 004605).
Genotyping for Nestin-Cre was carried out using the following primers: F: CCT TCC
TGA AGC AGT AGA GCA R: GCC TTA TTG TGG AAG GAC TG. Genotyping for
Emx1-Cre was carried out using the following primers: F:CCA TAT CAA CCG GTG
GCG CAT C and R: TCG ATA AGC TTG GAT CCG GAG AG. Genotyping for
Ail4/R26-5E-1Tomato was carried out using the following primers: WTF:AAG GGA GCT
GCA GTG GAG TA, WTR:CCG AAA ATC TGT GGG AAG TC, MutF: CTG TTC
CTG TAC GGC ATG G, and MutR: GGC ATT AAA GCA GCG TAT CC. Genotyping
for Itgh " mice was carried out using the primers: F: CGG CTC AAA GCA GAG TGT
CAG TC and R: CCA CAA CTT TCC CAG TTA GCT CTC. Nex-Cre mice were kindly
provided by Drs. Nave and Goebbels (Goebbels et al. 2006; S.-X. Wu et al. 2005).
Genotyping for Nex-Cre was carried out using the following primers: Primer 4: GAG

TCC TGG AAT CAG TCT TTT TC, Primer 5: AGA ATG TGG AGT AGG GTG AC,
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Primer 6: CCG CAT AAC CAG TGA AAC AG. Tail biopsies were digested with Quanta
tail extraction reagent kit (cat: 95091-025) and PCR reactions prepared using GoTaq
Master Mix (Promega cat: PRM7123). All animal procedures were performed according
to the University of California, Riverside’s Institutional Animal Care and Use Committee

(IACUC) guidelines. All procedures were approved by UC Riverside IACUC.

Immunohistochemistry: Embryos E14.5 and older, neonates, and adults were
transcardially perfused with ice cold 1xPBS, dissected in cold 1xPBS, and brain tissue
was post-fixed in 4% PFA in 1xPBS for 2hrs — overnight at 4°C. E12.5 embryos were
directly dissected in ice cold 1xPBS with no perfusion. Tissue samples were processed
immediately as floating sections or cryopreserved in a solution of 30% sucrose in 1xPBS
before embedding in Tissue Plus O.C.T. Compound (Fisher HealthCare, cat:4585) for
long-term storage. Tissue processed as floating sections were embedded in 3% agarose
and sectioned coronally as 100-150um sections on a vibratome (Lecia, cat: VT1000S).
Floating sections were incubated with a permeabilization solution containing 3% bovine
serum albumin (BSA), 0.3% TritonX-100 in 1xPBS for 4hrs-overnight at 4°C. Primary
and secondary antibody mixes were diluted in a solution of 5% goat serum made with
permeabilization solution. All antibody incubations were overnight at 4°C with gentle
agitation. Cryoprotected samples were sectioned coronally at 25-50pm on a cryostat
(Leica cat: CM3050). Cryosections were dried for 20min at room temperature before
blocking in freshly prepared blocking buffer (10% goat serum and 0.1% TritonX-100 in

1xPBS) for 1hr prior to primary antibody addition. Antibodies were then prepared in
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blocking buffer with reduced serum (5%) and incubated in humidified chamber overnight
at 4°C. The antibodies and concentrations used in this study: chicken anti-GFP (1:500,
Aves cat:GFP-1020), rabbit anti-p130Cas c-20 (1:250, SCBT sc-17), rabbit anti-Nedd9
(1:250, Sigma cat: HPA038768), rat anti-NCAM-L1 (1:500, Millipore cat: MAB5272),
rabbit anti-dsRed (1:500, Takara Bioscience cat: 632496), rabbit anti-Tbrl (1:500,
Abcam cat: ab31940). Secondary antibodies were all purchased from ThermoFisher and
diluted to 1:1000 from the stock concentration: goat anti-chicken 488 (cat: A-11039),
goat anti-rabbit 546 (cat: A-11035), goat anti-rat 488 (cat: A-21208), goat anti-rat 546
(cat: A-11081). Nuclear conterstain was achieved by co-incubation with 1ug/ml DAPI
(ThermoFisher cat: 50850585) in all secondary antibody incubations. Tissue was
mounted with Fluorogel with DABCO (Electron Microscopy Sciences, cat:17985-02).
Confocal scanning images were acquired on a Leica DMi8 using a 10x objective
(NA=0.40) or 20x objective (NA=0.75) and z-stacks acquired with 20-40 steps of sizes of

2-4um.

Axonal Tracing:

Lipophilic tracing of white matter tracts was performed by manually placing small
crystals of either DiA (Invitrogen cat: D3883) or Dil (Invitrogen cat: D282) into neonate
tissue dissected as described above for immunohistochemistry and postfixed in 4% PFA
in 1xPBS overnight. Lipophilic crystals were allowed to diffuse for 8 weeks at 37°C in a
solution of 4% PFA in 1xPBS, with the solution changed the daily the first four days and

thereafter weekly. Tissue was embedded in 3% agarose in 1XxPBS and sectioned as
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150um sections on a vibratome (Lecia, cat: VT1000S). Sections were imaged freshly
sliced on a Zeiss Axio Imager 2 microscope. Injections of AAV8-CAG-tdTomato were
obtained from the University of North Carolina viral core. The concentrated viral solution
(0.2 ul), was delivered into the endopiriform cortex by stereotactic injection (0.25 pl per
min), using the following coordinates from Bregma: anterior-posterior, +0.014 mm;
lateral, -0.34 mm; and depth, -0.175 mm. Virus was allowed to express for two weeks

before tissue collection for immunohistochemistry.
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Figure 1.1: Cas family proteins are expressed in the cortical plate during lamination
and axonal tract formation. (A-F’) Immunohistochemistry depicting the developmental
expression pattern of p130Cas protein during cortical development. At E12.5, p130Cas
expression is limited to the marginal and ventricular zones (A, D, D). By E14.5,
expression is expanded throughout the ventricular, subventricular, and intermediate zones
and marginal zone (B, E, E’). By E16.5, persistent expression remains in the ventricular,
subventricular, marginal zones and white matter (C, F, F”). Similar developmental
expression is seen for the p130Cas homologue NEDD9 (CasL paralogue) (G-I”), with
particularly strong expression in the white matter and pial surface (H-I"). Scale bar =
250um for all. n=3 animals examined for each developmental timepoint.
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Figure 1.2: pI130Cas is expressed in the cortical white matter. (A-E) Analysis of
EGFP (green) expression in p/30Cas-EGFP-BAC transgenic embryos (columns A-A"'
and B-B'") and neonates (column C-C'"), co-immunolabeled with the axonal marker
NCAM-LI1 (red) reveals strong p130Cas promoter activity during the formation of
cortical white matter tracts. Robust EGFP expression is observed in the External Capsule
(EC, star in row A-C) and Anterior Commissure (AC, arrowheads in row A-C). High
resolution images of neonate EGFP (row D'-E') and NCAM-L1 (row D''-E'") expression
is shown for the pallio-subpallial boundary (dotted line, column D-D'") and the cortical
plate (column E-E'"). Scale bar = 250um for all. n=3 animals examined for each
developmental timepoint.
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Figure 1.3: Cas TcKO mutants display errors in cortical and thalamocortical
connections. (A-D'") Immunohistological analysis of major cortical tracts using the
axonal marker NCAM-L1 in Nes-Cre; TcKO mutant neonates (P0) reveals two major
fasciculation and projection phenotypes: 1) efferents originating in the cortex traveling
along the pAC tracts fail to fasciculate properly and erroneously project into the
subpallium (A' vs D') and 2) thalamocortical connections meant to innervate layer [V
overproject to the subpial boundary, forming large fasciculated Cortical Bundles (A" vs
D'"). We find each of these phenotypes to be fully penetrant in Nes-Cre,; TcKO mutants
(n=8 animals of each genotype assessed). (B-C, E-F, G-H’’) The origin of mis-projecting
axons is confirmed via anterograde lipophilic and adenoviral tracing experiments. DiA
crystals placed into the S2 cortex label ventrally defasciculating AC axons (B vs E,
arrowheads) and Dil crystals placed in the lateraldorsal thalamus label Cortical Bundles
(C vs F, white stars) (n=7 pairs of mutants and littermate controls examined for each
lipophilic tracing experiment). Stereotactic injection of an AAV-tdTomato reporter into
adult (P21) Endopiriform cortex induces robust labeling of commissural tracts (G-H’”).
We observe no labeling of CBs (G’ and H’) or defasciculating AC axons (G*’-H”’) in

the contralateral hemisphere, n=4 pairs of mutants and littermate controls examined.
Scale bar = 250um for all.
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Figure 1.4: Developmental progression of white matter defects in Nes-Cre; TcKO
mutants. Inmunohistochemistry for the axonal marker NCAM-L1 in Nes-Cre; TcKO
embryos (E14.4, A-B”’, n=6 pairs of mutants and littermate controls examined; E16.5, C-
D”’, n=10 pairs; and E18.5, E-F’’, n=3 pairs) reveals different developmental timelines
for each fasciculation phenotype. The EC and AC tracts begin developing at E14.5
(A’,B’) but Nes-Cre; TcKO mutants display no AC fasciculation or projection errors until
E18.5 (E’ vs F’, white arrowhead). Cortical bundles are apparent at E14.5 in Nes-

Cre,; Tcko mutants (A’’vs B’’, white stars) and worsen in severity as development
continues (D’ and F”’, white stars). Scale bar = 250um for all.
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Figure 1.5: Neuronal-autonomous and non-neuronal autonomous roles for Cas
genes in white matter tract fasciculation. Immunohistochemistry for the axonal marker
NCAM-L1 in EmxI-Cre; TcKO and Nex-Cre; TcKO neonates reveals both classes of
conditional knockouts present the AC defasciculation phenotype (A’ vs D’ and G’ vs J°,
white arrowheads), indicating this phenotype is neuronal-autonomous. Again, we find
this phenotype fully penetrant (n=3 Emx[-Cre; TcKO mutants examined, n=4 Nex-

Cre; TcKO mutants examined). Like Nes-Cre; TcKO mutants (Fig 1.3), these
defasciculating axons are cortical in origin as revealed by anterograde DiA tracing from
crystal placement in the S2 cortex (B vs E and H vs K, white arrowheads, n=5 Emx -
Cre; TcKO mutants examined, n=5 Nex-Cre, TcKO mutants examined). In contrast, only
Emx1-Cre; TcKO mutants display the Cortical Bundle phenotype (A’* vs D”’, white
stars). These Cortical Bundles are again confirmed to be TCA projections by anterograde
labeling from Dil crystals placed in the lateraldorsal thalamus (F, white stars). The
absence of the Cortical Bundle phenotype in Nex-Cre; TcKO mutants (G”’ vs J°’ and I vs
L) indicates the role of Cas genes during TCA fasciculation and projection is non-
neuronal autonomous. Scale bar = 250um for all.
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Figure 1.6: Genetic labeling confirms cortical origins of AC defasciculating axons in
Cas TcKO mutants. Imnmunohistochemistry for NCAM-L1 and the tdTomato fluorescent
cre-dependent reporter reveals extensive co-labeling in defasciculating AC axons in both
Emx1-Cre;Ail4"";TcKO (E-F*’) and Nex-Cre;Ail4"";TcKO (K-L’’) mutant neonates.
Interestingly, in both classes of conditional mutants, tdTomato " defasciculating axons
appear to interpolate with diffuse NCAM-L1" processes that occupy the subpallium (F’
vs F°, J° vs J*°, and L’ vs L”’, white arrowheads). Further, a dose-dependent effect of
Cas gene function is observed in Nex-Cre crosses, but not Emx/-Cre crosses. An
intermediate AC defasciculation phenotype may be observed in Nex-Cre;Ail4";CasL”
;Sin”";p130Cas™" neonates (J° and J*’, white arrowheads). For reader comparison,
NCAM-L1 and tdTomato reporter signal are shown for Emx1-Cre;Ail4™;CasL™";Sin™"
;p130Cas™" (A-B”’) and Nex-Cre;Ail4"";CasL"";Sin"";p130Cas*"* (G-H’), where no
tdTomato" processes may be seen invading the subpallium. Scale bar = 250um for all.
n=2 animals of each above genotype examined.
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Figure 1.7: Itgbl mutants phenocopy non-neuronal autonomous white matter tract
defects observed in Cas TcKO mutants. Immunohistological analysis of NCAM-L1 in
EmxI-Cre;Itgb """ and Nex-Cre;Itgb " neonates reveals that neither class of conditional
mutant phenocopies the AC defasciculation defects observed in Cas TcKO mutants (A’
vs B’ and C’ vs D). Only EmxI-Cre,Itghb "/ mutants phenocopy the Cortical Bundle
phenotype (A’ vs B”’, white stars). Scale bar = 250um for all. n=4 Emx-Cre;Itgh """
and n=4 Nex-Cre;Itgh ! mutants examined.
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Figure 1.8: Non-neuronal autonomous phenotypes in /7zghl and Cas TcKO mutants
correlate with displaced subplate cells. Inmunohistological analysis of Tbr1 and
NCAM-L1 in embryonic (E16.5) EmxI-Cre; TcKO and Emx1-Cre;Itgh "/ mutants
reveals severe cortical dysplasia in regions where Cortical Bundles form. In both classes
of conditional mutants, Tbr1" subplate cells are seen to be displaced to more superficial
layers (B’ vs D’ and F’ vs H’, white stars). Cortical Bundles correlate very closely with
these superficially displaced subplate cells (B*> vs D’ and F*’> vs H*’, white stars). Scale
bar = 250um for all. n=3 EmxI-Cre;TcKO and EmxI-Cre;Itgb "/ mutants examined.
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Chapter 2

A bimolecular complementation tool for monitoring adhesion signaling
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Abstract

Integrin Adhesion Complexes (IACs) serve as links between the cytoskeleton and
extracellular environment, acting as mechanosensing and signaling hubs. As such, IACs
participate in many aspects of cellular motility, tissue morphogenesis, anchorage-
dependent growth and cell survival. Focal Adhesion Kinase (FAK) has emerged as a
critical organizer of IAC signaling events due to its early recruitment and diverse
substrates, and thus has become a key genetic and therapeutic target. Here we present the
design and characterization of simple, reversible, and scalable Bimolecular
Complementation sensors to monitor FAK phosphorylation in living cells. These probes
provide novel means to quantify IAC signaling, expanding on the currently available

toolkit for interrogating FAK phosphorylation during diverse cellular processes.
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Introduction

Cell-Matrix adhesions are critical regulators of cellular motility and structure,
tissue morphogenesis, anchorage-dependent growth, and cell survival (Critchley 2000; B.
Geiger 1989; Wehrle-Haller 2012). Integrin Adhesion Complexes (IACs, or simply
‘adhesion complexes’) are the best studied examples of cellular-extracellular adhesions,
serving to physically link the extracellular matrix (ECM) to the actin cytoskeletal system
(K. Burridge et al. 1988; B. Geiger 1989; Jockusch et al. 1995; Miyamoto et al. 1995;
Winograd-Katz et al. 2014). Highly dynamic structures, IACs encompass at least four
types of adhesive complexes, each with distinct molecular compositions and signaling
capacity. These include focal complexes (FXs, also referred to as nascent adhesions),
focal adhesions (FAs), fibrillar adhesions (FBs), and cellular podosomes (Benjamin
Geiger and Yamada 2011; Nobes and Hall 1995; Vicente-Manzanares and Horwitz
2011). To date, proteomic approaches have identified over 200 IAC components, termed
the ‘integrin adhesome’ (Byron et al. 2011; Winograd-Katz et al. 2014; Zaidel-Bar and
Geiger 2010; Zaidel-Bar et al. 2007), although a consensus set of 60-147 proteins
organized into four or five signaling modules has been recently proposed by different
groups (Horton, Astudillo, et al. 2016; Horton et al. 2015; Chastney et al. 2020).
Additionally, adhesive complexes continually exchange components with the cytosol,
allowing them to rapidly remodel in response to internal or external stimuli (Hoffmann et
al. 2014; Lele et al. 2008; Wolfenson et al. 2009). Given this molecular diversity and
dynamism, IACs are able to act as signaling hubs, permitting mechanosensation of

traction forces (Benjamin Geiger and Bershadsky 2002; Miller, Hu, and Barker 2020;
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Riveline et al. 2001) and relaying anchorage-dependent growth and survival signals to the
cell (Keith Burridge and Chrzanowska-Wodnicka 1996; Benjamin Geiger et al. 2001;
Mitra, Hanson, and Schlaepfer 2005; Playford and Schaller 2004); while their regulated
establishment and turnover are essential for processive cell migration, cellular podosome
formation, and epithelial-to-mesenchymal transitions (J. T. Parsons et al. 2000; J. Thomas
Parsons, Horwitz, and Schwartz 2010; Webb, Parsons, and Horwitz 2002).

Due to their functions linking the extracellular environment to the cytoskeleton,
IACs and the proteins that form them have been shown to be involved in many aspects of
development and disease. Many of these structural and signaling functions of IACs are
mediated through Focal Adhesion Kinase (FAK), a nonreceptor tyrosine kinase that is
recruited to the inner plasma membrane upon integrin receptor clustering and ECM
engagement (J. L. Guan, Trevithick, and Hynes 1991; Hanks et al. 1992; L. Kornberg et
al. 1992; L. J. Kornberg et al. 1991; Lipfert et al. 1992; J. Thomas Parsons 2003; Schaller
et al. 1992a) Increased FAK expression and kinase activity have been associated with
cancer survival, the formation of invadopodia, and tumor progression (Agochiya et al.
1999; Alexander et al. 2008; Chan, Cortesio, and Huttenlocher 2009; Feng et al. 2019;
Hauck et al. 2002; Kim et al. 2019; B. Y. Lee et al. 2015; Provenzano and Keely 2009;
Sulzmaier, Jean, and Schlaepfer 2014). Conversely, FAK deficiency in mice results in
embryonic lethality (Ili¢ et al. 1995), with cellular defects in FA turnover, cell migration,
and growth factor response (B. H. Chen et al. 2002; Ren et al. 2000; Sieg, Hauck, and
Schlaepfer 1999; Webb et al. 2004). Phospho-regulation of FAK has emerged as a central

theme in coordinating FAK activity, and extensive studies have elucidated the
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biochemical regulation of FAK during IAC assembly and turnover. A key phosphorylated
FAK residue is Tyr-397, which is trans-autophosphorylated upon integrin receptor
stimulation and FAK oligimerization (Acebron et al. 2020; Brami-Cherrier et al. 2014;
Brod and Fissler 2020; J. L. Guan and Shalloway 1992; Hanks et al. 1992; L. Kornberg
et al. 1992; Lipfert et al. 1992; Schaller et al. 1994), allowing subsequent associations
with Src-Homology 2 (SH2) domain containing partners (Calalb, Polte, and Hanks
1995a; Cobb et al. 1994; Eide, Turck, and Escobedo 1995; Schaller et al. 1994; Xing et
al. 1994). FAK recruitment and autophosphorylation of Tyr-397 are some of the earliest
observable steps in FA assembly (L. Kornberg et al. 1992; Miyamoto et al. 1995; Webb,
Brown, and Horwitz 2003; Zaidel-Bar et al. 2003) and overexpression of mutant Y397F-
FAK results in longer FA occupancy times and inhibited FA turnover in migrating cells
(Hamadi et al. 2005; Webb et al. 2004). Following Tyr-397 phosphorylation, full
activation of FAK is achieved by Src-mediated phosphorylation of Tyr-576 and Tyr-577
residues within the kinase domain activation loop (Calalb, Polte, and Hanks 1995a; Owen
et al. 1999; Ruest et al. 2000). These modifications destabilize inhibitory interactions
between the N-terminal FERM domain and the C-terminal catalytic domain, resulting in
a more open conformation and full FAK kinase activity (Xinming et al. 2008; Dunty et
al. 2004; Dunty and Schaller 2002; Lietha et al. 2007). Previous studies have
demonstrated that mutating these three tyrosine residues to phenylalanine (Y397-576-
577F) reduces FAK in vitro kinase activity to 20% of wildtype levels (Calalb, Polte, and

Hanks 1995a). Collectively, these studies demonstrate that phospho-regulation of these
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tyrosine residues is essential in regulating FAK kinase activity, making these post-
translational modifications attractive targets for monitoring IAC signaling events.

While many methodologies have been developed to monitor FAK conformational
changes and activity (Xinming et al. 2008; Damayanti et al. 2017; De Virgilio, Kiosses,
and Shattil 2004; Giannone et al. 2002; Hamadi et al. 2005; Horton, Humphries, et al.
2016; Kirchner et al. 2003; Nollau and Mayer 2001; Papusheva et al. 2009; Ritt, Guan,
and Sivaramakrishnan 2013; Seong et al. 2011; Yigian Wu et al. 2016), we sought to
develop simple and reliable sensors that would detect FAK tyrosine phosphorylation. Bi-
molecular Complementation Assays (also called Split-Reporter Assays) have emerged as
powerfully adaptable genetically-encodable tools that allow for live-cell monitoring of
diverse molecular, cellular, and physiological processes (Kerppola 2008; I Remy,
Galarneau, and Michnick 2002; Rossi, Charlton, and Blau 1997). Conceptually, these
systems comprise of a reporter — often a fluorescent molecule (Hu and Kerppola 2003),
luminescent (Luker et al. 2004) or colorimetric enzyme (Rossi, Charlton, and Blau 1997)
— that is rendered undetectable by genetic dissection into complementary fragments,
which are separately tethered to putative interacting proteins. Associations between
interaction targets results in spontaneous reassembly of the reporter molecule and
generation of a detectable signal. Split luciferase systems (also termed Luciferase
Fragment Complementation Assays, or LFCAs) in particular, enjoy widespread use in
both clinical and preclinical settings due to their unrivaled sensitivity, rapid assembly and
disassembly kinetics, amenability to in vivo and in vitro systems, and low costs of

implementation (Azad, Tashakor, and Hosseinkhani 2014; Lake and Aboagye 2014).
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Here, we present the design and characterization of novel luciferase-based Bi-molecular
Complementation probes to quantify FAK tyrosine phosphorylation during IAC signaling
events in living cells. We find these tools faithfully report IAC signaling in a manner that
is sensitive and dynamic along physiologically relevant timescales. These tools have the
potential to be scalable for screening purposes, and as such will be a valuable addition to

the expanding toolkit to monitor FAK activity and IAC dynamics.

Results

To monitor FAK tyrosine phosphorylation (pYFAK) events, we designed a
bimolecular luciferase (BiLuc) system that pairs a phospho-tyrosine sensor with rapid
luciferase assembly and disassembly kinetics to produce a sensitive, reversible reporter of
FAK activation (Figure 2.1 A). In this system, hereafter referred to as pYFAK BiLuc,
complementary C-terminal (cLuc, aa401-550) and N-terminal (nLuc, aal-415) fragments
of firefly luciferase enzyme (Luker et al. 2004) are tethered by flexible RSIAT (Arg-Ser-
Ala-Ile-Thr) linker sequences to c-myc tagged FAK and to a phospho-tyrosine sensor,
respectively. This phospho-tyrosine sensor consists of a double repeat of Src Homology 2
motifs (double SH2, or dSH2) derived from pp60(c-Src), which has been previously
shown to display high affinity for tyrosine-phosphorylated targets in IACs, including
FAK, Paxillin, and p130Cas (Ballestrem et al. 2006; Iyer et al. 2005; Kirchner et al.
2003). Tyrosine phosphorylation of FAK is detected by direct binding of the dSH2
sensor, thereby allowing the N- and C-terminal fragments of luciferase to reassemble into

a catalytically active enzyme.
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To determine the proper configurations of split-luciferase constructs, we designed
two alternate pYFAK split-luciferase construct pairs by tethering either N- or C-terminal
fragments of firefly luciferase enzyme to the C-terminal of a myc-taged FAK coding
sequence (CNFAK and CCFAK, respectively) and complementary luciferase fragments
to the N-terminal of the dSH2 phospho-tyrosine sensor (NCLucdSH2 and NNLucdSH2,
respectively) (Figure 2.1 B). We determined only one pair of constructs
(CCFAK+NNdASH?2) was able to reconstitute firefly luciferase enzymatic activity (Figure
2.1 ©), and subsequent experiments were carried out using this set. Importantly, the split
luciferase fragments alone display no detectable enzymatic activity without the
interaction of the FAK-dSH2 fusion products, as neither individually transfected
constructs (CNFAK, CCFAK, NNdSH2, NCdSH2) nor co-transfected but untethered
luciferase fragments (NN Vector-NCVector) were able to produce luminescent activity in
transfected HEK293 cells (Figure 2.1 C).

We next sought to determine if the pYFAK BiLuc constructs were incorporated
into IACs in vivo. We transfected the pYFAK BiLuc constructs into COS-7 cells grown
on laminin-coated coverslips and performed immunocytochemistry for the N-terminal
myc tag in the CCFAK probe (Figure 2.2, green). In all cases, we observe the myc tag
robustly labels small, peripheral Focal Contacts (FXs), Focal Adhesions (FAs) and larger,
elongated fibrillar bodies (FBs) (Figure 2.2 A’, B’, C’) (Benjamin Geiger & Yamada,
2011; Nobes & Hall, 1995). The identity of these structures is confirmed by co-labeling
with p397-FAK (Figure 2.2 A-A”") and pY 118-Paxillin (Figure 2.2 B-B”’).

Interestingly, pY 165-p130Cas co-labeled some FXs and FAs, but not all, and is absent
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from larger FBs (Figure 2.2 C-C”’), consistent with previous descriptions of this
scaffolding protein being present in nascent FXs and FAs, but not more mature FBs
(Vicente-Manzanares & Horwitz, 2011). To quantify the degree of pYFAK BiLuc
incorporation into IACs, we performed whole-cell colocalization analysis between the
myc-tagged CCFAK probe and the forementioned phosphospecies. Colocalization
analysis revealed strong correlation between myc and pY397-FAK (Figure 2.2 A-A”’,
Table 1) (Pearson’s R=0.77+0.02 and Spearman’s rank correlation p=0.83+0.01).
Similarly, strong correlation is observed between myc and pY 118-Paxillin (Figure 2.2 B-
B”’, Table 1) (Pearson’s R=0.73+0.10 and Spearman’s rank correlation p=0.77+0.09). A
weaker correlation was observed between myc and pY 165-P130Cas (Figure 2.2 C-C”’,
Table 1) (Pearson’s R=0.40+0.02 and Spearman’s rank correlation p=0.57+0.02),
possibly reflecting the more restricted localization of this phosphoprotein. Collectively,
these results confirm efficient recruitment of pYFAK BiLuc probes to various actively
signaling IAC structures.

Next, we sought to evaluate if the pYFAK BiLuc system was functionally
responsive to endogenous integrin signaling events. Extensive studies have established
the Src family of kinases as the primary kinases responsible for phosphorylating FAK
Y576-577 residues during FA signaling events in vivo, leading to full activation of FAK
kinase activity (Calalb, Polte, and Hanks 1995a; Hanks et al. 1992; Ruest et al. 2000).
Therefore, it was expected that luciferase activity from the pYFAK BiLuc system would
be proportionally responsive to the degree of Src kinase activity in the cell. Indeed, we

found that pharmacological treatment with the Src-family kinase inhibitor PP2 resulted in
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progressively diminished luciferase reporter activity in transfected COS-7 cells, with a
maximal decrease of 55.6% observed after 15min incubation (Figure 2.3; ANOVA
p<0.01; Tukey Post-hoc test p<0.05 5-minutes vs control; p<0.01 15-minutes vs control;
n=4 biological replicates). Similar levels of inhibition were observed after only 1min
incubation with the Src-family inhibitor SU6656 (Figure 2.3; p<0.05 1min vs control;
p<0.01 5mins vs control; p<0.05 15mins vs control). Importantly, Src family kinases may
be activated by several endogenous pathways and therefore result in FAK
phosphorylation independent of integrin receptor activity. Therefore, to address if the
pYFAK BiFC system was also responsive to integrin receptor activity, cells were treated
with an integrin-B1 function blocking antibody (Ha2/5) (Mendrick and Kelly 1993) and
luciferase signal was measured. Treated cells displayed a robust 61.8% reduction in
normalized luciferase signal 15mins following Ha2/5 addition to the culture medium
(Figure 2.3; p<0.01 vs control), confirming that the pYFAK BiLuc system is sensitive to
both Src family activity and endogenous integrin receptor activation. These results also
demonstrate the reversibility of the luciferase signal, along the order of minutes, in
response to pharmacological treatment, which mirrors IAC assembly and turnover rates
observed in live imaging studies (Kirchner et al. 2003; Zaidel-Bar et al. 2003; Eli Zamir
et al. 2000). These results suggest the pYFAK BiLuc system could indeed be applicable
for quantifying changes in steady-state levels of adhesion signaling in response to other
pharmacological perturbations, or in the design of genetic screens.

Finally, we sought to test the specificity of the pYFAK BiLuc system towards

FAK tyrosine phosphorylation events. Given that the dSH2 phospho-tyrosine sensor used
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in this design has previously been shown to display affinity to several IAC phospho-
tyrosine species, including the other core scaffolding proteins Paxillin and p130Cas
(Ballestrem et al. 2006; Iyer et al. 2005; Kirchner et al. 2003; Zaidel-Bar et al. 2003), we
wanted to differentiate if our tool was specifically reporting FAK tyrosine
phosphorylation, or phosphotyrosine accumulation within IACs more broadly. To this
end, we designed an alternate CCFAK construct that contains tyrosine-to-phenylalanine
point mutations at the three key tyrosine residues regulating FAK kinase activity: Y397,
Y576 and Y577 (CCFAK-3YF) (Figure 2.4 A) (Calalb, Polte, and Hanks 1995a; Owen
et al. 1999). We observed an almost complete attenuation of luciferase activity in
CCFAK-3YF + NNdSH2 transfected HEK293 cells, at levels comparable to controls
(Figure 2.4 B). We confirmed robust expression of the CCFAK-3YF probe by Western
Blot for the N-terminal myc tag (Figure 2.4 C), indicating that the marked reduction in
luciferase signal observed was indeed the result of abolishing pYFAK-dSH2 interactions
and not variable construct expression. We next sought to determine whether CCFAK-
3YF was recruited to IACs, as abolishment of the scaffolding functions of CCFAK-3YF
could potentially explain the reduction in luciferase signal. We again performed
immunocytochemistry for either myc (green) or for the core IAC phosphoproteins Y397-
FAK, Y118-Paxillin, and Y165-p130Cas (red) (Figure 2.5). Similar to the unmodified
CCFAK probe, we observe the myc tag of the CCFAK-3YF probe robustly labels FXs,
FAs, and larger, elongated FBs (Figure 2.5 B’, D’, F’). Whole cell colocalization
analysis showed strong correlation between myc and pY397-FAK (Figure 2.5 B-B”’,

Table 1) (Pearson’s R=0.79+0.03 and Spearman’s rank correlation p=0.85+0.03) as well
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as between myc and pY118-Paxillin (Figure 2.5 D-D’’, Table 1) (R=0.65+0.18 and
Spearman’s rank correlation p=0.72+0.12). Again, a weaker correlation was observed
between myc and pY 165-P130Cas (Figure 2.5 F-F’’, Table 1) (Pearson’s R=0.43+0.07
and Spearman’s rank correlation p=0.57+0.06). These correlations were not found to be
significantly different from those measured for the CCFAK construct (Figure 2.2, Table
1) suggesting that the three-point mutation introduced did not affect recruitment of the
CCFAK-3YF construct to integrin complexes (Mann-Whitney comparing Spearman’s
rank correlations; pY397-FAK CCFAK median=0.8353114, 3YF median=0.85287551,
U=1158, p=0.1127; pY 118-Paxillin CCFAK median=0.77363353, 3YF
median=0.73749172, U=676.5, p=0.1768; pY 165-P130Cas CCFAK
median=0.57599749, 3YF median=0.56036582, U=702, p=0.6949). Collectively, these
data confirm that the pYFAK BiLuc system is specific and sensitive to the relative levels
of FAK tyrosine phosphorylation and pYFAK BiLuc luciferase signal does not reflect the

tyrosine phosphorylation status of other core IAC scaffolding proteins.

Discussion

In this study we made use of the bimolecular complementation approach to design
a sensitive, specific reporter of FAK tyrosine phosphorylation, a posttranslational
modification that has emerged as a critical regulator of IAC signaling (Keith Burridge,
Turner, and Romer 1992; Eide, Turck, and Escobedo 1995; L. Kornberg et al. 1992).
Based on the system’s reliance on bimolecular complementation of firefly luciferase

(BiLuc) and demonstrated specificity toward tyrosine phosphorylated FAK (pYFAK)
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(Figure 2.4 B), we term this tool the pYFAK BiLuc system. To our knowledge, this is
the first luciferase-based reporter system developed to monitor FAK activation during

IAC signaling events.

pYFAK BiLuc Design, Specificity, and Sensitivity

In approaching the design of a sensor that specifically recognizes FAK tyrosine
phosphorylation, we chose to take advantage of the Src Homology 2 (SH2) domain of
pp60(c-Src), as this domain mediates the interaction between FAK and Src during
adhesion signaling events (Schaller et al. 1994; Xing et al. 1994). Indeed, several other
groups have used probes derived from the Src SH2 domain to investigate IAC dynamics
and monitor phosphotyrosine accumulation in a variety of contexts (Kubow, Conrad, and
Horwitz 2013; Ballestrem et al. 2006; Guo and Wang 2007; Hoffmann et al. 2014;
Humphries et al. 2007; Kirchner et al. 2003; Felkl et al. 2012; Logue, Cartagena-Rivera,
and Chadwick 2018; McKenzie et al. 2019; Myers and Gomez 2011; Nollau and Mayer
2001; Santiago-Medina, Myers, and Gomez 2012; J. Wu et al. 2015). Many of these
probes, including the pYFAK BiLuc system presented here, make use of a double tandem
repeat of the Src SH2 domain (dSH2), an approach originally developed in Dr. Benny
Geiger’s laboratory (Weitzmann Institute; Israel) (Ballestrem et al. 2006; Kirchner et al.
2003). Importantly, the initial author’s report this dSH2 sensor shows broad binding to
pY residues in adhesion complexes, displaying a linear correlation with an anti-pY
antibody and demonstrating the capability of co-precipitating both p130Cas and paxillin

(Kirchner et al. 2003). This observation of broad affinity of the dSH2 sensor to several
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phosphotyrosine species in adhesion complexes has been reproduced by subsequent
users, and exploited by some in the design of FRET-based assays to examine interactions
between multiple adhesion complex components or monitor phosphotyrosine content
during adhesion signaling events (Ballestrem et al. 2006; Xinming et al. 2008). However,
this broad affinity for phosphotyrosine species presents a challenge in designing a tool
that is specific to FAK tyrosine phosphorylation, but insensitive to the phosphorylation
status of other adhesion components. Therefore, we chose to incorporate the dSH2 sensor
into a bi-molecular complementation design.

Bi-molecular complementation systems (also called split reporter systems) are
powerful programmable tools due to their modular nature and ability to be genetically
encoded. These systems often display high specificity, as the split reporter approach
requires the stoichiometric balance, proximity, and proper orientation of both putative
interaction targets to reconstitute reporter signal (Kerppola 2008; 2009; I Remy,
Galarneau, and Michnick 2002). As applied to the detection of tyrosine phosphorylated
FAK, we reasoned that tethering the two halves of a reporter molecule to the dSH2 sensor
and to FAK itself would permit reporter reconstitution only in adhesive complexes where
FAK and Src interact (Cobb et al. 1994; Hanks et al. 1992; Schaller et al. 1992b; Xing et
al. 1994), in a phosphorylation-dependent manner (Eide, Turck, and Escobedo 1995; J. L.
Guan and Shalloway 1992; Schaller et al. 1994), generating the specificity we desired.
Indeed, we show that only one pair of split-luciferase constructs designed and tested was
able to reconstitute luciferase activity (Figure 2.1 C), suggesting that the luciferase

fragments cannot drive self-reassembly and that proper relative positioning mediated by
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pYFAK-dSH2 interactions is essential for reporter activity. Reconstitution of luciferase
activity is dependent on the presence of both the dSH2 and FAK products, as untethered
luciferase fragments are unable to spontaneously reassemble into functional enzyme
when co-transfected (NN Vector-NCVector, Figure 2.1 C); nor can a soluble nLuc
fragment spontaneously associate with the FAK-cLuc fusion product when co-expressed
(NNVector-CCFAK, Figure 2.1 C). We go on to demonstrate the specificity of the
pYFAK BiLuc system to FAK tyrosine phosphorylation, as mutation of three key
regulatory tyrosine residues to phenylalanine (Y397-576-577F) (Calalb, Polte, and Hanks
1995a) nearly abolishes luciferase activity (Figure 2.4). This strong attenuation of
luciferase signal cannot be explained by loss of recruitment to IACs, as colocalization
analysis revealed no significant difference in the correlations calculated between each
pYFAK BiLuc construct (CCFAK vs CCFAK-3YF) and the three IAC components
pY397-FAK, pY118-Paxillin, and pY 165-p130Cas (Figure 2.5, Table 1). These results
are in accordance with previous studies that have shown that mutating tyrosine residues
on FAK, or pharmacological blocking of the FAK-Src complex, does not alter IAC
composition, but does affect signaling properties and cellular phenotypes (Hamadi et al.
2005; Horton, Humphries, et al. 2016; Webb et al. 2004; Westhoff et al. 2004).
Collectively, these results indicate that the pyFAK BiLuc system presented is highly
specific to FAK phosphorylation, and not responsive to other resident IAC
phosphoproteins.

When designing a bi-molecular complementation system, the investigator must

carefully consider the benefits and limitations of the reporter molecule chosen. Here, we
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chose to make use of a split-luciferase reporter because of the unrivaled sensitivity,
signal-to-noise ratio, and rapid assembly and disassembly kinetics these split-reporter
enzymes provide (Azad, Tashakor, and Hosseinkhani 2014; Lake and Aboagye 2014;
Paulmurugant and Gambhir 2003). In contrast to split-fluorescent systems, where
reassembly of the reporter is irreversible due to the high intrinsic stability of the
reconstituted fluorophore (Kerppola 2008; 2009), split-luciferase systems demonstrate
ready reversibility (Luker et al. 2004; Ingrid Remy and Michnick 2006; Stefan et al.
2007; Villalobos et al. 2010). Importantly, this ensures that the observable signal reflects
steady-state associations between interaction targets and avoids potential experimental
artifacts stemming from the production of interaction target aggregates, which may result
in the cellular accumulation signaling complexes, resulting in above physiological-levels
of activity. We find that pYFAK BiLuc signal is rapidly attenuated, on the order of
minutes, by pharmacological block of Src-family kinases or with incubation of an
integrin-P1 function blocking antibody (Figure 2.3). These results demonstrate that the
pYFAK BiLuc system is responsive along FA disassembly and turnover timescales
(Kirchner et al. 2003; Zaidel-Bar et al. 2003; Eli Zamir et al. 2000), while confirming that
these tools are responsive to the endogenous integrin receptor signaling axis.
Additionally, we note that the degree of luciferase attenuation by pharmacological block
of Src family kinases (maximal 55.6% reduction after 15mins of PP2 treatment, Figure
2.3) or antibody-mediated block of integrin receptor (61.8% reduction with 15mins Ha2/5
treatment, Figure 2.3) is not as dramatic as the near complete abolishment of luciferase

activity observed by mutating the three regulatory tyrosine residues to phenylalanine
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(Y397-576-577F) (CCFAK+NNdSH2 vs. CCFAK-3YF+NNdSH2, Figure 2.4). During
IAC assembly, engagement of ECM ligands induces integrin receptor clustering and
recruitment of FAK, which in turn trans-autophosphorylates residue Y397, providing a
docking site for Src kinase (J. L. Guan, Trevithick, and Hynes 1991; L. Kornberg et al.
1992; L. J. Kornberg et al. 1991; Schaller et al. 1994; Xing et al. 1994). Therefore, it is
possible that the residual luciferase activity observed after pharmacological treatment
reflects dSH2 sensor binding to pY397-FAK, as this tyrosine phosphorylation event
would still be expected to occur in the presence of PP2 or SU6665. Similarly, FAK may
still be recruited to adhesive complexes in a cell that expresses a heterogenous population
of integrin receptors, as the Ha2/5 antibody only targets one class (integrin-f1 subunit) of
receptor complexes (Mendrick and Kelly 1993). Notably, expression data accessed from
the Human Protein Atlas (proteinatlas.org) indicates expression of 11 integrin receptor
subunits by HEK293 cells: integrin-a2 (/7GA?2), integrin-a3 (/7GA3), integrin-o4
(ITGA4), integrin-aS (ITGAS), integrin-a6 (ITGA6), integrin-a7 (ITGA7), integrin-o.8
(ITGAS), integrin-aV (ITGAV), integrin-B1 (ITGB1), integrin-B3 (/ITGB3), and integrin-
B5 (ITGBS) (Pontén, Jirstrom, and Uhlen 2008). As such, 10 known heterodimer receptor
combinations may potentially be formed in HEK293 cells, 8 of which include the
integrin-B1 receptor subunit (VB3 and aVBS being the two exceptions). We speculate
that the residual luciferase signal observed following Ha2/5 treatment may represent the
fraction of integrin receptor complexes unaffected by this function-blocking monoclonal
antibody, or simply in inability of the antibody to target all available integrin-f1 receptor

complexes available. Collectively, we propose these observations demonstrate the
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sensitivity of the pYFAK BiLuc system to detect varying degrees of FAK tyrosine
phosphorylation in vivo, and suggest it may therefore be applied to quantitatively
measure, by proxy, the strength of IAC signaling (Calalb, Polte, and Hanks 1995a; Hanks

etal. 1992).

Comparison to Benchmark and potential applications

Traditional methodologies for monitoring phosphorylation in IACs include
western blotting, co-immunoprecipitation experiments, and immunofluorescence using
antibodies to detect particular phosphotyrosine residues (Iyer et al. 2005; Ruest et al.
2000). For live-cell analysis, dSH2-YFP and dSH2-CFP constructs were developed by
Dr. Benny Geiger’s laboratory (Kirchner et al. 2003), and have since been employed for
standard fluorescence imaging, as well as FRET-based and FRAP-based assays to
monitor phosphotyrosine accumulation during IAC assembly and component exchange
with the cytosol (Ballestrem et al. 2006; Xinming et al. 2008; Horton, Humphries, et al.
2016). As technology advanced, several approaches designed to specifically target FAK
functions or interactions were developed. The first were fluorescent-fusion proteins that
allowed live-cell monitoring of FAK recruitment to IACs, and have been used to
investigate the role of tyrosine phosphorylation in adhesion turnover (Giannone et al.
2002; Hamadi et al. 2005; Webb et al. 2004). Later, a bimolecular fluorescence
complementation (BiFC) approach was developed to monitor interactions between FAK
and Src-family kinases Src and Syk during IAC assembly (De Virgilio, Kiosses, and

Shattil 2004). Led by several lines of research indicating an important regulatory
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interaction between the N-terminal FERM domain and C-terminal catalytic domain (L.
Cohen and Guan 2005; Dunty and Schaller 2002; Lietha et al. 2007), several groups
developed FRET-based probes to investigate FAK intramolecular rearrangements and
partner coupling during adhesion assembly (Xinming et al. 2008; Papusheva et al. 2009;
Ritt, Guan, and Sivaramakrishnan 2013). More recently, fluorescent-based biosensors
were developed to monitor FAK kinase activity in vivo, again using FRET-based
biosensors that would change conformation in response to FAK-mediated
phosphorylation (Seong et al. 2011; Yigian Wu et al. 2016), or by monitoring the
differential fluorescence decay rates of a FAK phosphorylation-dependent biosensor
(Damayanti et al. 2017). Collectively, these various approaches have contributed greatly
to our understanding of FAK regulation and function during IAC assembly and signaling,
yet none have permitted a simple, quantitative, scalable approach to monitor FAK
phosphorylation and IAC signaling.

For these reasons, we sought to fill an apparent gap in the literature by designing a
Luciferase Fragment Complementation Assay (LFCA) to detect FAK phosphorylation.
Whereas the above approaches have relied on genetically encoded fluorescent reporters,
we felt that the inherit limitations of these systems prevent their widespread adoption in
basic research and clinical settings. While these systems bring many benefits for
multiplexing with other cellular markers and visualizing sub-cellular interactions, split-
fluorescent and FRET-based systems are relatively insensitive to discrete signaling
events, often requiring overexpression of interaction targets to detect appreciable signal

(Kerppola 2009). Similarly, FRET-based and split-fluorescent reporters display large
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background signal, resulting in a comparatively poor signal-to-noise ratio (Lake and
Aboagye 2014). Further, FRET and split-fluorescent systems are poorly translated to in
vivo models, and require expensive, specialized microscopy equipment and
computational analysis to process. In contrast, luciferase reporters display outstanding
signal-to-noise ratios, as neither luciferase fragment produce bioluminescence, and the
reconstituted enzyme requires investigator-supplied substrate for signal development
(Lake and Aboagye 2014; Paulmurugant and Gambhir 2003). Similarly, split-luciferase
reporters display high dynamic range, over several orders of magnitude, and permit
repeat measurements from a biological sample without worry of signal degradation,
lending themselves to quantitative applications where both sensitivity and scale are
desired (Lake and Aboagye 2014). Finally, split-luciferase reporters are relatively easy to
measure, requiring a more accessible luminometer or plate reader, and have been
successfully translated into in vivo models (Lake and Aboagye 2014; Paulmurugan,
Umezawa, and Gambhir 2002).

We feel that the beforementioned advantages of the pYFAK BiLuc system may
be useful in basic research, pre-clinical, or clinical settings where the monitoring of FAK
activation is desirable. In recent years, FAK has gained considerable attention for its
potential roles in tumorigenesis or metastasis (Chauhan and Khan 2021; Chuang et al.
2022; Dawson et al. 2021; B. Y. Lee et al. 2015; Murphy et al. 2020; Sulzmaier, Jean,
and Schlaepfer 2014), given its established roles in mediating adhesion signaling and its
integration with growth factor response pathways (Keith Burridge and Chrzanowska-

Wodnicka 1996; Chrzanowska-Wodnicka and Burridge 1996; B Geiger and Zamir 2001;
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Mitra, Hanson, and Schlaepfer 2005; Westhoff et al. 2004). FAK has been found to be
overexpressed in numerous human cancers (Agochiya et al. 1999; Kanteti et al. 2018;
Kim et al. 2019; Rigiracciolo et al. 2021; Zakaria et al. 2020; Zhang et al. 2021) and its
activity has been correlated with the development of the formation of invasive
podosomes and increased cellular motility and proliferation (Alexander et al. 2008; Chan,
Cortesio, and Huttenlocher 2009; Feng et al. 2019; Hauck, Hsia, and Schlaepfer 2002; B.
Y. Lee et al. 2015; Provenzano and Keely 2009; Sulzmaier, Jean, and Schlaepfer 2014;
Y. Wang and McNiven 2012). As such, methods to inhibit FAK recruitment and kinase
activity have been suggested as a therapeutic approaches in treating cancer progression
and metastasis (Antoniades et al. 2021; Dawson et al. 2021; Mousson et al. 2018;
Murphy et al. 2020; Pang et al. 2021; Yueling Wu et al. 2021). While many of the
associations between FAK and cancer progression have been established by comparing
gene or protein expression from tumor biopsies, a robust method to monitor FAK activity
in vivo remains lacking.

For these reasons, we believe the pYFAK BiLuc system represents a first-in-its-
class approach to monitoring FAK tyrosine phosphorylation and IAC signaling.
Collectively, our results indicate that the pyFAK BiLuc system is a dynamic, specific,
and sensitive reporter of FAK activation, with the potential to be expanded for high-
throughput drug screens, genetic screens, or other in vivo or in vitro applications to
monitor cellular behavior. Our hope is that these tools will add versatility to the existing

toolkit to monitor IAC dynamics in both basic research and clinical settings.
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Materials & Methods

Plasmids: Generation of the split Luciferase backbones: The split Luciferase backbones
were generated by cloning the nLuc and cLuc split fragments into pPCDNA3.1+.
NNVector (containing nLuc) was generated by amplifying the nLuc fragment from
pGL2-Basic (Promega) using the following primers:
F:CCCGGATCCACCATGGAAGACGCCAAAAACATAAAG;
R:CCCCTCGAGTGAATTCGCGGCCGCCGTGGCGATGGAGCGTCCATCCTTGTC
AATCAAGGCG. The amplified fragment was then cloned into pPCDNA3. 1+ using the
BamHI-Xhol sites. NCVector (containing cLuc) was generated by PCR amplifying cLuc
using the following primers: F:
CCCTCTAGACCGGCCTGCAAGATCCCGAACGACCTGAAACAGAAGGTCATGA
ACCACTCCGGTTATGTAAACAATCCGGAAG; R:
GAAGGGCCCCTACACGGCGATCTTTCCGCCCTTC. The amplified fragment was
then subcloned into pCDNA3.1+ using the Xbal-Apal sites.

Generation of CCFAK: CCFAK was generated by subcloning N-terminal myc-tagged
FAK into NCVector. We first amplified N-terminal Myc-tagged FAK from pRcCMV-
FAK-ntMyc (kindly provided by S.K. Hanks) using the following oligos:
F:CCCTAAGCGGCCGCGAATTCAATGGAGCAGAAGCTGATCTCCG;
R:CGCTCTAGAGTGTGGCCGTGTCTGCCCTAG. The amplified fragment was then
subcloned into NCVector using the Notl-Xbal sites.

Generation of CCFAK-3YF: CCFAK-3YF was ordered from Vector builder (XXX).
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Genreation of dSH2 phosphotyrosine sensor: The SH2 domain from pp60(c-Src) was
amplified by PCR from embryonic cDNA two independent times using the following
primers: for SH2a
F:CCCTAAGCGGCCGCGAATTCAACCATGGGGAGCAACTATGTGGCGCCCTCC
; RGCGGGATCCTACGGTAGTGAGGCGGTGACAC ; for SH2b
F:GCGGGATCCAGCAACTATGTGGCGCCCTCC;
R:CGCTCTAGATACGGTAGTGAGGCGGTGACAC. The resulting amplicons were
combined and cloned by 3-way ligation into a NdCGFP backbone construct using the
Ecorl and Xbal sites. The NACGFP backbone was previously generated by PCR
amplification C-terminal EGFP and PEST domain of pd2EGFP-Basic (Clontech) using
the following primers:
F:CCCGGATCCGCCATGGGGAAGAACGGCATCAAGGTGAAC;
R:CCCCTCGAGTGAATTCGCGGCCGCCGTGGCGATGGAGCGCACATTGATCCT
AGCAGAAGC and subcloning into pCDNA3.1+ using the BamHI/Xhol sites.
Generation of NNdSH2: NNdSH2 was generated by amplifying the dSH2 sequence from
NdCGFP using the following primers:
F:CCCTAAGCGGCCGCGGGAGCAACTATGTGGCGCCCTCC;
R:CGCGGGCCCTACGGTAGTGAGGCGGTGACAC, and subcloning into the Notl-

Apal sites of the NNVector.

Luciferase assays: HEK293 cells were seeded at 9.6x103 cells/ml in tissue culture

treated 96-well flat-bottom plates and co-transfected with pYFAK BiLuc constructs and
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pRL-TK at 24hrs using Lipofectamine 2000 (ThermoFisher) following manufacturer’s
instructions. A total of 130ng DNA was transfected per well (60ng each split construct
and 10ng pRL-TK control). Cultures were allowed to express for a subsequent 36hrs
before lysis and measurement. Luciferase was measured in a GloMax 20/20
Luminometer (Promega) using the Dual Luciferase Kit (Promega) following
manufacturer’s instructions. Pharmacological treatment was performed immediately
before passive lysis with PLB buffer for luminescence detection. Drugs were diluted to
10uM concentrations in prewarmed culture media prior to addition to the cells. Treatment
with vehicle for 15min was used as control. Firefly luciferase activity was normalized to
Renilla Luciferase activity. Four independent experiments were quantified for all

treatments.

Immunocytochemistry and Colocalization Analysis: COS-7 cells were seeded at 5.7e4
cells/well in a 24-well plate on glass coverslips that had been coated overnight with a
solution of 10ug/ml laminin. Each well was co-transfected with lug DNA per well
(500ng of each half construct: 500ng CCLucFAK + 500ng NNLucdSH2 or 500ng
CCLucFAK-3YF + 500ng NNLucdSH?2) using Lipofectamine 2000 (ThermoFisher)
reagent following the manufacturer’s protocol. Cells were allowed to express for 24
hours after transfection before fixation with 4% paraformaldehyde in 1xPBS for Smins at
room temperature (RT). Coverslips were then blocked/permeabilized for 20min at RT in
a solution of 10% goat serum in 1xPBST (1xPBS+0.1%TritonX-100). Following

blocking, coverslips were incubated in primary antibody overnight at 4C with gentle
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agitation. Coverslips were then washed for 4 ten-minute washes in 1xPBS prior to
secondary antibody incubation for 3 hours at RT. Coverslips were washed again for 4
ten-minute washes in 1xPBS before mounting with Flourogel+DABCO mounting
medium. All primary antibodies were diluted at 1:250 and all secondary antibodies were
diluted at 1:1000 in 1xPBS+5% goat serum. Antibodies used: mouse anti-myc (Cell
Signaling Technologies, cat # 2276S), rabbit anti-p130CasY 165 (Cell Signaling
Technologies, cat # 4015S), rabbit anti-PaxillinY118 (Cell Signaling Technologies, cat #
693638S), rabbit anti-FAKY397 (ThermoFisher, cat # 44624@G), alexafluor 488 goat anti-
mouse (ThermoFisher, cat # A-11001), alexaflour 647 goat anti-rabbit (ThermoFisher,
cat # A-21244). Three independent transfections were quantified for colocalization
analysis, and 10-15 cells were analyzed per condition. Confocal scanning images were
acquired on a Leica DMi8 using an oil-immersion 63x objective (NA=1.3) with a 1.85x
digital zoom and z-stack acquired with 40-50 steps of sizes of 0.15um. Correlations of
individual cells were calculated from maximally projected images. Individual cells were
selected by manually drawing a ROI around the cell perimeter in FIJI, and auto-
thresholding and Pearson’s R and Spearman’s rank p correlations were calculated using

the Coloc2 plugin
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Figure 2.1: Design of pyFAK BiLuc constructs. (A) Schematic representation of
pYFAK BiLuc general approach. Intramolecular interactions between phosphotyrosine-
FAK (pYFAK) and a phosphotyrosine sensor (double SH2, dSH2) permit reconstitution
of enzymatically active firefly luciferase. (B) Design of pYFAK split luciferase construct
pairs. The first letter of the construct name describes the attachment point of split
luciferase fragments on FAK and dSH2 interaction targets (N-terminal vs C-terminal),
while the second letter indicates which fragment of split luciferase was attached at this
position: N-terminal Luciferase (nLuc, aal-416) and C-terminal Luciferase (cLuc, aa401-
550). (C) Tests of different pyFAK split luciferase construct pairs in HEK293 cells
identify an effective pyFAK probe pair (CCFAK+NNdSH2) which displays high
specificity and low background activity. Individual constructs (CNFAK, CCFAK,
NNdSH2, NCdSH2) do not produce detectable luciferase activity, nor do untethered
luciferase constructs when co-transfected (NNVector+NCVector). Similarly, luciferase
activity is dependent on the presence of both FAK and dSH?2 interaction partners
(NNVector+CCFAK). The activity of a previously described split-luciferase reporter
system (NNJun+NCFos) is shown for comparison. Renilla luciferase was co-transfected
as a control in all cases. Luciferase activity is normalized to baseline firefly/renilla
luciferase ratio of the NNVector+CCFAK pair (ANOVA p<0.01, followed by Tukey
Post-hoc **p<0.01; ***p<0.001 compared to baseline; n=4 biological replicates).
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Figure 2.2: pyFAK BiLuc constructs are recruited to actively signaling FAs.
Colocalization analysis confirms myc-tagged FAK constructs (green) incorporate into
actively signaling FA complexes in transfected COS-7 cells, as revealed by phospho-
specific antibodies (red). Strong correlation is observed between myc (A, A’) and pY397-
FAK (A, A””) (Pearson’s R=0.77+0.02 and Spearman’s rank correlation p=0.83+0.01)
indicating the CCFAK construct is incorporating into adhesion complexes. Similar
correlation is observed between myc (B, B’) and pY118-Paxillin (B, B**) (R=0.73+0.10
and Spearman’s rank correlation p=0.77+0.09), another early marker of active FAs.
Correlation is weaker between myc and pY 165-P130Cas (Pearson’s R=0.40+0.02 and
Spearman’s rank correlation p=0.57+0.02). Scale bar = 20um for all. n=3 biological
replicates for each stain.
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Figure 2.3: pyFAK BiLuc constructs respond to pharmacological blocking of
adhesion signaling. Quantification of pYFAK BiLuc (CCFAK+NNdSH2) enzyme
activity following treatments with adhesion signaling blocking agents. Signal was
normalized to baseline firefly/renilla luciferase ratio of untreated NNVector + CCFAK
pair. Application of 10uM PP2 results in a progressive reduction in luciferase activity
following application, with a 33% reduction after 1min (NS), 43% reduction after Smins,
and maximal repression of 55% after 15mins. Application of 10uM SU6656 results in a
significant 43% decrease in luciferase activity after Imin, 54% after S5mins, and return to
43% reduction after 15mins. A 15min incubation with Ha2/5 B1-integrin function
blocking antibody (Itgb1 Ab) results in a 61% decrease in luciferase activity compared to
vehicle treatment (ANOVA p<0.01, followed by Tukey Post-hoc *p<0.05; **p<0.01).
Error bars = SEM. n=4 biological replicates.
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Figure 2.4: pyFAK BiLuc signal is dependent on specific FAK tyrosine residues. (A)
Schematic representation of the three-point mutation introduced to produce the CCFAK-
YF construct. Tyrosine to phenylalanine missense mutations were introduced to tyrosine
residues Y397, Y576, and Y577. (B) Quantification of pyFAK BiLuc enzyme activity for
tested constructs. Luciferase activity is normalized to baseline firefly/renilla luciferase
ratio of the NNdSH2 (ANOVA p<0.01, followed by Tukey Post-hoc **p<0.01;
*#%p<0.001 compared to baseline; n=4 biological replicates). (C) Western Blot and
quantification from transfected HEK293 cells showing robust myc signal from both
CCFAK and CCFAK-3YF transfected cells. 20ng of total protein was ran for each lane.
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Figure 2.5: pyFAK BiLuc recruitment to FA complexes is not dependent on tyrosine
phosphorylation. Colocalization analysis confirms myc-tagged CCFAK-3YF constructs
(green) incorporate into actively signaling FA complexes in transfected COS-7 cells, as
revealed by phospho-specific antibodies (red). Strong correlation is observed between
myc (A, A’) and pY397-FAK (A, A”’) (Pearson’s R=0.79+0.03 and Spearman’s rank
correlation p=0.8540.03) indicating the CCFAK-3YF construct half is incorporating into
FA structures. Similar correlation is observed between myc (B, B’) and pY 118-Paxillin
(B, B”’) (R=0.65+0.18 and Spearman’s rank correlation p=0.72+0.12), another early
marker of active FAs. Correlation is weaker between myc and pY 165-P130Cas
(Pearson’s R=0.43+0.07 and Spearman’s rank correlation p=0.57+0.06). These
correlations were found to be not significantly different from those collected for the
CCFAK construct (Figure 2.2) ((Mann-Whitney comparing Spearman’s rank
correlations; pY397-FAK CCFAK median=0.8353114, 3YF median=0.85287551,
U=1158, p=0.1127; pY 118-Paxillin CCFAK median=0.77363353, 3YF
median=0.73749172, U=676.5, p=0.1768; pY 165-P130Cas CCFAK
median=0.57599749, 3YF median=0.56036582, U=702, p=0.6949).). Scale bar = 20pm
for all.
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Chapter 3

p-chimaerin proteins are required for cerebellar granule cell radial migration
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Abstract

During mammalian cerebellar development, postnatal granule cell progenitors
(GCPs) proliferate in the outer part of the External Granule Layer (EGL). Upon cell cycle
exit, GCPs migrate tangentially in the inner EGL before switching to migrate radially
inward, past the Purkinje cell layer, to achieve their final position in the mature Granule
Cell Layer (GCL). Here, we show that the RacGAP B-chimaerin is expressed by a small
population of late-born, pre-migratory GCPs. B-chimaerin deficiency causes a subset of
GCPs to become arrested in the EGL, where they differentiate and form ectopic neuronal
clusters. These clusters of granule cells recruit aberrantly projecting mossy fibers.
Collectively, these data suggest a role for f-chimaerin as an intracellular mediator of

Cerebellar GCP radial migration.
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Introduction

Proper morphogenesis of the vertebrate Central Nervous System (CNS) relies on
the tight spatiotemporal control of cell proliferation, differentiation, migration and
guidance events. In the mammalian cerebellum, Granule Cells (GCs) undergo a
prolonged and highly stereotyped migration that begins embryonically and completes late
postnatally (Chédotal 2010). In the mouse, beginning at embryonic day 12 (E12), granule
cell precursors (GCPs) are born from the rhombic lip and migrate tangentially to cover
the cerebellar anlage (Wingate 2005), forming a secondary germinal zone, the External
Granule Layer (EGL). Postnatally, GPCs in the EGL exit the cell cycle and travel
inwards, splitting the EGL into an upper, mitotically active (outer EGL, oEGL) and a
lower, migratory layer (inner EGL, iEGL) (Fig 3.1 A). These postmitotic GCPs grow two
horizontal processes and migrate tangentially before growing a third perpendicular
leading process. Using this third leading process GCPs migrate radially inward along
Bergmann Glial fibers, past the Purkinje Cell (PC) Layer, to occupy their final location in
the mature Granule Cell Layer (GCL) (Yacubova and Komuro 2003; Kawaji et al. 2004).
Cerebellar GCP migration has been shown to be influenced by a wide set of guidance
cues, including the chemokine SDF-1 (Zhu et al. 2002), Slit2/Robo (C. bing Guan et al.
2007), Plexin/Semaphorin (Friedel et al. 2007; Kerjan et al. 2005; Renaud et al. 2008),
brain-derived neurotrophic factor (BDNF) (Borghesani et al. 2002), and Vascular
Endothelial Growth Factor (Ruiz de Almodovar et al. 2010). However, the cytosolic
machinery responsible for directing the cellular response downstream of these ligand-

receptor pairs remains largely unexplored.
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The Rho family of small G-Proteins, or GTPases, play essential roles in vertebrate
CNS development, influencing a wide range of developmental processes, including cell
migration, cell polarity, axon pathfinding, and dendritic remodeling through their ability
to modulate cytoskeletal structure (E.-E. Govek, Hatten, and Van Aelst 2011; E. E.
Govek, Newey, and Van Aelst 2005). GTPases exist in two states: an active GTP-bound
state and an inactive GDP-bound state (Cherfils and Zeghouf 2013). Precise subcellular
regulation of GTPase activity is essential in maintaining proper cellular function, and
neurons achieve this using positive regulators, Rho Guanine Nucleotide Exchange
Factors (or RhoGEFs) and negative regulators, Rho GTPase Activating Proteins (or
RhoGAPs) (Cherfils and Zeghouf 2013; G. H. Huang et al. 2017). Disruption of
RhoGTPase activity or their regulators’ function has been associated with a broad array
of developmental and behavioral disorders (G. H. Huang et al. 2017; Bai et al. 2015). The
chimaerin family of RhoGAPs consists of two genes: a-chimaerin (CHNI) and -
chimaerin (CHN2). They possess specific GAP activity toward Rac family GTPases,
which are key modulators of actin filaments (Yang and Kazanietz 2007). In neural
development, a-chimaerin has been shown to play roles in Ephrin-mediated circuit
formation (Beg et al. 2007; Iwasato et al. 2007; Wegmeyer et al. 2007; Kao et al. 2015),
cortical migration (Ip et al. 2012), optic tract axon guidance (Ferrario et al. 2012; Miyake
et al. 2009), and hippocampal dendritic arbor pruning (Buttery et al. 2006). The in vivo
role of B-chimaerin in neural development was unexplored until recently, where it was
shown to affect hippocampal dentate gyrus axon pruning by regulating Racl activity

downstream of Sema3F/Neuropilin-2 signaling (Riccomagno et al. 2012). Of note, 3-

94



chimaerin has been shown to be strongly expressed in GCs in the adult rat (Leung et al.
1994), but its function during cerebellar morphogenesis is unknown. Here, we show a
functional requirement for B-chimaerin during mouse cerebellar development. We find
that B-chimaerin is necessary for a small subset of granule cells to complete radial

migration from the EGL to GCL.

Results
B-chimaerin is specifically expressed in the Granule Cell Layer of the mouse
cerebellum

B-chimaerin has been previously shown to be expressed in the adult cerebellum
(Leung et al. 1994). To explore the developmental expression profile of B-chimaerin in
the cerebellum, we performed in situ hybridization in C57/BL6J mice to visualize -
chimaerin (Chn2) messenger RNA (mRNA) at various postnatal stages (Fig3.1 B-H). We
found Chn2 mRNA was strongly expressed in the GCL at all the postnatal stages
examined. Interestingly, we observed Chn2 expression in small clusters of cells in the
Molecular Layer (ML) of postnatal day 18 (P18) animals, but not earlier (Fig 3.1 F). This
stage represents one of the last postnatal stages before the EGL dissolves entirely as
GCPs complete their radial migration to the GCL. This ML expression did not persist

into adulthood, disappearing by P35 (Fig 3.1 G).
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B-chimaerin deficient mice display ectopic neuronal clusters on the cerebellar
surface

As Chn?2 transcript was found to be robustly expressed in the cerebellum at all
postnatal stages examined, we asked whether B-chimaerin played a functional role during
cerebellar development. We took advantage of a previously generated knock-in/knock-
out mouse that expresses beta-galactosidase (Bgal) from the endogenous Chn2 promoter,
simultaneously disrupting the reading frame of the endogenous Chn2 coding sequence
and thus rendering the gene product inactive (Riccomagno et al. 2012). We generated
adult (P35) mice homozygous for this knock-in/knock-out Chn2 null allele (simplified in
text as Chn2”") and compared the cerebellar structure to heterozygous or wildtype (WT)
(Chn2*" or Chn2"", respectively) littermate controls (Fig 3.2 A-C). We observed no
gross alterations to cerebellar lobule formation or overall lamination in Chn2”" mutants.
However, we did observe large ectopic clusters of cells aggregating in the ML of mutant
animals (Fig 3.2 B, white arrows). These clusters strongly co-labeled with the pan-
neuronal marker NeuN and an antibody raised against fgal, indicating that these clusters
consist of ectopic cells that normally display Chn2 promoter activity (Fig 3.2 D-E).
Sparse NeuN labeling was also seen in the ML of both WT and Chn2” genotypes (Fig
3.2 D-E), and likely represents the stellate and basket cells known to occupy this region.
We next asked if B-chimaerin function is required in a dose-dependent manner for normal
cerebellar development. We quantified the number of neuronal ectopias in Chn2™*,

Chn2"- and Chn2”" adult animals and found a significant increase in the number of
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ectopias in Chn2”" animals compared to either other genotype (p<0.01 for both
comparisons) (Fig 3.2 C).

The adult cerebellum can be organizationally divided into four domains: Anterior,
Central, Posterior, and Nodular. Each region, in turn, is physically divided into lobules,
numbered [-X in mice (Sudarov and Joyner 2007). Closely examining the P18 in situ
hybridization data, we noticed that the majority of ML Chn2 transcript expression
occurred in more posterior sections, particularly Lobules VII-IX and the fissures
separating them (data not shown). Therefore, we asked if the NeuN-positive clusters we
observe in Chn2”" animals follow a similar pattern of distribution. Indeed, we found that
NeuN-positive ectopias were more prevalent in the fissure separating lobules VII and
VIII and on the posterior side of lobule IX (Fig 3.2 F for schematic and percent
distribution). These two locations collectively account for approximately 45% of all
ectopic clusters scored (n=1068 ectopias across nine Chn2”" animals). Collectively, these
data suggest that Chn?2 is expressed by a small subset of more caudally positioned GCPs
prior to their arrival in the GCL, and that loss of B-chimaerin function causes these cells

to fail to complete radial migration, resulting in thier arrest in the ML.

The ectopic clusters contain mature granule cells, but not other types of cerebellar
neurons

While the prior data demonstrate that the neuronal ectopias observed in Chn2”
mutants contain Chn2 promotor activity, suggesting their identity as cerebellar GCPs, we

sought to thoroughly examine the cellular composition of these ectopias. To test for the
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presence of mature GCs, we made use of the marker Gamma-Amino Butyric Acid
Receptor subunit a6 (GABARa6), confirming the presence of mature, fully differentiated
GCs (71 £ 5% of NeuN+ cells, mean + SD). To explore the possibility of other cell types
contributing to the composition of these ectopic clusters, we immunolabeled with
antibodies raised against the Purkinje Cell marker Calbindin, but did not identify any
Calbindin" cells within the ectopias (Fig 3.3 C-D). Interestingly, Purkinje Cell dendrites
failed to invade the space occupied by the neuronal clusters, often wrapping around or
outlining them, suggesting these ectopias were able to repel outgrowth from these
dendritic processes (Fig 3.3 D). We also immunolabeled for the general GABAergic
interneuron marker Parvalbumin (Fig 3.3 E-F) and found no co-labeling in the neuronal
ectopias. Finally, we immunolabeled with the GABAergic marker Glutamic Acid
Decarboxylase 67 (GAD67) (Fig 3.3 G-H). No GAD67" cell bodies were detected in the
ectopic clusters. However, evenly spaced GAD67 " processes were detected invading the
ectopias, suggesting potential GABAergic input from stellate or basket cells (Fig 3.3 G-
H). To address the cellular composition of the neuronal ectopias another way, we
performed fate-mapping by pulse labeling proliferating cells with Bromo-deoxy-Uridine
(BrdU), a thymidine analog that incorporates specifically into cells in the S-phase of
mitosis. WT and Chn2” animals were injected with BrdU at P10, a developmental stage
when the GCP population is rapidly expanding (Espinosa and Luo 2008), and cerebella
were collected at adult (P35) stages. Whereas BrdU labeling in WT animals is largely
restricted to the mature GCL with few cells scattered in the ML, Chn2” animals display

considerable accumulation of BrdU" cells in the ectopias (Fig 3.4 A-B. arrows). This
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accumulation of BrdU" cells in the ectopias of Chn2” mutants suggests both that the
major contributing cell type are GCPs. Collectively, these data suggest that the neuronal
ectopias found in Chn2” animals are composed primarily of GCs, but not other cerebellar
neuronal types.

During radial migration, GCPs in the iIEGL migrate along Bergmann glial fibers
to navigate towards the GCL (Yacubova and Komuro 2003). Failure of GCPs to properly
associate with glial tracts, or errors in glial scaffold architecture itself, could inhibit GC
radial migration and explain the ectopic GC accumulation observed in Chn2”" mutants.
Therefore, we examined the structure of the glial scaffold surrounding neuronal ectopias
using an antibody against Glial Fibrillary Acidic Protein (GFAP) (Fig 3.4 C-D). We
observed no gross alterations to Bergmann Glial structure, arguing against the possibility
of an architectural cause underlying the phenotype. However, upon co-labeling with fgal,
which strongly marks most cells in neuronal clusters (Fig 3.2 E), we observe many
individual cells clinging to single GFAP" tracts even in the adult (Fig 3.4 E, white
arrowheads). We observe a significant increase in Bgal” cells arrested in the ML of
Chn2"- and Chn2”" animals (Fig 3.4 E; Tukey HSD p<0.01 for WT vs Chn2*", WT vs
Chn2”", and Chn2"" vs Chn2”"). This observation reinforces the idea that GCPs lacking -

chimaerin function stall during radial migration.

Granule cell ectopias recruit presynaptic partners
In the mature cerebellar circuit, GCs in the GCL receive glutamatergic input from

mossy fibers originating from the spinal cord, pontine nucleus, and other CNS regions.
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GCs, in turn, provide glutamatergic output via parallel fibers onto local Purkinje Cell
dendrites (Chédotal 2010). Since the neuronal ectopias in Chn2” animals contain
differentiated, GABAR06" GCs (Fig 3.3 B), we asked if they could form local circuits.
We assayed for the expression of the synaptic marker Vesicular Glutamate Transporter 2
(Vglut2), which labels a subset of cerebellar glutamatergic synapses formed by climbing
and mossy fibers, and found robust co-labeling with Bgal” cells within neuronal ectopias
(Fig 3.5 A-B). Furthermore, Vglut2 staining in the ectopias displayed a pattern highly
reminiscent of the rosette structures formed by mossy fiber terminals with full penetrance
and expressivity (100% of ectopias examined displayed this pattern).

To test whether the Vglut2™ staining in the ectopic neuronal clusters indeed
represented mossy fiber synaptic terminals, we performed stereotactic injections of an
Adenosine Associated Virus expressing a Synapsin-driven Enhanced Green Fluorescent
Protein cassette (AAV-Syn-EGFP) into the pontine nucleus. In contrast to WT controls,
where all observed EGFP" axon terminals were restricted to the GCL, we observed
EGFP" axons extending beyond the GCL to contact neuronal ectopias in Chn2”” mutants
(Figure 3.5 C-D; dotted line demarks outer boundary of the GCL). Under high
magnification we found that these terminals co-label with Vglut2, suggesting that these
indeed represent true pontine mossy fiber terminals and are forming mature synapses (Fig

3.5 E-F, white arrowheads).
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External Germinal Layer structure and proliferation is normal in early postnatal
Chn2-- mice

During cerebellar development, granule cells undergo a stepwise maturation
process. At embryonic stages, mitotically active GCPs expand across the cerebellar
anlage from their point of origin at the rhombic lip to generate the EGL proper.
Postnatally, these precursors become postmitotic and extend two horizontal processes,
moving inward to generate the inner EGL (iEGL) as a distinct population from the more
superficial precursors that remain mitotically active in the outer EGL (0EGL). In the
1IEGL these postmitotic GCPs will migrate tangentially, eventually arresting and growing
a third perpendicular process they then use to radially migrate inward, past the PC layer,
to form the mature inner GCL. Given the complex migratory path GCPs take in their
development, we asked if earlier, subtler defects in EGL structure may precede the
development of neuronal ectopias.

We examined P10 cerebella from WT and Chn2”" animals to assess the overall
distribution of GCPs. We first immunolabeled using an antibody against the transcription
factor Pax6, which is active in GCPs in the EGL and maturing GCs in the GCL. We
noticed no major difference in Pax6 distribution between WT control and Chn2”- mutants
in the lobules that most frequently develop ectopias at later developmental stages (Fig 3.6
A-B). We also examined the expression profile of the cell adhesion molecule NCAM-L1
(L1), which labels the horizontal processes of tangentially migrating GCPs in the iEGL
(Kerjan et al. 2005). We found no major difference in its distribution between WT

controls and Chn2” mutants (Fig 3.6 C-D). These results suggest that there is no altered
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distribution of GCPs preceding the development of neuronal ectopias. As stated earlier,
one possible explanation of ectopia formation is alterations to Bergmann glial tract
adhesiveness or architecture. We analyzed the structure of the Bergmann glial scaffold
using an antibody against GFAP and found no obvious structural differences in the
lobules that more frequently develop ectopias (Fig 3.6 E-F). Collectively, these results
suggest that there are no major early postnatal lamination or architectural defects that
could predispose certain GCs to arrest.

The data presented in Fig 3.4 suggest that GCs in Chn2”" animals arrest during
radial migration. However, defects in tangential migration and/or proliferation could
indirectly contribute to neuronal ectopia formation by affecting GCP positioning or
mitotic exit. Initial embryonic GCP tangential migration to cover the cerebellar anlage
appears normal in Chn2”" animals, as the sagittal length of the EGL in WT and Chn2”
animals is not significantly different in neonates (P0) (Fig 3.7 A-C; two-tail t-test,
p=0.082, n=5 per genotype) (Nakamura et al. 2017). GCPs undergo a second phase of
tangential migration postnatally after precursors become postmitotic and move inward to
generate the iIEGL. If GCPs are arresting during tangential migration or fail to complete
the tangential-to-radial migration switch, it could be predicted that the iEGL would
become thicker in the folia that are prone to develop ectopias in Chn2”" animals
compared to WT controls. Therefore, to assess the thickness of the iEGL and total EGL,
we performed immunostaining for Sema6a on P10 cerebella (Fig 3.7 D-E) and calculated
the iIEGL/totalEGL ratio in caudal folia. The iEGL/totalEGL ratio was comparable

between WT and Chn2”" animals (Fig 3.7 F; two-tail t-test, p=0.528, n=10 each
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genotype), suggesting that postnatal tangential migration is not notably disrupted in
Chn2”" mice.

During mammalian cerebellar development, GCPs normally continue to
proliferate postnatally in the oEGL (Fujita 1967). To assess the proliferative capacity of
GCPs in Chn2”" animals, we analyzed the distribution of proliferating GCPs in early
postnatal animals (P4 and P10) two hours after BrdU injection (Fig 3.8 A-F). As
expected, most proliferating cells were found in the oEGL in both WT control and Chn2"
animals. The density of proliferating GCPs in WT controls and Chn2”" animals was
comparable (Fig 3.8 C-F; two tail t-test, n=5; p=0.32 for P4 and p=0.952 for P10)
suggesting that early postnatal GCPs proliferate at normal rates. To test whether the cells
that form neuronal ectopias in Chn2”" animals continue to proliferate into adult stages, we
performed BrdU injections in WT control and Chn2”" at P35 (Fig 3.8 G-H). No
proliferating cells were detected in neuronal ectopias at this stage, suggesting that
neuronal ectopias consist entirely of post-mitotic cells. Overall, these data suggest that
the formation of ectopias and the arrest of GCs in the molecular layer of Chn2”" animals
are specifically due to defects in radial migration and not errors in proliferation or

tangential migration.

Cerebellar Structure in mice expressing hyperactive p-chimaerin
Genetic ablation of Racl and Rac3 results in severe disruption of cerebellar
granule cell migration (Nakamura et al. 2017; Tahirovic et al. 2010). Could increasing [3-

chimaerin RacGAP activity cause a similar phenotype? To test this we made use of a
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knock-in mouse that harbors a hyperactive Chn2 allele in which a single amino acid
substitution (I130A) yields a protein with a more “open” confirmation and thus renders it
more sensitive to induction (Riccomagno et al. 2012; Canagarajah et al. 2004). We
collected adult (P35) mice that were homozygous for the hyperactive allele
(Chn2'1304/11304) and stained for the mature granule cell marker GABARa6 (Fig 3.9 A-B)
and the glutamatergic synapse marker Vglut2 (Fig 3.9 C-D) to label mature GCs and

Chn 23041304 animals did not

their synapses, respectively. In contrast to Chn2”" mutants,
develop ectopic clusters of cells. Further, GC lamination and cerebellar foliation
appeared normal. Similarly, we found no difference in Bergmann glial scaffold
architecture using the marker GFAP (Fig 3.9 E-F) nor in the distribution of GABAergic
cell populations using the markers Parvalbumin (Fig 3.9 G-H) and GAD67 (Fig 3.9 I-J).

Collectively, these data suggest that hyperactivity of B-chimaerin does not negatively

affect cerebellar morphogenesis.

Discussion

Here we show that the RacGAP B-chimaerin is essential for cerebellar GC radial
migration. Many ligand-receptor pairs have been shown to regulate GC proliferation and
migration, but less is known about the cytoplasmic effectors that link these extracellular
signals with the cytoskeleton (Zhu et al. 2002; C. bing Guan et al. 2007; Friedel et al.
2007; Kerjan et al. 2005; Renaud et al. 2008). Guided by the previously reported robust
expression of Chn2 in the adult GCL (Leung et al. 1994), we examined whether this

cytoplasmic protein could be playing a functional role during cerebellar development. We
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found that the genetic ablation of Chn2 results in the formation of ectopic clusters of
neurons in the outer ML. These ectopias are primarily formed by mature GCs. Since we
initially established that Chn2 transcript was mainly expressed in the mature interior GCL
of early postnatal and adult cerebella (Fig 3.1), how could the mispositioned ectopic GCs
appear on the outside edge of the cerebellum? Interestingly, a fine-windowed
developmental study revealed a small subset of late pre-migratory GCPs display Chn2
expression in the oEGL in WT animals (Fig 3.1 F). Based on the distribution of these
Chn2™ cells and the co-localization of Bgal with NeuN and GABAR6 in the ectopias of
Chn2”" animals (Fig 3.2 and Fig 3.3 A-B), it is likely that it is this sub-population of
Chn2™ late pre-migratory neurons are the ones that fail to radially migrate inward upon
ablation of Chn2, thus forming neuronal ectopias. The regulatory mechanisms that
restrict Chn2 expression to this small subset of pre-migratory GCPs is currently
unknown, making this an intriguing question for future studies. The small subset of cells
(25-30%) that are part of the ectopias but fail to express the GABARa6 or markers of
other neuronal types might represent an intermediate step in GC maturation, as they do
express Chn2 promoter-driven Bgal.

RhoGTPases have been shown to regulate migration in a variety of neuronal
systems (E.-E. Govek, Hatten, and Van Aelst 2011; E. E. Govek, Newey, and Van Aelst
2005; G. H. Huang et al. 2017). In particular, the small G-proteins Racl and Rac3 are
required for proper GCP migration (Nakamura et al. 2017; Tahirovic et al. 2010). RhoA
is also necessary for cerebellar development (Mulherkar et al. 2014a). To our knowledge,

B-chimaerin is one of the first RacGAPs to be shown to participate in GCP migration (E.-
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E. Govek, Hatten, and Van Aelst 2011; G. H. Huang et al. 2017). Notably, only a small
set of GCPs in the more caudal cerebellum is affected by loss of Chn2. Given the
essential role of Rac and Rho during cerebellar morphogenesis and GCP migration
specifically, it is likely that other RhoGAPs and GEFs are also involved in regulating
GCP migratory events. Chnl expression in the developing and adult cerebellum appears
to be restricted to the Purkinje Cell Layer (Buttery et al. 2006; Hall et al. 2001; 1993),
making it unlikely that this homologue is substituting function for loss of -chimaerin in
Chn2”" animals. However, with over 80 GEFs and 70 GAP reported in mammals
(Azzarelli, Kerloch, and Pacary 2015), there are many potential candidates to regulate
Rho GTPases during GCP migration. For example, the RacGAPs Abr and Bcer have been
shown to participate in GC migration, although they likely act by regulating glial-scaffold
development (Kaartinen et al. 2001). While genetic ablation of Racl and Rac3 reduce the
overall level of active Rac, Chn2 deficiency is removing a negative regulator of Rac-GTP
function (Riccomagno et al. 2012; Griner et al. 2010), and is probably moving the scale
in the other direction. Thus, balanced Rac activity may be essential for proper GCP
migration. In this regard, expression of a hyperactive version of B-chimerin from the
endogenous Chn2 locus (the I130A point mutation) was not enough to disrupt GCP
migration (Fig 3.9). This could be in part due to the regionally and temporally restricted
expression of Chn2 in pre-migratory GCPs or the presence of efficient positive regulators
of Rac activity.

This novel role for Chn2 during cerebellar development is the newest addition to

a growing list of functional requirements for these RacGAPs during neuronal
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development: chimaerins have been shown to regulate axon guidance, pruning in the
hippocampus, and cortical lamination (Beg et al. 2007; Iwasato et al. 2007; Wegmeyer et
al. 2007; Kao et al. 2015; Ip et al. 2012; Ferrario et al. 2012; Miyake et al. 2009; Buttery
et al. 2006). While in the cortex Chnl is required for radial migration of most excitatory
neurons (Ip et al. 2012), we show that in the cerebellum Chn2 is required for migration
and positioning of a small subpopulation of GCPs, displaying remarkable specificity. The
functional requirement of chimaerins during a variety of developmental processes in a
wide array of CNS circuits highlights the importance of this small family of RacGAPs
during neural circuit formation. Previous studies have demonstrated that chimaerin
function can be modulated by Class 3 Semaphorins during axon guidance and pruning
(Ferrario et al. 2012). In particular, B-chimaerin’s RacGAP activity has been shown to be
regulated by Sema3F/Neuropilin2 function during hippocampal pruning (Riccomagno et
al. 2012). Even though cerebellar circuitry proceeds normally in Sema3F~ animals
(Matsuda et al. 2010), other Semaphorins and their Plexin receptors have well-established
roles during GCP proliferation and migration (Friedel et al. 2007; Kerjan et al. 2005;
Renaud et al. 2008; Deng et al. 2007; Maier et al. 2011). It is plausible that some of these
other members of the Semaphorin family could mediate -chimaerin function in GCPs,
since it is still mostly unclear how Plexin receptors regulate the actin cytoskeleton
(Kerjan et al. 2005; Renaud et al. 2008).

As mentioned above, only a subset of granule cells are susceptible to an arrest in
migration in Chn2”" cerebella, while the GC population at large is phenotypically normal.

Are these ectopic cells able to recruit the right presynaptic partners in a sea of normally
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positioned GCs? The surprising answer to this question appears to be yes. Anterograde
labeling of the pons using viral approaches revealed that the ectopic clusters found in
Chn2" cerebella were innervated by pontine axon fibers, one of the normal presynaptic
partners for cerebellar GCs (Fig 3.5). These ectopic presynaptic terminals are Vglut2™
and display the rosette morphology characteristic of normal pontine mossy fibers.
Whether these synaptic terminals are mature and active remains to be explored. While the
data presented here provides developmental insight into cerebellar circuit assembly at the
anatomical level, it is unlikely that the small number of ectopias present in Chn2”
animals will result in obvert physiological or behavioral changes. Far more severe
histological defects are observed in other classes of cerebellar mutants without any
measurable behavioral motor changes, speaking to the resilience of this model system to
regulate and fine-tune motor behaviors (Friedel et al. 2007; Kerjan et al. 2005).
Exploration of potentially subtle changes in behavior and physiology in Chn2”" animals

will be the subject of future studies.

Materials & Methods

Animals and Genotyping: The day of birth in this study is designated as postnatal (P)
day 0. The generation of Chn2~~ and Chn2"3%* mice has been described elsewhere
(Riccomagno et al. 2012). Genotyping of Chn2~~ mice was performed by PCR using the
following primers: Chn2KO1: 5'-CAGCCTGGTCTACAGAGTGAG-3"; Chn2KO2: 5'-
GCATTCCACCACTGAGCTAGG-3"; Chn2KO3: 5'-

GTAGGCTAAGCATTGGCTGGC-3'. Genotyping of the Chn2/'3%4"* knock-in mice was
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performed by PCR using the following primers: Chn2KIF: 5'-
CCAAGCCCAGCTTTAGAGTGGGC-3"; Chn2KIR: 5'-
GAAGGCCCTCCTTTGCTCTGAG-3'". All animal procedures presented here were
performed according to the University of California, Riverside’s Institutional Animal
Care and Use Committee (IACUC) guidelines. All procedures were approved by UC

Riverside IACUC.

Immunohistochemistry: Mice were perfused and fixed with 4% paraformaldehyde for
2 hours at 4 °C, rinsed and sectioned on a vibratome (150 pm). Immunohistochemistry of
floating parasagittal cerebellar sections was carried out essentially as described (Polleux
and Ghosh 2002). The primary antibodies used were: rabbit anti-calbindin (Swant at
1:2500), anti-parvalbumin (Swant at 1:2000), rabbit anti-calretinin (Swant at 1:2000),
chicken anti-fGal (AVES labs at 1:2000), chicken anti-GFP (AVES labs at 1:1000),
rabbit anti-GFAP (abcam at 1:1000), guinea pig anti-vGlut2 (Millipore at 1:1000), rabbit
anti-GABARa6 (Millipore at 1:1000, discontinued), Mouse anti-GAD67 (Millipore at
1:500), rat anti-L1 (Millipore at 1:500) and mouse anti-pax6 (Developmental Studies
Hybridoma Bank at 1:200). Sections were then washed in 1x PBS and incubated with
secondary antibodies and DAPI (Molecular Probe at 1:600 and 1:2000, respectively).
Sections were washed in PBS and mounted using vectorshield hard-set fluorescence
mounting medium (Vector laboratories). Confocal fluorescence images were taken using
a Leica SPE II microscope. Area and length were measured using ImageJ. For cell

counts, the ImageJ cell counter plugin was used.
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In situ Hybridization: /n situ hybridization was performed on floating cerebellar
vibratome sections (150 pm thickness) using digoxigenin-labeled cRNA probes,
essentially as described for whole-mount RNA in situ hybridization (H. L. Park et al.
2000). Generation of the Chn2 cRNA probes has been described (Riccomagno et al.
2012).

Injections of AAV-Synapsin-EGFP AAVSE was obtained from the University of North
Carolina viral core. The concentrated viral solution (0.2 pl), was delivered into the pons
by stereotactic injection (0.25 pl per min), using the following coordinates: anterior-
posterior, —5.1 mm; lateral, £ 0.6 mm; and vertical, —4.1 mm. For all injections, Bregma

was the reference point.

BrdU labeling: BrdU labeling agent was purchased from Life Technologies (#000103)
and was delivered via intraperitoneal injection at 1 ml BrdU solution/100 g animal
weight, following manufacturer instructions. Brains were perfused and collected 2hrs
post injection for proliferation assessment, or as adults for pulse-chase experiments.
Perfused brains were fixed for 2 hours and sectioned on a vibratome (150 um thickness).
Sections underwent antigen retrieval: incubated in 1 M HCl in 1xPBS for 30 mins at
room temperature, washed 3 x 10 min in 1xPBS, incubated in 10 mM sodium citrate for
30 min at 80 C, and washed 3 % 10 min in 1xPBS. Following antigen retrieval,
immunohistochemistry was performed as described above using a mouse monoclonal

antibody anti-BrdU (Invitrogen, clone BU-1, MA3-071 at 1:250).
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Figure 3.1: B-chimaerin expression in the postnatal cerebellum. (a) Developmental
maturation of cerebellar granule cells. At early postnatal stages, mitotically active granule
cell precursors (GCPs, yellow) populate the outer External Granule Layer (EGL).
Postmitotic GCPs (green) move to the inner EGL, where they grow two horizontal
processes and migrate tangentially to expand across the surface of the cerebellum. These
cells eventually grow a third perpendicular process and begin migrating radially inward
along Bergmann glial fibers, past the Purkinje Cell layer (PCL, red triangles), to form the
mature inner Granule Cell Layer (GCL). Mature granule cells (blue) extend their axons
back to the Molecular Layer (ML) to produce parallel fibers that provide Glutamatergic
inputs on Purkinje Cell dendrites. (b—h) /n situ hybridization in C57/BL6J mice using a
probe against B-chimaerin (Chn2) transcript. Chn2 shows robust expression in the GCL at
all postnatal stages. Notably, we detected Chn2 expression in the EGL at P18 (f), but this
expression did not persist in adult (g) animals. Hybridization with a sense probe does not
result in any detectable signal at any of these stages (P14 is shown in h). Scale bar, 50 um
for all.
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Figure 3.2: B-chimaerin deficiency causes neuronal ectopic clusters to form along
the cerebellar folia in an asymmetrical pattern. (a,b) Immunoflourescence of the pan-
neuronal marker NeuN in adult (P35) WT and Chn2~~ animals. Ectopic clusters of
neurons are observed in the ML in Chn2~'~ animals (white arrows), but these mutants
display no other changes in overall cerebellar structure. Scale bar, 500 um. (c)
Quantification of the average number of neuronal ectopias per 150 pum section across
genotypes. There is a highly significant difference among the three genotypes (n=9;
One-way ANOVA, p=4.4996¢e-05). While there appears to be a step-wise increase in the
average number of ectopias found in Chn2"*, Chn2""~, and Chn2™~ mice, only Chn2~/~
show a significant increase in the frequency of ectopias as compared to Chn2"* and
Chn2*"~ animals (**p <0.01 for both comparisons, Tukey HSD test). Error bars represent
SEM. (d,e) Immunoflourescence with antibodies recognizing both NeuN and
betagalactosidase (Bgal) reveal that these neuronal ectopias strongly co-label with both
markers. (e) Schematic and graph representing the percent distribution of ectopic clusters
across the cerebellum in Chn2~~ animals. The cerebellum may be divided into four
principle regions: Anterior (blue), Central (Green), Posterior (Yellow), and Nodal (Red);
each region may be further divided into several individual folds, or Lobules (I-X). We
found that ectopias most commonly occur in posterior and nodal lobules and fissures,
with enrichment in the fissure separating lobules VII-VIII and on the posterior side of
lobule IX (collectively accounting for 45% of all ectopias scored; n= 1068 ectopias
across nine animals).
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Figure 3.3: Ectopic clusters contain mature granule cells, but not other types of
cerebellar neurons. (a,b) Immunofluoresence of the mature granule cell-specific marker
GABARa6, with Bgal and DAPI as counterstains. Bgal positive ectopias contain large
numbers of differentiated granule cells. (c—h) Immunofluorescence for the PC marker
Calbindin (¢,d) and the general interneuron markers Parvalbumin (e,f) and GAD67 (g,h),
with Bgal and DAPI as counterstains. Neuronal ectopias do not co-label with any of these
three markers and therefore do not contain PCs, stellate, or basket cells that normally
occupy the ML. Interestingly, Purkinje cell dendrites appear to avoid invading the
clusters. Scale bar, 50 um for all.

114



GFAP GFAP BGal DAPI

BGal

Figure 3.4: Arrested migration of GCs
in B-chimaerin deficient animals. (a,b)
Cerebellar BrdU pulse labeling at P10,
collected at P35. BrdU" cells accumulate
in the ectopic clusters present in Chn2~/~
mutants (white arrows). (c,d)
Immunofluorescence for fgal and the
glial cell marker GFAP, with DAPI as
counterstain. The Bergmann Glial
scaffold, which radially migrating GCPs
adhere to during their migration from the
iEGI to GCL, does not appear disrupted
in Chn2~~ mutants. Of note, Pgal
immunoreactive cells may be seen
collected on individual glial tracts (white
arrowheads), suggesting some [3-
chimaerin deficient GCPs may initiate
but fail to complete radial migration.
Insert shows a higher magnification
view of the dotted area (green: Pgal; red:
GFAP). Scale bars, 50 um. (e)
Quantification of Bgal” cells arrested in
the molecular layer of WT, Chn2"" and
&  Chn2” adult mice. One-way ANOVA,

 p=1.1102e-16,n=10. **p <0.01,
Tukey HSD test. Error bars represent
SEM.
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Figure 3.5: Neuronal Ectopias are contacted by pontine mossy fibers. (a,b)
Immunofluorescence of the presynaptic marker glutamate vesicular transporter (Vglut2),
and Pgal, with DAPI as counterstains. 100% of the ectopias robustly label with Vglut2,
suggesting they may form synapses with mossy fibers. Scale bar, 50 um. (¢,d) Injection
of AAV-Syn-EGFP into the pons reveals that neuronal ectopias are innervated by
aberrant mossy fibers. AAV-syn-EGFP injections into the pontine nucleus of adult (P35)
animals label mossy fibers innervating the cerebellar cortex. We found that mossy fibers
improperly projected into the ML in Chn2”" animals (white arrowheads). Scale bar,

100 um. (e,f) Higher-resolution image showing that these mossy fibers make direct
contact with neuronal ectopias and are surrounded by Vglut2* processes. Scale bar,

50 pm.
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Figure 3.6: Early postnatal
cerebellar structure is unaltered
in B-chimaerin deficient animals.
(a—d) Immunofluorescence on early
postnatal (P10) Chn2~~ mutants
with an antibody targeting the
transcription factor Pax6, which
identifies both GCPs in the EGL as
well as mature GCs in the GCL
(a,b) or the cell adhesion molecule
NCAM-L1 (L1), which labels
migrating GCPs in the iEGL (¢,d).
At these early postnatal stages,
neither Pax6 nor L1 reveal any
differences in GCP distribution.
(e,f) Immunofluorescence with the
glial marker GFAP. The Bergmann
glial scaffold appears unaffected.
Scale bar, 50 um for a—d; 25 um for
e—f.
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Figure 3.7: Tangential migration is unaffected in f-chimaerin deficient mice. (a—c)
Measurement of EGL length in PO WT (a) and Chn2~~ (b) animals. Scale bar, 200 um.
(¢) Quantification of EGL length. No difference was observed between groups (two-tail t-
test, n=35; p=0.082). (d,e) Immunostaining for the iIEGL marker Sema6A in WT (d) and
Chn2™~ (e) P10 cerebella. Scale bar, 25 pm (f) Quantification of iEGL (Sema6A™)
thickness, relative to overall EGL thickness. Two-tail t-test, n=10; p=0.528. Error bars
represent SEM.
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Figure 3.8: Cell proliferation in f-chimaerin deficient animals. (a—h) BrdU was
injected into either early postnatal stages (P4 and P10, a,b,d,e) or adult (P35, g,h) and
allowed to incorporate for 2 hours prior to animal collection. (¢,f) Quantification of BrdU
pulse-chase experiments. We found there is no significant difference in the density of
proliferating, BrdU* GCPs in the oEGL between Chn2~~ and WT animals (n= 15 animals
per genotype, per stage, 4-5 sections 4 um-thick per animal, two-tail t-test; P4: p=0.32;
P10: p=0.952). In adult (P35) animals, neuronal ectopias do not contain proliferating
cells, suggesting that they are composed entirely of postmitotic GCs (h). Scale bar, 50 um
for all. Error bars represent SEM.
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Figure 3.9: Cerebellar structure is unaffected in p-chimaerin hyperactive mutants.
(a—j) Histological analysis of adult (P35) cerebellar structure in WT mice and mice
homozygous for a hyperactive allele of the f-chimaerin gene (Chn2/3041304) e
observe no notable differences in the mature granule cell marker GABARa6 (a,b), the
glutamatergic synaptic marker Vglut2 (¢,d), the glial marker GFAP (e,f), or the
interneuron markers Parvalbumin (g,h) and GAD67 (i,j). Scale bar, 50 um for all.
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SUMMARY & CONCLUSION

Proper development of the Central Nervous System (CNS) requires that neurons
make appropriate connections with their synaptic partners. To ensure this, neurons in the
developing brain must migrate from their sites of germination to their final structures,
guided by a broad suite of guidance cues(H. T. Park, Wu, and Rao 2002). Proper
connectivity between neurons and structures is achieved through the regulated guidance
of axons, followed by the establishment and refinement of synaptic contacts (Kolodkin
and Tessier-Lavigne 2011). The tight spatiotemporal regulation of cellular adhesion is
crucial to coordinate each of these activities; in each case neurons must tightly adhere to
the substrate to anchor themselves and generate traction forces, detach themselves from
the substrate once advanced, and cyclically regulate these two processes to ensure
processive movement until the destination is reached (Webb, Parsons, and Horwitz 2002;
Moreland and Poulain 2022; Craig 2018). In order to gain a deeper understanding of the
cytoplasmic effectors that link extracellular signals to changes in adhesion and
cytoskeletal organization during neuronal migration and axon pathfinding, I investigated
the roles of cytoplasmic adaptors and regulators, and designed a tool to monitor adhesion
signaling events, outlined in the three chapters presented.

In Chapter 1, I established the role of Crk-Associated Substrate (Cas) family of
cytosolic adapter proteins during cortical axon guidance and fasciculation. During
development, the timely regulation of growth cone adhesion to its substrate is vital to
ensuring proper neuronal responses to guidance cues. While many ECM ligands and their

cognate receptors have been identified, less is known about how these signals are relayed
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to the effectors of the cytoskeletal network of the cell. Using conditional mouse genetics,
I provide evidence that Cas proteins are required cell-autonomously for proper
fasciculation of the Anterior Commissure, an evolutionarily conserved forebrain tract
that, in mice, mediates reciprocal connections between the piriform and entorhinal
cortices of the two hemispheres and the olfactory bulbs (Fenlon et al. 2021). Further, I
provide evidence that Cas proteins are required cortical-autonomously to regulate the
entry of thalamocortical projections originating in the thalamus (Molnar et al. 2012), by
ensuring proper lamination of the cortex and integrity of the subplate, an intermediate
target used by thalamic axons that regulates their entry into the cortex (Allendoerfer and
Shatz 1994). These data provide novel functions for the Cas family of signal adapter
proteins during CNS development, and build on a growing body of literature implicating
them in axonal fasciculation and guidance downstream of multiple receptors (Z. Huang et
al. 2007; Vahedi-Hunter et al. 2018; Wong et al. 2022)

In Chapter 2, I present the development of a novel tool to probe Integrin Adhesion
Compex (IAC) dynamics, which we name pYFAK BiLuc. Using a bi-molecular
complementation approach, we design a set of genetically-encoded probes to reconstitute
firefly luciferase downstream of IAC signaling. We provide evidence that these probes
are properly recruited to IAC complexes, are responsive to canonical integrin ligands, and
are specific to phoshotyrosine activation of Focal Adhesion Kinase (FAK), one of the
earliest observable events in IAC assembly (L. Kornberg et al. 1992; Miyamoto et al.
1995; Webb, Brown, and Horwitz 2003; Zaidel-Bar et al. 2003). This genetically-

encoded set of probes fulfills a current need for a tool that provides simple, quantifiable,
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and sensitive reporting of IAC signaling, with the potential to be expanded for high-
throughput drug screens, genetic screens, or other in vivo or in vitro applications in both
basic research and clinical settings.

Finally, in Chapter 3 I established the requirement for RacGAP B-chimaerin
during cerebellar granule cell progenitor (GCP) radial migration. During development,
neurons must often navigate complex routes from their points of origin to their final sites
of connection, guided by many classes of guidance molecules and adopting diverse
locomotive strategies (H. T. Park, Wu, and Rao 2002; Valiente and Marin 2010). This is
true of cerebellar granule cells, which sequentially undergo a glial-independent,
tangential migration and gliophilic, radial migration during their navigation from the
External Germinal Layer (EGL) inward towards the mature Granule Cell Layer (EGL)
(Leto et al. 2016). The cellular pathways that orchestrate such complex locomotive
decisions are poorly understood, but the Rho family of GTPases have been shown to
influence cell polarity and cytoskeletal dynamics in response to neuronal guidance cues
(Stankiewicz and Linseman 2014; Bai et al. 2015), making them attractive targets in the
interplay between adhesion and guidance signaling. In this chapter, I show in vivo
evidence that the negative regulator of Racl GTPase, B-chimaerin, is required for proper
lamination of the cerebellar cortex. Mutants for B-chimaerin accumulate ectopic clusters
of neurons on the surface of the cerebellar folia. I demonstrate these clusters are
composed principally of post-mitotic cerebellar granule cells and not other types of
cerebellar neurons. I go on to show that these ectopias express mature synaptic markers

and recruit mossy fiber afferents from the pontine nucleus. Interestingly, examination of

123



mutants containing a hyperactive allele for B-chimaerin have no gross deficits in
cerebellar lamination, suggesting that the correct balance of Rac GTPase activity is
required for proper GCP migratory events.

Collectively, these studies shed light on how neurons interpret extracellular
signals to modulate cellular adhesion and cytoskeletal remodeling pathways during
neuronal migration and axonal guidance events. Given the potential for these proteins as

integrators of diverse guidance cues, our work opens new avenues for further study.
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