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ABSTRACT

Normal brain function is dependent on the correct positioning and connectivity of
neurons established during development. The Reelin signaling pathway plays a crucial
role in cortical lamination. Reelin is a secreted glycoprotein that exerts its function by
binding to lipoprotein receptors and inducing tyrosine phosphorylation of the intracellular
adaptor protein Dabl. Mutations in genes of the Reelin signaling pathway lead to
profound defects in neuronal positioning during brain development in both mice and
humans. However, the molecular mechanisms by which Reelin controls neuronal
morphology and migration are unknown. We have used a systems analysis approach to
identify genes regulated through the Reelin signaling pathway and identified microtubule
stabilizing CLIP-associated protein 2 (CLASP2) as a key cytoskeletal modifier of Reelin
mutant phenotypes. Previously, little was known about the role of CLASP2 in the
developing brain. We propose that CLASP?2 is a key effector in the Reelin signaling
pathway controlling basic aspects of cortical layering, neuronal morphology, and
function.

CLASP2 is a plus-end tracking protein and this localization places CLASP2 in a
strategic position to control neurite outgrowth, directionality, and responsiveness to

extracellular cues. Our results demonstrate that CLASP2 expression correlates with



neurite length and synaptic activity in primary neuron cultures; however, the role of
CLASP2 during brain development was unknown. In this dissertation, we have
characterized the role of CLASP2 during cortical development by in utero
electroporation of ShRNA plasmids and found that silencing CLASP2 in migrating
neurons leads to mislocalized cells at deeper cortical layers, abnormal positioning of the
centrosome-Golgi complex, and aberrant length/orientation of the leading process. In
addition, we found that GSK3B-mediated phosphorylation of CLASP2 controls Dabl
binding and is required for regulating CLASP2 effects on neuron morphology and
migration. This dissertation provides the first steps into gaining insight on how Reelin
signaling affects cytoskeletal reorganization in order to regulate fundamental features of

neuronal migration, positioning and morphogenesis.
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CHAPTER 1.

INTRODUCTION
1.1 Mammalian Cortex Development
The mammalian cortex is distinguished by its six horizontal cell layers, each layer
comprised of neurons with distinct morphological and functional identities. Excitatory,
projection (pyramidal) neurons exhibit layer specific differences in their molecular
expression and subsequent connectivity (Angevine and Sidman, 1961; Wise and Jones,
1977; Rakic, 1988; Lai et al., 2008; Belgard et al., 2011). Projection neurons which
occupy deeper layers (V and VI) extend corticofugal axons targeting subcortical
structures like the thalamus and spinal cord, whereas upper-layer (11 and 111) neurons
project within the cortex, either in the same hemisphere or contralaterally via the corpus
callosum. In contrast, layer IV serves are the main input layer, receiving sensory
information from thalamocortical axons (DeFelipe and Farinas, 1992). Therefore, the
ability of the neocortex to mediate complex cognitive and motor tasks depends on the
positioning and connections of these neurons during development.

During development, the ventricular zone of the dorsal telencephalon contains
progenitors cells which give rise to the incredible heterogeneity of excitatory neurons
present in the mature neocortex (Noctor et al., 2001; Miyata et al., 2001; Noctor et al.,
2002; Fishell and Kriegstein, 2003; Anthony et al., 2004; Gal et al., 2006; Stancik et al.,
2010). Neurogenesis within the ventricular zone relies on a delicate balance between
maintenance of a progenitor pool and production of new, post-mitotic neurons. During

this process, neural progenitors initially divide symmetrically to increase the pool of



proliferative cells. As development progresses, neuroepithelial cells differentiate into
radial glia cells and begin to undergo increasing numbers of asymmetric divisions in an
effort to promote both self-renewal and the production of post-mitotic neurons (Figure
1.1; lacopetti et al., 1999; Sahara and O'Leary, 2009; Siegenthaler et al., 2009; reviewed
in Matsuzaki and Shitamukai 2015). This shift in the mode of division from proliferative
to neurogenic does not occur as a single event but rather as a gradual process and
subsequently determines neuron number and brain size (Gotz and Huttner 2005).

During asymmetric divisions, the unequal distribution of cell-fate determinants
between the mother and daughter cell has been shown to control differentiation and cell
fate (Zhong et al., 1996; Bultje et al., 2009; Wang et al., 2009; Dong et al., 2012;
reviewed in Morin and Bellaiche, 2011). In order to accomplish this goal, the mitotic
spindle acts as a cellular scaffold to organize and segregate both genetic material and fate
determining factors. The mitotic spindle is a microtubule based structure that originates
from the two centrosomes and works to segregate the chromatids during mitosis.
Formation and orientation of the mitotic spindle depends on microtubule length, stability,
and capture at the cell cortex (Kirschner and Mitchison, 1986; Aist et al., 1991; Carminati
and Stearns, 1997; reviewed in Wynshaw-Boris et al., 2010). Previous experiments
suggest that changes in the orientation of the mitotic spindle may regulate the switch
from symmetric to asymmetric cell divisions in both vertebrate and invertebrate
progenitors (Das et al., 2003; Sun et al., 2005; Das and Storey, 2012; Lancaster and
Knoblich, 2012); however, experiments examining time-lapse videos of progenitor

divisions in brain slices have demonstrated that orientation of the cleavage plane does not



accurately predict cell fate (Haydar et al., 2003; Gotz and Huttner, 2005; lacopetti et al.,
1999). Spindle orientation is tightly regulated by mechanisms involving the centrosomes,
astral microtubules, and interactions between proteins adherent to the cell cortex
(Carminati and Stearns, 1997; Feng and Walsh, 2004; Kosodo et al., 2004) and in humans
mutations in genes regulating spindle orientation have been shown to cause brain
disorders such as lissencephaly (smooth brain characterized by the absence of gyri) and
microcephaly (deficits in brain size) (Moon et al., 2014; Chen et al., 2014; Gilmore and
Walsh 2013). Interestingly, the majority of known microcephaly genes encode
centrosomal proteins (such as Aspm, Cdk5rap2, and MCPH1) regulating a wide range of
processes including centriole duplication, centrosome maturation, and entry into mitosis.
Therefore, the molecular mechanisms controlling progenitor cell populations and their
mode of division are critical in determining brain size, neuron heterogenity, and eventual
physiology.

During development, cortical layers form in an “inside-out” pattern with early-
born neurons occupying deeper layers and later-born neurons migrating past them to form
the superficial/outer layers. Therefore, the birth-date of projection neurons is intimately
associated with laminar identity, connectivity, and physiological function (Angevine and
Sidman, 1961; Wise and Jones, 1977; Rakic, 1988; reviewed in McConnell, 1988).
Excitatory-projection neurons of the cortex are generated by apical and basal progenitor
cells located within the ventricular and subventricular zones, respectively. Following
terminal division, neurons generated in these proliferative zones move upwards into the

intermediate zone, briefly adopting a multipolar morphology, before continuing their



migration into the cortical plate. Several studies have revealed that the transition out of
the multipolar stage requires stabilization of a leading neurite and depends on
cytoskeletal associated proteins including filamin A, lissencephaly-1 (L1S1), and
doublecortin (DCX) (Bai et al., 2003; Nagano et al., 2004; Tsai et al., 2005; reviewed in
LoTurco and Bai 2006). Before entering the cortical plate, the morphology of migrating
neurons again changes from multipolar to bipolar as these cells begin to move along
radial glial fibers towards their final location (Figure 1.1). Consequently, for neurons
destined for upper cortical layers, radial glia serve as both the main progenitor cell and
the scaffolding which subsequently guides migration (Kriegstein and Alvarez-Buylla,
2009).

Formation of the mature cortex requires the movement of neurons over great
distances from the site of birth to their final laminar position. Time-lapse imaging has
demonstrated that migrating neurons use two distinct forms of cell movement termed
locomotion and somal translocation (Nadarajah et al., 2001). These modes of cell
movement have been dissociated based on differences in microtubule dynamics, cell
morphology, and reliance on radial glia fibers. Generally, projection neurons migrate into
the cortical plate using somal translocation during the initial stages of corticogenesis and
then switch to radial glial guided locomotion at later embryonic stages as the distance
needed to travel increases (Miyata et al., 2001; Nadarajah et al., 2001; Tabata and
Nakajima, 2003; Noctor et al., 2004). Once neurons reach their final destination, they
further differentiate by extending their axons to form connections with target cells and

create extensive dendritic branching to establish functional connectivity.



1.2 Reelin Signaling in Brain Development

The Reelin signaling pathway is one of the most well studied signaling cascades
involved in the cytoarchitecture of the cerebral cortex (Figure 1.2). In humans, mutations
in reelin signaling cause lissencephaly and cerebellar hypoplasia (Hong et al., 2000).
Mice with mutations in reelin or its receptors have severe developmental abnormalities,
including the inability of migrating neurons to split the developing preplate and an
inversion of the normal inside-out pattern of cortex development (D'Arcangelo et al.,
1995; Howell et al., 1997; Trommsdorff et al., 1999; Rice and Curran, 2001). Reelin is a
large secreted glycoprotein and during corticogenesis Reelin is primarily expressed in
Cajal Retzius cells located within the uppermost, marginal zone. Reelin exerts its
function by binding to the lipoprotein receptors apolipoprotein E receptor 2 (ApoER2)
and very-low-density-lipoprotein receptor (VLDLR) and inducing tyrosine
phosphorylation of the intracellular adaptor protein disabled-1 (Dabl) (Howell et al.,
2000; Bock and Herz, 2003). Phosphorylation of Dabl by Src-family kinases recruits
downstream signaling molecules in order to promote cytoskeletal changes necessary for
neuron migration, radial glia detachment, and neurite morphology (Figure 1.3;
D'Arcangelo 2005). Previous studies have demonstrated that Reelin signaling can induce
opposing effects on the phosphorylation of cytoskeletal proteins such as MAP1B and Tau
(Beffert et al., 2004; Gonzalez-Billault et al., 2005). For example, Reelin can stabilize the
leading process of migrating neurons by inducing cofilin phosphorylation at Ser3, which
regulates actin dynamics (Chai et al., 2009). In addition, Reelin can induce MAP1B

phosphorylation through glycogen-GSK-3f activation which has been shown to be



necessary for correct cortical lamination (Gonzalez-Billault et al., 2005). A number of
mutations in cytoskeletal-encoded genes also produce deficits in neuron migration and
cortical lamination phenotypically similar to Reelin mutants. For example, human
mutations in LIS-1, DCX, and tubulin-1A (TUB1A), integral components of the
microtubule cytoskeleton, cause severe cortical lamination defects with later born
neurons failing to migrate past previously born neurons (Gleeson et al., 1998; Romaniello
et al., 2015). The culmination of these genetic studies indicates that several signaling
pathways, including the Reelin pathway, must converge on downstream cytoskeletal
proteins to affect proper neuronal migration and brain development.
1.3 Role of Microtubules in Neural Development and Migration

Dynamic changes to the cytoskeleton are necessary to regulate neuron
proliferation, differentiation, and migration. In particular, microtubules provide tracks for
intracellular transport, set up local cues to position organelles, and work to generate
contractile forces for both adhesion and/or cell movement (Kapitein and Hoogenraad,
2015). Microtubules are constructed from a- and p-tubulin dimers, which bind in a head
to tail fashion to form polarized filaments (Akhmanova and Steinmetz, 2008). In neurons,
polarized microtubules are nucleated with their minus-ends orientated towards the
centrosome/Golgi complex in the cell body, and the plus-ends projecting towards the tips
of extending axons. At the dynamic plus-ends, frequent transitions between periods of
growth and shortening permits the extension or retraction of neurites in response to
guidance cues and is necessary to maintain directional growth towards synaptic targets.

In neurons, microtubule diversity can be generated by many cellular processes including



the expression of different a- and B-tubulin genes, the generation of post-translational
modifications, and the regulation of protofilament numbers (Brouhard and Rice, 2014).
Clinically, mutations in various o/B-tubulin isotypes have been linked to several human
neurodevelopmental and degenerative disorders (Tischfield et al., 2011) and these
mutations are associated with a wide range of microtubule functions including tubulin
stability, polymerization, and motor protein or microtubule associated protein (MAP)
binding (Kapitein and Hoogenraad, 2015).

During cell division, correct positioning of the mitotic spindle relies of the capture
and stability of astral microtubules. Astral microtubules are nucleated at the spindle poles
and engage the cell cortex to generate the traction forces necessary to maintain or alter
spindle position. The dynamic lengthening and shortening of spindle microtubules
determines the shape of the mitotic spindle and promotes proper alignment of
chromosomes at the spindle midzone. Identifying components of the cortical-spindle
machinery and determining molecular mechanisms that control their activity is essential
to understand how cell division kinetics and cell fate can be determined.

Migrating neurons are highly polarized in the direction of their movement and this
is achieved through the generation, maintenance, and constant remodeling of
microtubules in response to extracellular cues and intracellular polarity signals (Figure
1.3). During migration, the cell first extends a leading neurite preceded by a growth cone
that expands and collapses as it explores the microenvironment. Previous research has
shown that the local stabilization of a single neurite is required for newly generated

neurons to exit the multipolar stage and enter the cortical plate. This stabilization



ultimately results in formation of the leading process while the trailing process eventually
develops into the future axon (Shim et al., 2008; Witte et al., 2008). Next, in order to
move forward, the cell undergoes a translocation of the nucleus into the stabilized leading
neurite. During this process termed nucleokinesis, the attachment of microtubules from
the centrosome to the nuclear envelope exerts a traction force, pulling the nucleus into the
leading neurite and along the radial glia process (Bellion et al., 2008). Therefore,
microtubules are required for each step in cell movement including: leading process
stabilization, rapid elongation, and finally nuclear translocation through actions of
centrosome.

MAPs can function to stabilize the cytoskeleton through polymerization at the
growing tip or by rescuing catastrophe events along the neurite shaft. Stable microtubules
acquire several post-translational modifications such as acetylation of a-tubulin, or
proteolytic removal (detyrosination) of the C-terminal tyrosine (Westermann and Weber,
2003). Acetylation of microtubules has been shown to enhance the binding of motor
proteins that are crucial for the transport of key cargo to and from the future axon. For
example, the molecular motor protein kinesin-1 demonstrates increased binding to
acetylated microtubules and functions to set the asymmetric distribution of polarity
determinants such as APC and PAR-3 (Reed et al., 2006). The creation of several mutant
mouse lines indicates that deletion or knockdown of proteins which destabilize
microtubules (including MAP1B, Tau, and Lis1) leads to consistent defects in neuron
migration, axon elongation, and dendritic arborization (Dehmelt and Halpain, 2004). For

example, the protein Elongator functions as a multi-subunit histone acetyltransferase and



silencing of its catalytic subunit causes a global reduction in acetylated a-tubulin.
Knockout of Elongator in mice causes a significant reduction in microtubule stabilization,
delaying migration of cortical projection neurons, and impairing dendritic branching
(Creppe et al., 2009).

Clinically, the characterization of genes involved in neuronal migration disorders
has also emphasized the importance of microtubule function in human neural
development. Lissencephaly (smooth brain), pachygyria (few gyri), and subcortical band
heterotopias are each pediatric brain malformations caused by disruptions in neuronal
migration with known mutations present on cytoskeleton-related genes (Liu, 2011). For
example, hemizygous mutations in Lis1 cause type-1 lissencephaly, a disorder of
neuronal migration resulting in cortical lamination defects and functional impairments of
cognitive and motor skills. Lis1 has been shown to bind to microtubules and increase
their stability, as well as functioning to couple the centrosome with the nuclear envelope
(McKenney et al., 2010). Many additional microtubule stabilizing proteins have also been
shown to be essential during neuron development. For example the loss of MAP1B or
DCX results in an increase in axon/leading process branching as neurons move through
the cortical plate (Bouquet et al., 2004; Kappeler et al., 2006). In addition, DCX
knockout mice demonstrate an accumulation of multipolar neurons in the intermediate
zone of the cortex which resembles the formation of subcortical laminar heterotopias
observed in human patients (Bai et al., 2003; Gleeson et al., 1998). The appropriate
positioning of neurons to the correct cortical layer is essential for connectivity and

neocortical function. Experimental or genetic disruptions that alter cortex lamination
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often create neocortical circuits that have aberrant, enhanced excitability which has been
shown to lead to enhanced susceptibility of patients to epilepsy (LoTurco and Bai, 2006).
Therefore, it is clear that a further understanding of the molecular mechanisms
controlling migration through microtubule remodeling is of important clinical value.

1.4 Microtubule Organizing Centers (MTOCS)

Nucleation is the process by which several tubulin molecules interact to form a
microtubule seed and initiate the de novo formation of microtubule filaments (Job et al.,
2003). Microtubules are organized into arrays that serve as tracks for directed vesicular
transport and are essential for the establishment of cell polarity and maintenance of
neuronal architecture. Therefore, the nucleation of microtubules must be highly regulated
in order to regulate the cytoskeleton during development. Microtubule organizing centers
(MTOCs) function as the site where microtubules emerge and gamma (y)-tubulin
represents the core component of MTOCs implicated in nucleating microtubules at both
the mitotic spindle and cytoplasm (Oakley, 2000). In mammals, y-tubulin ring complexes
form a template which binds the a-tubulin subunit at the microtubule minus-end.
Microtubules then grow with a defined polarity from this complex with minus-ends
anchored on the y-tubulin ring and plus-ends extending into the cytoplasm (Petry and
Vale 2015). Previous studies have proposed that in mammalian neurons, microtubules are
primarily nucleated by y-tubulin at the centrosome, released by the microtubule severing
protein katanin, and then transported into developing neurites (Ahmad et al., 1998, Baas
et al., 2005). However, recent results demonstrate that although the centrosome acts as an

active MTOC in polarizing neurons, as development progresses, y-tubulin is depleted
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from the centrosome and the majority of microtubules originate from acentrosomal sites
(Stiess et al., 2010). Therefore, the mechanisms which control the shift and development
of additional MTOCs must have important consequences on cell morphology and
function.

In general, microtubule arrays originating from the centrosome are organized in a
radial fashion while non-centrosomal arrays appear to have a significantly more polarized
distribution (Efimov et al., 2007). Within neurons, one potential site of acentrosomal,
microtubule nucleation is the Golgi complex and y-tubulin has been shown to be
recruited to the cis-Golgi membrane through interactions with AKAP450 and subsequent
binding to the Golgin, GM130 (Rivero et al., 2009). A number of studies have shown that
the Golgi complex can nucleate microtubules and that microtubules nucleated at the
Golgi are preferentially oriented towards the leading edge in motile cells (Efimov et al.,
2007). The Golgi apparatus is integral to the sorting and delivery of newly synthesized
proteins and this function is conserved across animals, plants, and fungi. In neurons,
Golgi stacks are connected by tubules to form a ribbon-like structure adjacent to the
centrosome within the cell body. The polarized shape of the Golgi ribbon is necessary for
both directed secretory trafficking as well as axon specification and extension (De Zio et
al., 2015). Recent studies indicate that as neurons mature, the increasing complexity and
length of dendritic arbors requires microtubule nucleating centers located away from the
cell body. In particular, Golgi outposts have been found to be enriched at dendritic
branchpoints and have the ability to seed and nucleate new microtubules (Ori-McKenney

et al., 2012). The appearance of these outpost was shown to correlate with the formation
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of new End-Binding proetin-1 (EB1) comets and confer polarity by maintaining directed
vesicle trafficking within the neurite (Ori-McKenney et al., 2012; Horton et al., 2005).
Disruption of Golgi polarity produces neurons with symmetric dendritic arbors, lacking a
single longest principal dendrite (Horton et al., 2005). Therefore, it is clear that Golgi-
derived microtubules contribute to the asymmetric networks of polarized neurons and
support cargo delivery to the leading edge.

Cell migration requires the regulated transport of vesicles and the addition of new
plasma membrane to supplement extending neurites (Jaffe and Hall, 2005). Therefore, it
IS not surprising that in migrating cells both the Golgi and centrosome re-orient to face
the leading edge in response to a variety of external cues including trophic factors,
electrical fields, and/or chemotaxic gradients (Bisel et al., 2008). Polarization cues
initiated at the leading edge have been shown to activate the GTPase Cdc42, which
establishes the Par6-Par3-PKC polarity complex. This complex can then recruit and
anchor the motor protein dynein, which pulls on microtubules creating tension to move
the centrosome/Golgi complex towards the leading edge (Palazzo et al., 2001). Migrating
neurons are highly polarized in the direction of their movement and this is achieved
through the correct orientation and remodeling of a leading neurite. During the radial
migration of neurons in the developing cortex, somal translocation occurs following
movement of the centrosome into the leading process which creates traction forces
pulling the nucleus forward (Figure 1.3; Sakakibara et al., 2013). In addition, previous
experiments indicate that during the tangential migration of cortical interneurons

movement of the Golgi/centrosome complex into an extending neurite is the key step for
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selecting directionality (Yanagida et al., 2012). This movement is achieved through
regulation of the micotubule associated protein Lis1 stimulating dynein motor activity to
pull the centrosome into the leading process (Levy and Holzbauer 2008; Tsai et al.,
2007). Knockdown of either dynein or Lis1 results in a loss of centrosome motility and
significant impairments in somal translocation (Tsai et al., 2007). Therefore, it is clear
that directed cell migration requires orientation of the MTOCs towards the leading edge.
1.5 Microtubule Plus-End Binding Proteins (+TIPs)

Growing microtubules serve as transient binding platforms for proteins that can
both regulate microtubule dynamics and affect their interactions with extracellular cues.
A subgroup of the MAPs, the plus-end-tracking proteins (+TIPs), specifically accumulate
at the growing ends of microtubules. Therefore, +TIPs are in a strategic position to
regulate interactions between the cytoskeleton and other intracellular structures.
(Akhmanova and Steinmetz, 2010 and Galjart, 2010).

Microtubule dynamics are regulated at the polarized plus-ends, which undergo
successive episodes of growth and shrinkage (Figure 1.4; Akhmanova and Steinmetz
2008). This process, called dynamic instability, involves alternations between
catastrophes (transitions from microtubule growth to shrinkage) and rescues (shrinkage to
growth). Dynamic instability creates fractions of growing, shrinking, and stable (pausing)
tubulin polymers and this enables the cell to constantly probe the cytoplasm and adapt
quickly to a changing environment. In addition, microtubule dynamics can generate
traction forces which can be used to transport vesicles, pull chromosomes apart during

mitosis, and position organelles within the cell (Galjart, 2010).
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The polymerization of microtubules begins with the addition of GTP bound
tubulin dimers at the plus-end. Electron microscopy experiments have demonstrated that
GTP-bound tubulin is relatively straight allowing for microtubule polymerization, while
GDP-bound tubulin favors a more curved conformation. +TIPs bind with varying
affinities to microtubules grown in the presence of different GTP analogs (notably with
enhanced affinity for GTPy compared to GDP microtubules) suggesting that +TIPs sense
a tubulin conformation that is linked to the GTPase cycle at the leading edge (Maurer et
al., 2011). Therefore, by binding close to the GTP-binding site, +TIPs are able to
recognize the nucleotide state of microtubules and provide a stabilized structural cap
protecting extending neurites from depolymerization (Figure 1.4; Maurer et al., 2012).

The growth cone represents the specialized, highly motile tip of extending
neurites. Intrinsic polarity signals and extracellular guidance cues are responsible for
directing growth cone navigation through the regulation of microtubule dynamics.
Previous experiments have demonstrated that microtubule stability can induce growth
cone attraction and neurite outgrowth both in vitro and in vivo (Buck and Zheng, 2002).
In addition, the selective stabilization and extension of microtubules at the leading edge
has been shown to be essential for cell migration (Wantanabe et al., 2005). Therefore,
+TIPs can operate as regulatory factors involved in neuron migration and cortex
development. Accumulating evidence demonstrates a role for +TIP proteins in a range of
developmental phenotypes including: neuron differentiation, conversion of multipolar
cells to their bipolar migratory state, and the migration of neurons through the cortical

plate (de Anda et al., 2012; Purro et al., 2008; Koester et al., 2007; Eom et al., 2014).
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During cell division chromosome segregation is governed by the interaction of
spindle microtubules with the kinetochore and following nuclear envelop breakdown, the
plus-ends of dynamic microtubules probe the cytoplasm in an effort to capture and
initiate chromosome alignment (Kirschner and Mitchison, 1986; Hill, 1985; Holy and
Leibler, 1994). Microtubules that encounter a kinetochore become stabilized, whereas
those that do not depolymerize and are broken down (Hayden et al., 1990). Knockdown
of +TIP proteins such as Adenomatous Polyposis Coli (APC) and EB1 has been shown to
cause deficits in chromosome segregation and spindle positioning (Fodde et al., 2001;
Kaplan et al., 2001; Tirnauer et al., 2002; Rogers et al., 2002) and these phenotypes could
be the result of reduced astral microtubule numbers or by preventing microtubule plus-
ends from interacting with specific depolymerases. In mammalian cells, loss of spindle
pole integrity during mitosis can lead to incorrect chromosome segregation and deficits in
daughter cell viability (Silkworth et al., 2009). Therefore, the localization and specialized
nature of +TIPs allows for them to affect all aspects of neuron development from cell
division, to polarization, and migration.

1.6 Overview of CLIP-170 Associated Protein (CLASP)

CLASPs belong to a heterogeneous family of +TIPs which regulate microtubule stability
during both interphase and mitosis. Previous evidence demonstrates that CLASPs can
stabilize microtubules through direct interactions with tubulin by promoting pausing
events and preventing catastrophe during polymerization (Drabek et al., 2006; Mimori-
Kiyosue et al., 2005; Al-Bassam and Chang, 2011; Slep, 20090; Ortiz et al., 2009).

Initially, CLASPs were identified as binding partners of CLIP-associated proteins and
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were shown to track microtubule plus-ends through binding with other +TIP proteins
including CLIP-170 and EB1 (Akhmanova et al., 2001). Several mammalian CLASP
proteins have been characterized including CLASP1 and two isoforms, CLASP2a and
CLASP2y, which are transcribed from a second gene expressed predominantly in the
nervous system (Akhmanvoa et al., 2001). CLASP2a and CLASP2y are highly conserved
isoforms that share all known CLASP2 protein interaction domains, differing only at the
N-terminus where CLASP2a contains a 233 amino acid dis1/TOG domain insertion.
Therefore, determining how the localization of CLASP is regulated will provide a better
understanding of its function.

Mapping analysis of the CLASP2 protein reveals three main binding domains of
interest: 1) N-terminal tumor overexpressed gene (TOG) domains 2) a repetitive middle
region rich in serine, arginine, and proline residues and 3) a C-terminal region
responsible for interactions with CLIP-170, LL5p, the mitotic spindle, and the Golgi
apparatus (Mimori-Kiyosue et al., 2005; Maia et al., 2012; Lansbergen et al., 2006). The
N-terminal region of CLASP contains a total of three TOG domains with sequence
similarity to HEAT repeats found in the microtubule polymerase, XMAP215 (Bratman
and Chang, 2007). These domains within CLASP have been shown to bind free tubulin
dimers and aid in microtubule polymerization (Al-Bassam et al., 2010). The central
region of the CLASP protein is highly conserved across species and contain two SXIP
(Serine -any amino acid- Isoleucine -Proline), EB1 binding motifs required for CLASP,
plus-end tracking in vitro (Kumar et al., 2012). These SXIP binding motifs are flanked by

positively charged arginine residues which form electrostatic interactions between
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CLASP and the acidic C-terminal regions of EB1 and o/ tubulin isoforms (Komarova et
al., 2005). These results suggest that CLASP localization in the cell can be dependent on
the shuttling of binding partners or changes in protein charge following post-translational
modifications.

In mitotic cells, CLASPs localize to both kinetochores and the central spindle
through associations with the centromere associated protein E (CENP-E) and bundling
protein regulator of cytokinesis 1 (PRC1), respectively (Hannak and Heald, 2006; Liu et
al., 2009). Previous studies demonstrate that CLASPs play important roles in
kinetochore-microtubule attachment and chromosome alignment/segregation (Logarinho
et al., 2012; Mathe et al., 2003; Cheeseman et al., 2005; Maiato et al., 2003, 2005;
Hannak and Heald, 2006). During mitosis, chromosome segregation relies on dynamic
kinetochore to microtubule attachments that switch from dynamic to stable in order to
generate the forces necessary for cytokinesis. In dividing cells, knockdown of CLASPs
have been shown to cause depolymerization of astral microtubules, mispositioning of the
mitotic spindle, and mitotic delays (Maia et al., 2012; Samora et al., 2011). CLASP2
stabilization of kinetohore-microtubule attachments is regulated by phosphorylation of
the CLASP2 C-terminal domain by Cdk1 and PIk1 kinases (Maia et al., 2012) and Cdk1
and GSK3p dependent phospohorylation was previously shown to switch off CLASP2
plus-end tracking (Kumar et al., 2012). Therefore, CLASP phosphorylation can
temporally regulate microtubule dynamics in order to satisfy the spindle assembly

checkpoint during cell division, and microtubule stabilization by CLASPs establishes



18

chromatid segregation by organizing kinetochore-microtubule attachments to the cell
cortex.

Cell polarity requires the asymmetric distribution of proteins and the Golgi
apparatus acts as a sorting center, helping to direct newly synthesized proteins to
functionally specialized domains such as the leading edge. CLASPs have been shown to
localize to the trans-Golgi network through binding of its C-terminal portion with the
Golgin protein, GCC-185 (Mimori-Kiyosue et al., 2005; Efimov et al., 2007; Hayes et al.,
2009; Lin et al., 2011). The binding of CLASP2 and GCC-185 is controlled by a direct
interaction with members of the polarity complex PAR3 and subsequent phosphorylation
by aPKC (Matsui et al.,2015). CLASP localization at the Golgi is required for the
nucleation of Golgi-derived microtubules, most of which are directed towards the leading
edge and are biochemically dissimilar from the centrosomal microtubule array (Efimov et
al., 2007). Knockdown of CLASPs has no effect on centrosomal microtubule nucleation,
but dramatically decreases the number of microtubules emanating from the Golgi and
abolishes directional trafficking of intracellular cargo (Efimov 2007; Miller et al., 2009).
In addition, CLASP-dependent microtubules have been shown to be necessary for the
formation of the polarized Golgi ribbon (Miller et al., 2009). These studies indicate that
CLASPs regulate directional trafficking from the Golgi apparatus by establishing
asymmetry in the microtubule network and affecting Golgi morphology.

+TIPs are enriched at the growth cone and this localization strategically places
them in a position to control neurite stability, pathfinding, and interactions between actin

and the microtubule cytoskeleton. Previous studies have determined that a conserved,
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serine-rich sequence in CLASP2a (amino acids 677-813) is required for microtubule
plus-end tracking whereas a neighboring domain (amino acids 1031-1240) is necessary
for association with the microtubule lattice (Mimori-Kiyosue et al., 2005; Wittmann and
Waterman-Storer, 2005). Interestingly, recent studies indicate that CLASP microtubule
binding can redistribute other +TIP proteins (including EB1 and CLIP-170) away from
the leading edge (Grimaldi et al., 2014) possibly by altering GTP-tubulin content.
CLASPs accumulate asymmetrically toward the leading edges of migrating fibroblasts
(Akhmanova et al., 2005; Wittmann and Waterman-Storer, 2005) and this localization is
required for directional cell movement and contact repulsion (Wittmann and Waterman-
Storer, 2005; Stramer et al., 2010). CLASP2 has also been shown to bind directly to actin
filaments (Tsvetkov et al., 2007). and CLASP knockdown in Xenopus spinal cord axons
results in abnormalities in F-actin structure (Marx et al., 2013). In summary, CLASP
localization at the leading edge has been shown to promote neurite extension, cross-talk
between actin and microtubules, and directional migration.

CLASP plus-end tracking is conferred by two SXIP, EB1 binding motifs and each
of these domains is flanked by conserved GSK3p phosphoylation sites. Multisite
phosphorylation of CLASP by GSK3p can disrupt electrostatic hydrogen bonds between
the arginine residues of CLASP and the C-terminal tail of tubulin. Therefore, GSK3p
phosphorylation of CLASP negatively regulates its affinity for microtubules and plus-end
tracking (Kumar and Wittmann 2012). In contrast to most other kinases, GSK3 activity
is high in non-stimulated cells and is inhibited at the leading edge of migrating astrocytes

and in the growth cone of extending neurites (Etienne-Manneville and Hall, 2003; Zhou
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et al., 2004). Previous experiments have demonstrated that activated GSK3[3 can cause
cortical migration defects, abnormal centrosome positioning, and destabilization of
microtubules at the leading process (Asada and Sanada, 2010). Therefore, it is likely that
cytoskeletal proteins downstream of GSK3p regulate its affect on cell motility and
polarization.

1.7 Thesis Rationale

Microtubule dynamics are essential during many developmental processes including
neuron differentiation, polarization, and migration. In particular, microtubule plus-end
tracking proteins (+TIPs) are enriched at the growth cone and this localization
strategically places them in a position to control neurite directionality, stability, and the
crosstalk between microtubules and the actin cytoskeleton. Previous results demonstrate
that CLASP2, a +TIP can regulate polarity and motility in non-neuronal cells; however,
the function of CLASP2 during brain development is unknown. Therefore, the goal of
my thesis is to understand how CLASP2 regulates neuron migration, morphology,
and function in the developing brain. In the cerebral cortex, defects in cortical
lamination can lead to mental retardation, autism spectrum disorders, and epilepsy
(Kerjan and Gleeson, 2007; Walsh and Engle, 2010). Therefore, results from this study
will offer invaluable insights into the mechanisms by which microtubule dynamics affect
mammalian brain development and elucidate the pathways which integrate extracellular

cues with cytoskeleton reorganization.
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Figure 1.1: Mammalian Cortex Development

Schematic diagram of radial-directed neuronal migration in the cortex. Radial glia cells
(orange) lie in the ventricular zone and send long basal process to the pial surface.
Neurons (green) are generated in the ventricular zone directly or indirectly from radial
glia divisions and migrate along radial glia fibers through the subventricular zone,
intermediate zone, and cortical plate. The cortical plate is established in an inside-out
pattern so that later-generated neurons destined for more superficial layers bypass earlier-
generated neurons in deeper layers (progressively darker green shading). The marginal
zone includes horizontally oriented Cajal-Retzius which release the extracellular

signaling glycoprotein Reelin (red). Adapted from Bielas et al., 2004.
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Figure 1.2: Reelin Signaling Pathway

Intracellular signaling events triggered by the binding of Reelin to its two main receptors,
the very-low density lipoprotein receptor (VLDLR) and the Apolipoprotein E receptor 2
(ApoER2). The binding of Reelin to its receptor induces the phosphorylation of the
adapter protein Dabl on tyrosine residues and Dabl phosphorylation eventually leads to
the modulation of cytoskeleton effectors molecules such as MAP1B and Tau. Adapted

from Borquez et al., 2013.
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Figure 1.3: The Role of Microtubules and the Golgi/Centrosome Complex in Cell
Movement

Migrating neurons are highly polarized in the direction of their movement and this is
achieved through the generation, maintenance, and constant remodeling of microtubules
in response to extracellular cues and intracellular polarity signals. During migration, the
cell first extends a leading process preceded by a growth cone that expands and collapses
as it explores the microenvironment. The centrosome then moves into a swelling in the
leading process and the nucleus follows (nucleokinesis) due to a pulling force from
microtubules and dynein motors located at the centrosome. Adapted from Moon and

Wynshaw-Boris, 2012.
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Figure 1.4: Mechanisms of Microtubule Plus-End Tracking

Microtubule dynamics are regulated at the polarized plus-ends, which undergo successive
episodes of growth and shrinkage called dynamic instability. Plus-end tracking proteins
(+TIPs) arrive at the microtubule tip by diffusion along the microtubule lattice or by
kinesin motor protein transportation. +TIP localization is likely the result of their
preference for tubulin conformations linked to the GTPase cycle or from their affinity for
specific binding partners (this is known as hitchhiking). +TIPs function to stabilize
microtubules thereby protecting extending neurites from catastrophe events and

depolymerization. Adapted from Akhmanova and Steinmetz 2008.
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Figure 1.5: CLASP2 Protein Binding Domains
CLASP20 and CLASP2y are highly conserved isoforms that share all known CLASP2

protein interaction domains, differing only at the N-terminus where CLASP2a. contains a
233 amino acid dis1/TOG domain insertion. Mapping analysis of the CLASP2 protein
reveals three main binding domains of interest: 1) N-terminal TOG domains with the
ability to bind free tubulin dimers and aid in microtubule polyemerization 2) a repetitive
middle region rich in serine, arginine, and proline residues which is required for plus-end
tracking and 3) a C-terminal region responsible for interactions with CLIP-170, the

mitotic spindle, and the Golgi apparatus.
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CHAPTER 2:

MATERIALS AND METHODS
2.1 Cloning and Plasmids
Full-length human CLASP2 (National Center for Biotechnology Information reference
sequence NM_015097.2) was PCR amplified from a full-length cDNA clone (ImaGenes)
and subcloned into pEGFP—CL1 (Clontech) to create an N-terminal enhanced green
fluorescence protein (EGFP) tag. EGFP—CLASP2 and EGFP control were then subcloned
into the lentiviral vector pFUW and sequence verified. The shRNA constructs for mouse
CLASP2 include GCATCAGTCCTTTCAACAAGT and
GAACTTGAAGAGACGTTAAAT, and control, scrambled shRNA
CCGCAGGTATGCACGCGT. Each shRNA was cloned into the pLKO.1 (Addgene
plasmid 10879) and pCGLH (generous gift from the Haydar lab) vectors for lentivirus
and in utero electroporation experiments, respectively.

To generate truncated GFP-CLASP2 variants that isolate individual domains of
the protein, we first examined protein hydrophobicity using the Eukaryotic Linear Motif
(ELM; elm.eu.org) to identify globular domain regions and regions of low complexity or
disorder. Using full-length human CLASP2a (IMAGE clone 9021646; BC140778) as
template, we designed PCR primers at the regions of lowest complexity in order to
optimally preserve domain structure. We divided the CLASP2a cDNA in to 5 distinct
domains and amplified regions of 738 to 1137 bp by PCR and inserted them in to

pEGFP-C3 (Invitrogen).
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CLASP2a and the phospho-mutant plasmids CLASP2a 8S/D and CLASP2a 9S/A were
generous gifts from the Torsten Wittmann Lab, University of California, San Francisco.
All additional plasmids are listed in Table 2.2.

2.2 Primary Neuron Culture and Lentiviral Infection

Primary neuronal cultures were prepared from newborn mice of either sex and infected
with lentivirus on the day of plating as previously described (Beffert et al., 2012; Ho et
al., 2006, 2008). Briefly, neurons were dissociated with trypsin for 5 min at 37°C,
triturated, and plated onto coverslips coated with Matrigel. Neurons were maintained in
culture at 37°C in a humidified incubator with 95% air and 5% CO..

Recombinant lentivirus was produced by transfecting HEK293T cells using the
FUGENESG reagent (Roche) with a shuttle vector encoding the gene of interest in addition
to plasmids for viral enzymes and envelope proteins (RSV/REV, MDLg/RRE, and
VSVG). Conditioned medium containing lentivirus was harvested 48 hours following
transfection and centrifuged at 1000 x g for 10 minutes to remove cellular debris.

2.3 Western Blotting

SDS-PAGE was performed to separate proteins of interest using standard procedures.
Proteins were transferred to nitrocellulose membranes and then blocked for one hour in
Odyssey Blocking Buffer prepared in Phosphate Buffered Saline (PBS) with 0.02%
Tween 20. Following block, membranes were probed with the appropriate primary
antibody overnight at 4°C. Membranes were washed thoroughly in PBS before incubation

with appropriate secondary antibody for LICOR detection.
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2.4 Immunocytochemistry and Electron Microscopy

Primary hippocampal neurons were fixed on coverslips in 4% paraformaldhyde at room
temperature for 8 min, permeabilized with 0.3% triton for 10 minutes, and then blocked
with 5% goat serum for 1 hour. Primary antibody incubation was performed with 5%
goat serum in PBS overnight at 4°C. After washing with PBS, cells were incubated with
goat anti-rabbit or goat anti-mouse secondary antibodies conjugated to Alexa Fluor-488,
546, or 647 (Invitrogen). Labeled coverslips were washed in PBS, mounted in ProLong
Gold with DAPI (Invitrogen), and imaged with a Carl Zeiss LSM 700 laser scanning
confocal microscope.

For electron microscopy, coverslips were fixed in 2.5% glutaraldehyde and 0.1 M
sodium cacodylate buffer, pH 7.2, and examined by standard procedures (Rosahl et al.,
1995).

2.5 Quantitative Protein Analysis

For protein quantifications, brain tissue from mice at various postnatal stages was
isolated and homogenized in PBS containing 10 mM EDTA and protease inhibitors.
Brain lysates (25-40 pg) were separated by SDS-PAGE, and immunoblotting was
performed as described previously. For protein quantifications in neuronal cultures, high-
density neocortical cultures at various timepoints were harvested by washing neurons
with cold PBS, followed by the addition of reducing sample buffer.

For GluAl surface expression, neuronal cultures were incubated with 1 mg/ml
sulfo-NHS-LC-Biotin (Thermo Fisher Scientific) in PBS for 20 min on ice, quenched

with Tris-buffered saline (150 mM NaCl and 50 mM Tris, pH 7.5), and lysed with RIPA
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buffer (65 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% Na-
deoxycholate, 1 mM EDTA, pH 8.0, 50 mM NaH2PO4, 50 mM NaF, 10 mM Na4P207,
1 mM Na3VO04, and protease inhibitor cocktail). Lysates were clarified by centrifugation
at 14,000 x g for 20 min at 4°C. Supernatants containing 100 pg of protein were
incubated with RIPA-equilibrated NeutrAvidin beads (50% slurry; Thermo Fisher
Scientific) overnight at 4°C with gentle rocking to precipitate biotinylated proteins.
Beads were washed several times with RIPA buffer and spun at 800 x g for 1 min.
Proteins were eluted from the NeutrAvidin beads by boiling for 10 min in reducing
sample buffer, resolved by SDS-PAGE, and immunoblotted for GIuA1.

2.6 Electrophysiological Analysis

Synaptic transmission was recorded from neurons cultured at 14-17 days in vitro (DIV)
using whole-cell voltage-clamp techniques. Recordings were obtained with an Axopatch
200A amplifier and Clampex 10.0 software (Molecular Devices). Synaptic recordings
were filtered at 1 kHz and sampled at 10 kHz. Electrode solution for the pipette
contained the following (in mM): 105 Cs-MeSO3, 10 CsCl, 5 NaCl, 10 HEPES, 0.2
EGTA, 4 Mg-ATP, and 0.3 Na2GTP, pH 7.4 (300 mOsm). Spontaneous event recordings
were performed in the presence of 1M tetrodotoxin and 50M D-2-amino-5-
phosphonovaleric acid. For recording miniature EPSCs (mEPSCs), 20 M bicuculline was
added to the bath. For mIPSCs, 20 M 6-cyano-7-nitroquinoxaline-2,3-dione was added.
2.7 Invitro Migration Assay

Primary neurons were harvested from the cortex of newborn mice of either sex and

dissociated to form a single cell suspension. Cell suspensions were allowed to stand
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overnight in polypropylene tubes causing them to re-aggregate before being plated into
24-well dishes coated with Matrigel. Four hours after plating, cell aggregates were
adherent to the substrate and initial pictures were taken using a Carl Zeiss LSM 700 laser
scanning confocal microscope. Cell aggregates were photographed at 2 hour intervals
using 10x phase-contrast optics. Quantification of the migration area was calculated using
ImageJ software. Lines were drawn in freehand connecting the outermost cells
recognizable to the initial aggregate. All observations were recorded blind to the
treatment group and migration area was calculated as a percentage with respect to the size
of the initial aggregate.

2.8 In Utero Electroporation

In utero electroporation (IUE) was performed on timed-pregnant, CD-1 dams (Charles
River Laboratories) at embryonic day 14.5 (E14.5) as described previously (Gal et al.,
2006). Dams were anesthetized via intraperitoneal injection of a ketamine/xylazine
mixture and the uterine horns were exposed by midline laparotomy. One to two
microliters of plasmid DNA (final concentration of 3ug/pl) mixed with 0.1% fast green
dye (Sigma Aldrich) was injected intercerebrally via a pulled glass micropipette. For
electroporation, the anode of a Tweezertrode (Harvard Apparatus) was placed over the
dorsal telencephalon above the uterine muscle and four, 35 volt pulses (50 ms duration
separated by a 950 ms interval) were applied with a BioTechnology-eXperimental-
Research, ECM830 pulse generator (Harvard Apparatus). Following electroporation, the
uterine horns were returned to the abdomen and the cavity was filled with a warm 0.9%

saline solution. Incisions were closed with silk sutures and dams were returned to a clean



31

cage and monitored closely during recovery. These procedures were reviewed and
approved by the Institutional Animal Care and Use Committee at the Boston University
School of Medicine.

2.9 Immunohistochemistry

Electroporated mice underwent transcardial perfusion with ice cold PBS at postnatal day
14. For embryonic day 16 and post-natal day 0, brains were left in the skull for fixation
and slicing. Brains were fixed in 4% paraformaldehyde for 4-6 hours and cryoprotected
in 30% sucrose/PBS. The tissue was then frozen in OCT compound and cut into 12 pum
sections using a LEICA CM1850 cyrostat (LEICA Biosystems). Sections were
immediately mounted onto SuperFrost microscope slides (Fisher Scientific) and kept at -
80°C for storage. Prior to immunostaining, sections were rinsed with PBS for a minimum
of 2 hours and treated with 0.3% methanol peroxidase for 10 min to quench endogenous
peroxidase activity. Antigen retrieval was performed by microwaving brain sections in
sodium citrate buffer (10 mM, pH 6) at 800 watts for 1 min followed by 80 watts for 10
minutes. Sections were then blocked in 5% goat serum, 0.2% Triton X-100/PBS for 1
hour followed by incubation with primary antibodies overnight at room temperature. The
following day, sections were washed with PBS and incubated with the appropriate Alexa-
conjugated secondary antibodies. Sections were mounted with ProLong-Gold mounting
medium containing DAPI (Invitrogen).

2.10 Edu/Ki67 Cell-Labeling Experiment

IUE was performed on timed pregnant CD-1 dams (Charles River Laboratories) at

embryonic day 14.5 (E14.5). 16 and 20 hours following electroporation surgery, pregnant
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dams were given two intraperitoneal injections of 5-ethynyl-2'-deoxyuridine (Edu; 50pg
of Edu per gram of mouse body weight). 24 hours following Edu injections mice were
sacrificed and the embryos were harvested for immunohistochemical staining.

2.11 Microarray and IPA Systems Analysis

Total RNA from control, C57BI/6 (n = 6), ApoER2/VVLDR double knockout, Dabl
knockout and Reeler mice was prepared by TRIzol® isolation (Invitrogen). A total of 3
cortex samples were taken at 21 days of age and pooled per condition. Samples were
hybridized to the GeneChip® Mouse Genome 430 2.0 Array (3'IVT, Affymetrix) at the
University of Texas Southwestern Microarray Facility.

Ingenuity Pathway Analysis® (Ingenuity Systems) was used to determine
downstream effects most likely associated with knockout of Reelin signaling. Core
analysis was run for each mouse model with a cut-off of 1.5x fold change compared to
age-matched controls. A comparison analysis was run between mouse models and
relevant disease profiles were pulled out based on p-value rank.

2.12 Quantitative PCR

Embryonic and newborn cortex was homogenized with a pestle (Thomas) and total RNA
was purified using the RNeasy Mini Kit (Qiagen). Total RNA from the adult cortex
samples were processed with Trizol (Invitrogen). At least five independent cortex
samples were isolated for each developmental timepoint. cDNA was synthesized using
Superscript 111 Reverse Transcriptase (Invitrogen). Reverse transcription quantitative
PCR was performed on a 7900HT Fast Real-Time PCR System (Applied Biosystems)

using the Power SYBR Green PCR Mastermix (Applied Biosystems) with a two-step
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cycling protocol and an annealing/extension temperature of 60°C. The experiment was
performed in duplicate with at least two biological replicates and three technical
replicates each. The relative amount for each target was normalized using GAPDH as a
reference gene and the fold change in gene expression was calculated using the ddCt
method with the adult cortex samples as the control group.

2.13 Immunoprecipitation

Human Embryonic Kidney (HEK) 293T cells were lysed 48-72 hours following
transfection in buffer containing,20 mM Tris HCL, 100 mM NaCl, 1 mM EDTA pH 8§,
and 1% NP-40, supplemented with protease/phosphotase inhibitors (Biotool). Protein
extracts were incubated for 2 hours with rotation at 4°C with the precipitating antibody
(rabbit anti-GFP 1:500) followed by overnight incubation with 25 pl of protein A
Ultralink resin (Thermo Scientific). The following day the resin was washed 5 times with
immunoprecipitation buffer. Precipitated proteins were eluted from the resin by boiling
for 5 minutes in SDS sample buffer and analyzed by electrophoresis.

2.14 In situ hybridization

Tissue samples were harvested from CD1 mice and fixed in 10% Neutral Buffered
Formalin (NBF). Fixed samples were processed into paraffin wax, embedded, and
sectioned at 4 um onto positively charged slides. Prior to staining, paraffin was removed
by heating slides to 90-95°C for 10 min in aqueous buffered solution before protease
digestion. Slides were then fixed in 10% NBF for 5 min before target probe set

hybridization at 40°C for 2 hours. Probes were labeled with an alkaline phosphatase-
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conjugated oligonucleotide for 15 min before addition of fast blue or fast red substrates
for fluorescent imaging.
2.15 Image Analysis and Quantification

To determine axon length, hippocampal neurons were infected at the day of
plating and fixed 48-72 hours later. Images were stained for the pan-axonal neurofilament
marker SMI-312 or Tau-1. Quantitative immunofluorescence to determine the length of
each individual axon was performed using ImageJ software (http://imagej.nih.gov/ij/).
For axon polarization, the number of axons per neuron was determined using SMI-312
immunostaining at 4 and 9 days in vitro (DIV).

To measure neuronal branching, neurons were infected at the day of plating, fixed
at 4 and 5 DIV, and processed for microtubule-associated protein 2 (MAP2)
immunostaining. The number and length of all neuronal processes was measured using
NIH ImageJ software with the Sholl plug-in (http://imagej.nih.gov/ij/).

To assess Golgi morphology, immunocytochemistry for the cis-Golgi marker
GM130 in combination with MAP2 at 5 DIV. Golgi morphology was defined as
“stacked” when the Golgi appeared condensed and nearly circular in shape and “ribbon”
when extended so that the length exceeded the width by more than fourfold. Golgi with
intermediate phenotypes (representing <5%) were excluded from the analysis.

To assess synapse area and density, primary neurons were infected at 1 DIV were
processed at 14 DIV for immunocytochemistry with the presynaptic marker synapsin and

the postsynaptic protein postsynaptic density 95 (PSD95). An equal number of
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comparable processes in each condition were assessed using the colocalization plug-in
NIH ImageJ (http://imagej.nih.gov/ij/).

Synaptic parameters on digital electron micrographs were quantified based on the
following criteria: total number of synaptic vesicles, number of docked vesicles, number
of docked vesicles within 150 nm of the active zone, presynaptic terminal circumference
and area, and length of the PSD.

To analyze in situ hybridization images, puncta were counted using NIH Image J
software. Briefly, particles were analyzed with a size exclusion threshold of 0-25 pixels?
in 100pm bins spanning from the ventricle to the pial surface.

For all IUE experiments, coronal sections of the somatosensory cortex were
visualized for transfected neurons (green) and cell nuclei (Hoechst 33342, blue).
Different cortical areas (VZ=Ventricular Zone, 1Z = Intermediate Zone, loCP = lower
cortical plate, upCP = upper cortical plate) were determined qualitatively by the density
of cell nuclei. The percentage of total transfected cells in each zone are expressed as the
mean + SEM.

To determine the angle of the leading process, the longest, GFP-containing
neurite was traced and the angle of this line was compared to a line from the cell soma to
the pial surface. An angle of 0 degrees is equivalent to a line indicating the shortest
possible distance from the transfected cell soma to the pia.

To determine the percentage of transfected cells co-expressing various

transcription factors and cell-cycle markers. Five, 20 um bins were created from the



36

ventricle to the pia. Co-localization was determined qualitatively by examining Z-stacks
at 40x objective.

For the in vitro migration assay. primary neuron cultures were infected with
lentivirus constructs at the day of plating. Cells were allowed to aggregate overnight and
then plated on glass bottom wells coated with Matrigel. Cell migration was assessed by
measuring the area of migration away from the initial aggregates over a 48 hour period.
2.16 Statistical Analysis
Statistical analyses were performed using Sigma Plot statistical analysis software. For
experiments comparing two treatment groups, an unpaired t test was performed to assess
statistical significance. For experiments in which multiple treatment groups or time points

were examined, a one-way ANOVA was performed between groups.



Table 2.1: Antibodies

Name Product Dilution Host Source
Number
Primary Antibodies
a-Tubulin 3873 ICC 1:1000 | Mouse Cell
Signaling
B-Tubulin PRB-435P | WB 1:5000 | Rabbit Biolegend
ICC 1:1000
CDP SC-13024 IHC 1:250 | Rabbit Santa Cruz
CLASP1 MAB9736 WB 1:1000 | Rat Abnova
CLASP2 MAB9738 WB 1:1000 | Rat Abnova
ICC 1:1000
CLASP2 A302 155A | WB 1:1000 | Rabbit Bethyl
Dab1 27210 WB 1:500 Rabbit Joachim
Herz
Lab
GFP 75-131 WB 1:1000 | Mouse Neuromab
IHC 1:250
GFP 132 002 WB 1:1000 | Rabbit Synaptic
IHC 1:250 Systems
GluAl P42261 WB 1:500 Rabbit Millipore
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GM-130 610822 ICC 1:1000 | Mouse BD
IHC 1:250 Biosciences
Ki-67 12202 IHC 1:250 | Mouse Cell
Signaling
MAP2 Ab5622 WB 1:5000 | Rabbit Millipore
ICC 1:1000
Nestin 611658 IHC 1:250 Mouse BD
Biosciences
Pericentrin 611814 IHC 1:250 Mouse BD
Biosciences
PH3 9701 IHC 1:250 Rabbit Cell
Signaling
PSD-95 75-028 WB 1:1000 | Mouse Neuromab
ICC 1:1000
SMI-312 SMI-312R | WB 1:1000 | Mouse Biolegend
ICC 1:1000
SNAP-25 SMI-81R WB 1:1000 | Mouse Biolegend
SOX2 SC-17320 IHC 1:250 Goat Santa Cruz
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Synapsin EO018 WB 1:1000 | Rabbit Thomas
ICC 1:500 Sudhof
Lab
Synaptobrevin | 104 211 WB 1:1000 | Mouse Synaptic
Systems
Tau-1 Mab3420 ICC 1:3000 | Mouse Millipore
Thr2 Ab23345 IHC 1:100 Rabbit Abcam
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Table 2.2: Plasmids

Description Vector Size | Bacterial | Source | Experiment
Backbone | (kbp) | Resistance
GFP-CLASP2y pFUW 14 Ampicillin Cloned Chapter 3
in-house Lentivirus
GFP-CLASP20. pFUW 14 Ampicillin Cloned | Chapter 3 and 4
in-house Lentivirus
GFP-CLASP2a pFUW 14 Ampicillin Cloned | Chapter 3 and 4
8S/D in-house Lentivirus
GFP-CLASP2a. pFUW 14 Ampicillin Cloned | Chapter 3 and 4
9S/A in-house Lentivirus
pLKO.1 pLKO.1 7 Ampicillin Cloned | Chapter 3 and 4
CLASP2 in-house Lentivirus
shRNA B
pLKO.1 pLKO.1 7 Ampicillin Cloned | Chapter 3 and 4
CLASP2 in-house Lentivirus
shRNA C
pCGLH pCGLH 7.9 Ampicillin Cloned Chapter 4; in
CLASP2 in-house utero
shRNA B electroporation
pCGLH- pCGLH 7.9 Ampicillin Cloned Chapter 4; in
CLASP2 in-house utero
shRNA C electroporation




pCAG pCAG 10.35 Ampicillin Cloned Chapter 4; in
GFP-CLASP2a in-house utero
electroporation

GFP-CLASPla | pEGFP-C1 10 Kanamycin Cloned Chapter 4
in-house IP

GFP-CLASP2 pEGFP-C3 9.27 Kanamycin Cloned Chapter 4
Domains 1-5 in-house IP

GFP-CLASP2 pEGFP-C3 7.19 Kanamycin Cloned Chapter 4
Domains 1-3 in-house IP

GFP-CLASP2 pEGFP-C3 6.81 Kanamycin Cloned Chapter 4
Domains 4-5 in-house IP

GFP-CLASP2 pEGFP-C3 55 Kanamycin Cloned Chapter 4
Domain 1 in-house IP

GFP-CLASP2 pEGFP-C3 5.6 Kanamycin Cloned Chapter 4
Domain 2 in-house IP

GFP-CLASP2 pEGFP-C3 5.5 Kanamycin Cloned Chapter 4
Domain 3 in-house IP

GFP-CLASP2 pEGFP-C3 5.9 Kanamycin Cloned Chapter 4
Domain 4 in-house IP

GFP-CLASP2 PEGFP-C3 5.7 Kanamycin | Cloned Chapter 4
Domain 5 in-house IP

GSK3B-S9A Ampicillin Geoff Chapter 4
Cooper IP

pCMV5-c-src pCMV5 6.5 Ampicillin Tom Chapter 4
Sudolf IP
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pSrc KD pCMV5 7.1 Ampicillin | Yun Qiu Chapter 4
(K295M) U Minn IP

Dabl pFUW 115 Ampicillin Cloned Chapter 4
in-house IP

EGFP- pCAG 10.4 Ampicillin Cloned Chapter 4
CLASP2a in-house IP

Wild-type

EGFP- pCAG 10.4 Ampicillin Cloned Chapter 4
CLASP2a 9S/A in-house IP

EGFP- pCAG 10.4 Ampicillin Cloned Chapter 4
CLASP2a 8S/D in-house IP

42



43

CHAPTER 3:
MICROTUBULE PLUS-END TRACKING PROTEIN CLASP2 REGULATES
NEURONAL POLARITY AND SYNAPTIC FUNCTION

The studies presented in this chapter include contributions from additional graduate and
undergraduate students. Dr. Uwe Beffert was instrumental in designing most of the
experiments and performed data analysis. Undergraduates Josefa M. Sullivan, Christine
E. Stuart, John A. Kambouris and myself performed immunocytochemistry, acquired
fluorescent microscope images, and analyzed the data which has been incorporated into
Figures 3.2, 3.3, 3.4, and 3.5. James P. Gilbert and | collaborated to run the
electrophysiology experiments shown in Figure 3.6 and Dr. Angela Ho ran the
biotinylation experiment presented in Figure 3.7F. This work was published in the
Journal of Neuroscience as: Beffert U, Dillon GM, Sullivan JM, Stuart CE, Gilbert JP,
Kambouris JA, Ho A. (2012). "Microtubule plus-end tracking protein CLASP2 regulates

neuronal polarity and synaptic function.” Journal of Neuroscience 32(40):13906-16.
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3.1 Introduction

Neurons are highly polarized cells that are composed of two structurally and functionally
distinct cell processes, axons and dendrites (Craig and Banker, 1994). Neuron
polarization is initiated by the stabilization and growth of single immature neurite which
eventually differentiates into an axon (Bradke and Dotti, 2000). In developing neurons,
the actin and microtubule cytoskeleton work together to guide and support the growth
and targeting of both axons and dendrites (Dent and Gertler, 2003). Extending axons
navigate with the ultimate goal of making functional synaptic connections and synapses
represent highly specialized intercellular junctions mediating the transmission of
information between axons and their targets. Previous research has demonstrated that
dynamic changes in the cytoskeleton are necessary for the establishment of synaptic
connections and that the presence of microtubules in the synapse is correlated with
synaptic stability and increased neuronal activity (Jaworski et al., 2009). Therefore,
intracellular mechanisms that regulate dynamic microtubules have profound effects on a
range of developmental processes including polarization, dendritic arborization and
synapotgenesis.

The heterogeneous family of plus-end tracking proteins (+TIPs) specifically
accumulate at the plus-ends of microtubules, and this location strategically placing them
in a position to control microtubule dynamics, growth, and the cross-talk between
microtubules and the actin cytoskeleton (Akhmanova and Hoogenraad, 2005; Basu and
Chang, 2007; Akhmanova and Steinmetz, 2008). Among the +TIPs, cytoplasmic linker

associated proteins (CLASPs) are widely conserved in fungi, plants and animals (Galjart,
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2005; Bratman and Chang, 2008). Mammalian CLASPs are represented by two closely-
related homologs, a ubiquitously expressed CLASP1 and the brain enriched CLASP2
(Akhmanova et al., 2001). CLASPs accumulate asymmetrically toward the leading edges
of migrating fibroblasts suggesting that CLASPs are required for cell polarity and
persistent motility (Akhmanova et al., 2005; Wittmann and Waterman-Storer, 2005). In
addition, CLASP2 has been shown to mediate asymmetric microtubule nucleation at the
Golgi apparatus and are crucial for establishing the continuity and morphology of the
Golgi apparatus (Efimov et al., 2007; Miller et al., 2009).

Relatively little is known about the role of CLASP in the mammalian nervous
system. Genetic evidence placed Orbit/MAST, the Drosophila ortholog of CLASP, as
acting downstream from Slit to induce growth cone repulsion and CLASP mutants were
shown to exhibit deficits in axon growth and pathfinding (Lee et al., 2004). Here, we
characterize the role of CLASP2 in neuronal development, specifically during axon and
dendrite formation, synaptogenesis and functional plasticity. We found CLASP2 protein
levels increased steadily during neuronal development and were enriched in growth cones
of developing neurites of primary mouse hippocampal neurons. CLASP2 shRNA-
expressing neurons displayed a significant decrease in dendritic branching and neurite
length. Conversely, overexpression of CLASP2 in primary neurons caused formation of
multiple axons, enhanced dendritic arborization and Golgi condensation, implicating
CLASP2 in neuronal morphogenesis. In addition, we found that overexpression of
CLASP2 increased both spontaneous release of neurotransmitters and surface levels of

GIuALl receptors at excitatory synapses, suggesting that CLASP2 regulates synaptic
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function. Quantification of synaptic proteins showed that overexpression of CLASP2
caused a selective increase in presynaptic proteins involved in the synaptic vesicle fusion
machinery suggesting that this increase may contribute to the CLASP2-mediated
presynaptic transmission phenotype.
3.2 Results
3.2.1 CLASP2 Expression During Neural Development
Previous experiments have shown that CLASP1 is expressed in all tissues, whereas
CLASP2 is specifically enriched in the brain (Akhmanova et al., 2001). To examine the
localization of CLASP2 during neuronal development, we characterized the endogenous
distribution of CLASP2 in hippocampal neuronal cultures by immunofluorescence
microscopy. Staining with CLASP2, SMI-312 (a pan-axonal neurofilament marker) and
B-tubulin detected CLASP2 expression along the length of all processes including intense
labeling of growth cones at the leading tip 4-5 DIV (Figure 3.1A-B). This result supports
previous evidence of CLASP2 as a +TIP and is consistent with a role for CLASP2 in
growth cone dynamics within neurons (Akhmanova and Steinmetz, 2008; Hur et al.,
2011). Additional staining for a-tubulin demonstrates that CLASP?2 is also highly
expressed in astrocytes, suggesting that CLASP2 also plays a role in the microtubule
dynamics of glia (Fig. 3.1C).

To examine the role of CLASP2 in vivo, we probed mouse brain homogenates at
different postnatal days for CLASP2, dendritic (MAP2), and axonal (SMI-312) markers
(Fig. 3.1D). CLASP2 expression was detected at postnatal day 1-2 (P1-2) and strikingly

increased by 4.5-fold at P5 before stabilizing in the adult brain. The present results also
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show that MAP2 was synthesized at the earliest time point examined at P1 and that
MAP2 protein levels remained similar throughout development. Conversely, protein
expression of the axonal protein marker SMI-312 markedly increased into adulthood.
Lentiviral infection of primary cortical neurons was used to determine the effects
of CLASP2 overexpression or knockdown on neurite development and maintenance. In
primary cortical neurons treated with control GFP, CLASP2 protein levels are detected as
early as 3 DIV and steadily increase from 7 to 14 DIV (Fig. 3.1E). Lentiviral-induced
human CLASP2 overexpression increased CLASP2 levels 2 to 3.5 fold higher at 7-11
DIV as compared to endogenous levels. By 14 DIV, the levels of overexpressed CLASP2
were comparable to control levels (at 108%). Conversely, we found that CLASP2 shRNA
efficiently decreased CLASP2 protein expression as early as 3 DIV and resulted in a
significant 90% knockdown by 7 DIV. We also investigated the distribution of
overexpressed CLASP2 in primary hippocampal neurons. When CLASP2 is
overexpressed in neurons, CLASP2 was found to accumulate along the whole length of
microtubules, colocalizing with both axonal and dendritic markers (data not shown).
These results indicate that overexpression did not produce aberrant localization of
CLASP2 when compared to endogenous expression. We conclude that CLASP2 protein
levels gradually increase during neuronal development and that CLASP2 is specifically
enriched at microtubule growing tips during neurite polarization and outgrowth.
3.2.2 CLASP2 Regulates Polarization and Axon Growth
To investigate the role of CLASP2 on axon polarization and dendritic branching, we

compared primary hippocampal neurons infected at 1 DIV with control sShRNA, human
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CLASP2, or CLASP2 shRNA by immunofluorescence. At 2 DIV, quantitative analysis
showed that overexpression of human CLASP2 resulted in a significant 20% increase in
axon length (Figure 3.2A-B). The shRNA-mediated knockdown of CLASP2 decreased
axon length by 20% compared to control-infected neurons. To determine whether the
decrease in axon length resulted specifically from CLASP2 knockdown, we coexpressed
CLASP2 shRNA with human CLASP2 cDNA which rescued the CLASP2 shRNA
phenotype (Figure 3.2A-B).

In addition, we found that 38% of neurons overexpressing human CLASP2 had
multiple SMI-312 positive axons when compared to control neurons that predominantly
extend a single primary axon at 2 DIV (Figure 3.2C). This increase was further
pronounced at 9 DIV when 55% of CLASP2 overexpressing neurons exhibited more than
one SMI-positive axon (data not shown). Conversely, CLASP2 shRNA knockdown did
not affect the number of polarized axon-bearing neurons. Coexpression of CLASP2
shRNA with human CLASP2 cDNA was similar to control-infected neurons.

3.2.3 CLASP2 Regulates Dendritic Growth and Branching

Next, we examined the time course of dendrite development from neurons infected with
control shRNA, human CLASP2 or CLASP2 shRNA. We found that overexpression of
human CLASP2 significantly increased the total number of MAP2-positive processes at 5
DIV, with extensive dendrite outgrowth in both primary and secondary dendritic
branching (Figure 3.3A). To examine the complexity of the dendritic arbor and the
overall pattern of arborization, we used Sholl analysis to examine global changes in

neuronal morphology (Figure 3.3B). Sholl analysis revealed that overexpression of
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human CLASP2 shifted the distribution upward and to the right as compared to control
neurons indicating both an increase in number and length of the neurites (Figure 3.3C-D).
Conversely, the sShRNA knockdown of CLASP2 greatly reduced dendritic growth. To
confirm the specificity of the observed effects, the CLASP2 knockdown phenotype was
rescued by overexpressing human CLASP2. Overexpression of human CLASP2 fully
reversed the negative effects of CLASP2 shRNA on total neurite length but not the
number of MAP2-positive processes (Figure 3.3C-D). In summary, these results suggest
that CLASP2 has an important role in axon polarization, neurite growth, and dendritic
branching.

3.2.4 CLASP2 Controls Neuronal Golgi Morphology

Previous experiments have shown that CLASP2 localizes to the Golgi in both fibroblast
and epithelial cells and is crucial for establishing continuity and proper morphology of
the Golgi complex (Akhmanova et al., 2001; Efimov et al., 2007); however, little is
known about the role of CLASP2 on the Golgi complex in neurons. To examine CLASP2
distribution in the Golgi of hippocampal neurons, we double-labeled for CLASP2 and the
Golgi marker GM130 and found that endogenous CLASP2 localization overlapped with
GM130 (Figure 3.4A).

In mammalian cells, CLASP2 is required for the nucleation of microtubules
originating from the Golgi apparatus in a centrosome-independent manner (Efimov et al.,
2007). In addition, Golgi-derived CLASP-dependent microtubules control proper
morphology of the Golgi complex which is essential for cell polarization and motility in

retinal pigment epithelial cells (Miller et al., 2009). To determine whether CLASP2
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regulates morphology of the Golgi complex in neurons, we examined cultured
hippocampal neurons at 4 DIV that were infected with control ShRNA, human CLASP2
or CLASP2 shRNA expressing lentivirus. In the control condition, the Golgi in about
65% of all neurons appear condensed and ‘stacked’ near the nucleus while the other 35%
appear elongated with a continuous ‘ribbon’ structure extending into the dendritic process
(Figure 3.4B-C). We found that overexpression of human CLASP2 led to 80% of the
Golgi assuming a ‘stacked’ conformation rather than Golgi deployment into dendrites
(Figure 3.4C). CLASP2 shRNA knockdown did not affect the percentage of ribbon and
stacked Golgi phenotype compared to control. Coexpression of CLASP2 shRNA with
human CLASP2 cDNA was similar to control-infected neurons.

At 4 DIV, we also found that the Golgi is highly fragmented in CLASP2
knockdown neurons (Figure 3.4B, D), indicative of impaired membrane fusion. CLASP2
knockdown neurons contained a significant 1.9-fold increase in the number of fragments
compared to control neurons. Overexpression of human CLASP2 fully reversed the
fragmented effects of CLASP2 shRNA on the Golgi. Together, these data suggests that
CLASP2 control the morphology and organization of the Golgi complex in hippocampal
neurons.

3.2.5 CLASP2-Mediated Golgi Morphology Correlates with Dendritogenesis

Since Golgi morphology has been implicated in different aspects of neuronal polarity and
dendritic development (Hanus and Ehlers, 2008), we examined whether changes in
CLASP2-mediated Golgi morphology coincides with dendritic outgrowth and branching.

We examined cultured hippocampal neurons that were infected with control GFP or
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CLASP2 expressing lentivirus and double-labeled with MAP2 and GM130 antibodies.
We found that the increase in branching due to CLASP2 overexpression was restricted to
neurons with a stacked Golgi phenotype (Figure 3.5). These data suggest that the effects
of CLASP2 on Golgi morphology has an important role in maintaining dendritic
development and branching.
3.2.6 CLASP2 Regulates Spontaneous Excitatory Synaptic Transmission
To determine whether the morphological changes in neuronal growth and branching lead
to functional alterations in synaptic transmission, we performed whole-cell recordings to
monitor the frequency and amplitude of spontaneous miniature events from hippocampal
neurons at 14-17 DIV following infection with control ShRNA, human CLASP2 or
CLASP2 shRNA expressing lentivirus. Neurons overexpressing human CLASP2 showed
a 4.6-fold increase in miniature event frequency in excitatory synapses compared to
control neurons, suggesting that CLASP2 alters excitatory presynaptic neurotransmitter
release machinery (Figure 3.6A-B). In addition, we found a small but significant 1.3-fold
increase in miniature event amplitude between CLASP2 and control neurons, suggesting
that CLASP2 overexpression also has a smaller effect on postsynaptic receptors (Figure
3.6A,C). Interestingly, we found no changes in frequency and amplitude in mIPSCs
suggesting the effects of CLASP2 are specific and restricted to the development and
function of excitatory synapses (Figure 3.6D-F).

We further examined the effects of CLASP2 shRNA knockdown on mEPSCs and
found a 1.5-fold decrease in miniature event frequency in excitatory synapses compared

to control neurons suggesting a change in the presynaptic release apparatus (Figure 3.6A-
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C). No changes in the amplitude of mMEPSCs were observed in CLASP2-mediated
knockdown neurons. We next tested whether overexpression of human CLASP2 rescued
the effects of CLASP2 shRNA on mEPSCs. Overexpression of human CLASP2 fully
restored the miniature event frequency in excitatory synapses.
3.2.7 CLASP2 Affects on Synapse Morphology and Protein Levels
The electrophysiological results raise the possibility that the number of vesicles docked at
the active zone is increased in CLASP2 overexpressing hippocampal neurons. To test
this, we examined the ultrastructure of cultured neurons infected with control GFP or
human CLASP2 expressing lentivirus by electron microscopy at 14 DIV (Figure 3.7A
and Table 3.1). Analysis of control synapses revealed presynaptic nerve terminals with
clustered synaptic vesicles at the active zone and a filamentous postsynaptic density.
Synapses of CLASP2-overexpressing neurons exhibited no significant change in the
number of synaptic vesicles that are either docked at the active zone or in close
proximity, indicative of the readily releasable pool of synaptic vesicles. However, we
observed a significant 28% increase in presynaptic terminal circumference in neurons
overexpressing human CLASP2, which may be a consequence of increased vesicle fusion
with the plasma membrane and could be a cause for the functional effect in spontaneous
synaptic transmission.

We next examined whether overexpression of CLASP2 alters the number and size
of synapses. We performed immunofluorescence labeling using antibodies against the
presynaptic protein synapsin and the postsynaptic marker PSD95 on hippocampal

neurons infected with control ShRNA, human CLASP2 or CLASP2 shRNA at 14 DIV
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(Figure 3.7B). We measured the number and the size of synapses defined by the
colocalization of synapsin and PSD95 and found that CLASP2 overexpression led to a
2.5-fold increase in the number of synapses and a 25% increase in synapse area (Figure
3.7C-D). Conversely, the sShRNA-mediated knockdown of CLASP2 decreased the
number of synapses by 25% compared to control-infected neurons, while the synapse
area remained the same. Overexpression of human CLASP2 cDNA rescued the CLASP2
shRNA phenotype. Together, these data suggests that CLASP2 regulates synaptic
morphology leading to functional alterations in synaptic transmission.

To examine whether changes in synaptic protein composition contribute to the
CLASP2-mediated synaptic phenotype, we measured synaptic protein levels in cultured
neurons overexpressing CLASP2 from 5 to 13 DIV. Quantitative immunoblotting
uncovered pronounced changes in a subset of presynaptic proteins during the formation
of synapses and clustering of synaptic vesicles at 9 DIV (Figure 3.7E) (Basarsky et al.,
1994; Kavalali et al., 1999; Mozhayeva et al., 2002). This included a selective 15%
increase in the levels of the presynaptic vesicular protein synapsin in CLASP2-
overexpressed neurons. In addition, we found an increase in synaptobrevin (33%) and
SNAP25 (27%) but not syntaxin, presynaptic proteins essential for the synaptic vesicle
fusion machinery. Overexpression of CLASP2 did not affect postsynaptic proteins such
as PSD95 and excitatory glutamate receptor GIuA1 expression (Figure 3.7E-F). The early
increase in the subset of presynaptic proteins suggests that overexpression of CLASP2
causes early synaptic remodeling and/or synaptogenesis. CLASP2 knockdown selectively

decreased synapsin, syntaxin and PSD95 levels which was rescued by overexpressed



54

human CLASP2. We found no changes in B-tubulin levels in any of the groups examined.
These results suggest that CLASP2 specifically regulates synaptic proteins, possibly
through stabilization of the cytoskeleton and subsequently regulating synaptic activity.
The increased miniature EPSC amplitude induced by CLASP2 overexpression
(Figure 3.6C) strongly suggests alterations in postsynaptic receptors and a role for
CLASP2 in the trafficking of receptors to synapses. We therefore examined GluAl
receptor subunit expression at the cell surface as assessed by biotinylation (Figure 3.7F).
All surface proteins in neurons were biotinylated, washed, lysed and precipitated with
immobilized neutravidin-agarose beads and probed with a GIuA1 receptor antibody by
Western blotting. We found a 50% increase in the levels of surface GIuA1 receptor
subunits in CLASP2 overexpressing neurons compared to controls, indicating that the
regulated expression and surface insertion of receptors could account for the increase in
mEPSC amplitude induced by CLASP2 overexpression (Figure 3.7F).
3.2.8 CLASP2 is Required for PI3K-Induced Axon Elongation
Previous findings indicate that phosphatidylinositol 3-kinase (P13K) signaling through
glycogen synthase kinase 33 (GSK3p) is an important mediator for CLASP2 function
(Akhmanova et al., 2001; Wittmann and Waterman-Storer, 2005; Kumar et al., 2009;
Watanabe et al., 2009; Al-Bassam et al., 2010). Also, PI3K-GSK3 signaling underlies
axon elongation and guidance (Kim et al., 2011). To determine whether CLASP2 is
important for PI3K-induced axon elongation, we treated neurons with LY 294002, a
specific inhibitor for PI3K. As expected, overexpression of human CLASP2 resulted in a

significant 49% increase in axon length (Figure 3.8A-B). The PI3K inhibitor decreased
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axon length by 17% compared to control-infected neurons. Overexpression of human
CLASP2 in the presence of PI3K inhibitor completely rescued the axon growth defect.
These data suggests that CLASP2 is required for PI3K-induced axon polarization.

3.3 Discussion

In the present study, we show that the microtubule plus-end binding protein CLASP2 is
an important regulator of neuron polarity and synaptic function. We found endogenous
CLASP2 protein expression steadily increased during neuronal development and was
present in both axonal and somato-dendritic compartments (Figure 3.1). CLASP2
downregulation in primary neurons impairs axon elongation and dendritic branching
which could be rescued by co-expression with human CLASP2. Conversely,
overexpression of CLASP2 induced the growth of multiple axons, enhanced dendritic
branching and ultimately lead to functional alterations in synaptic structure and function
(Figures 3.2-7).

CLASP2 was initially identified as a binding partner of the cytoplasmic linker
protein of 170 kDa (CLIP-170) in motile fibroblasts and previously has been shown to be
an important regulator in cell polarity by stabilizing microtubules at their plus ends
(Akhmanova et al., 2001; Galjart, 2005). The asymmetric distribution of CLASP in
regulating cellular polarity was shown to be mediated by PI3K signaling through GSK3p.
The spatially activated PI3K signaling is conveyed downstream through localized
inhibition of GSK3p activity which enhances CLASP2 binding to microtubules
(Akhmanova et al., 2001; Wittmann and Waterman-Storer, 2005; Kumar et al., 2009;

Watanabe et al., 2009; Al-Bassam et al., 2010). Interestingly, these two spatially coupled
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kinases have previously been shown to control axon growth via regulation of the +TIP
adenomatous polyposis coli (APC) (Zhou et al., 2004). Recent studies also show that
CLASP2 is enriched in growth cones and supports axon regeneration by stabilizing the
growing ends of axonal microtubules downstream of GSK3f (Hur et al., 2011). In line
with other +TIPs such as APC (Zhou et al., 2004) and CLIPs (Neukirchen and Bradke,
2011), our data demonstrates that overexpression of CLASP2 in primary hippocampal
neurons promotes axon elongation and induces growth of multiple axons per neuron.
Also, we show that PI3K-driven axon elongation depends on microtubule dynamics of
CLASP2.

In addition to increasing axon outgrowth during neuronal polarization, CLASP2
overexpression induced dendritic development. Overexpression of CLASP?2 significantly
increased dendritic length and the total number of MAP2-positive processes at 5 DIV
with extensive dendrite outgrowth in both primary and secondary dendritic branching
(Figure 3.3). These results strongly suggest that CLASP2 plays an active role in
regulating the initial stabilization of both axons and dendrites; however the cellular and
molecular mechanisms underlying their specific targeting to the growing plus-ends of
neurites remain elusive. The differential regulation of +TIP interactions with microtubule
ends and the composition of the microtubule cytoskeleton can influence whether a
process becomes an axon or a dendrite either as a result of specific motor-based loading
or regional control of post-translational modifications (Akhmanova and Steinmetz, 2008).
For instance, axon-specific microtubules are uniformly oriented with plus-ends pointing

outward, efficiently recruiting kinesin-1 motor-driven transport, whereas microtubule
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orientations of mixed polarity in dendrites facilitate dynein motor entry (Kapitein and
Hoogenraad, 2011). Axonal and dendritic microtubule arrays also differ in their patterns
of post-translational modification. For example, acetylated and detyrosinated
microtubules are enriched in axons and selectively recruit kinesin-1 motor proteins (Witte
and Bradke, 2008; Konishi and Setou, 2009). Since CLASP2 is regulated by the PI3K-
GSK3p signaling pathway, it is possible that phosphorylation is a molecular switch
capable of inducing rapid changes in the microtubule dynamic between axons and
dendrites.

In non-neuronal cells, there is a substantial Golgi-associated pool of CLASPs and
previous results indicate that CLASP2 promotes microtubule nucleation from the trans-
Golgi network leading to asymmetry of microtubule arrays in polarized cells (Efimov et
al., 2007). In addition, Golgi-derived CLASP-dependent microtubules are crucial for
establishing continuity and proper morphology of the Golgi complex which is essential
for cell polarization and motility (Miller et al., 2009). Microtubules nucleated at the Golgi
are preferentially oriented towards the leading edge and direct polarized trafficking in
motile cells similar to the microtubule-dependent trafficking required during axon
specification (Hoogenraad et al., 2001; Witte et al., 2008; Miller et al., 2009). In neurons,
the Golgi apparatus has also been implicated in neuronal polarity where the position of
the Golgi and the adjoined centrosome correlates with newly emerging axons (Zmuda
and Rivas, 1998; de Anda et al., 2005; de Anda et al., 2010). In addition, specialized
Golgi outposts exclusively localize at dendritic branchpoints and have been shown to

regulate extension and retraction of dendritic branching (Horton et al., 2005; Ye et al.,
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2007; Hanus and Ehlers, 2008). Here, we found that CLASP2 colocalizes with the Golgi
marker GM130 in primary neurons and that increasing CLASP2 expression leads to
increased Golgi condensation (Figure 3.4). We also found CLASP2 overexpression led to
increased neuritic branching only in neurons with stacked as opposed to ribbon Golgi
morphology (Figure 3.5), suggesting that CLASP2 mediates specific changes in the Golgi
that stabilize the cytoskeleton to promote branching.

Microtubules act as the main cytoskeletal tracks for transport of materials to and
from the synapse (Conde and Caceres, 2009; Hoogenraad and Bradke, 2009; Goellner
and Aberle, 2012). However, little is known about the role of the cytoskeletal machinery,
specifically +TIPs on synapse formation and function in mammals. Previous experiments
indicate that dynamic EB3 positive microtubule comets can enter dendritic spines and are
required for controlling levels of F-actin, spine morphology, and synaptic transmission
(Jaworski et al., 2009). Our results indicate that CLASP2 has a functional role in
spontaneous neurotransmission (Figure 3.6). The sShRNA knockdown of CLASP2
reduced miniature event frequency in excitatory synapses, while overexpression of
CLASP?2 caused an increase in both miniature event frequency and amplitude specifically
in excitatory synapses, suggesting that CLASP2 regulates both presynaptic
neurotransmitter release machinery and postsynaptic receptor trafficking. The current
changes in spontaneous neurotransmission could be due to CLASP2 effects on axon and
dendritic outgrowth, exclusively targeting excitatory neurons which have been shown to
vary greatly in their somatic, dendritic and axonal morphologies compared to inhibitory

neurons (Markram et al., 2004). Interestingly, we found that CLASP2 induced
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ultrastructural changes in asymmetric excitatory synapses that support the presynaptic
changes we observed electrophysiologically (Figure 3.7). Quantitative electron
microscopy revealed a selective increase in presynaptic terminal circumference that may
be a consequence of increased vesicle fusion with the plasma membrane. In line with the
ultrastructural data, the size and number of synapses as assessed by synapsin-PSD95
colocalization was significantly enhanced in neurons overexpressing CLASP2.

We surveyed several synaptic proteins to determine whether CLASP2 has selective
effects on the composition of the synapse. We found that CLASP2 overexpression caused
pronounced increases in pre- (synapsin, synaptobrevin, and SNAP25) but not post-
(PSD95, GIluR1) synaptic protein expression (Figure 3.7). Recent studies demonstrate
that while action potential-evoked or spontaneous neurotransmitter release may utilize the
same molecular machinery, they rely on distinct molecular interactions for normal
function (Ramirez and Kavalali, 2011). For example, structure-function analyses of
neuronal SNARE proteins (syntaxin, synaptobrevin and SNAP25) revealed key
differences that give rise to spontaneous versus evoked fusion (Ramirez and Kavalali,
2011). For example, loss of SNAP25 or synaptobrevin largely abolishes calcium-
dependent evoked release but leaves spontaneous fusion release intact (Schoch et al.,
2001; Washbourne et al., 2002; Bronk et al., 2007). Therefore, the CLASP2-mediated
increase in synapsin, synaptobrevin, and SNAP25 may provide possible mechanistic
detail of the functional increase in evoked mEPSCs as alterations in expression levels of

these proteins have been shown to cause calcium-dependent evoked neurotransmitter



60

release (Lu et al., 1992; Rosahl et al., 1995; Schoch et al., 2001; Washbourne et al., 2002;
Bronk et al., 2007).

At the postsynaptic membrane, we found that CLASP2 plays an important role in
glutamate receptor trafficking, including an increase in surface levels of GIuAl in
CLASP2 overexpressing neurons. This raises the possibility that CLASP2 functions as a
factor controlling the delivery of synaptic components to synaptic terminals (Figure 3.7).
Previously, +TIPs have been shown to play important roles in positioning
neurotransmitter receptors and ion channels. APC and end-binding proteinl (EB1) have
been shown to be involved in assembly and stabilization of a3 nicotinic acetylcholine
receptor at the postsynaptic side of cholinergic synapses by anchoring microtubules
(Temburni et al., 2004). EB1 was also shown to target voltage-gated potassium (Kv1)
channels to axons (Gu et al., 2006). In principal, localized remodeling of the
cytoskeleton through +TIPs could achieve the spatial remodeling required for synapse-
specific and activity-dependent synaptic plasticity. It is possible that binding of CLASP2
to microtubules or to other end-binding proteins is important for the phenotypes we
observed, but further studies will be necessary to investigate this possibility.

In summary, our results suggest that the control of microtubule organization by
CLASP2 may represent a mechanism for regulated growth cone motility as well as
synapse formation and plasticity. We find that increasing CLASP2 expression leads to
accelerated and enhanced neuron and synaptic development. Although the cellular and
molecular mechanism remains to be determined, CLASP2 has a number of specific

binding domains that allow for protein interactions at the Golgi, cytoskeleton and the
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growing tips of neurites. The enhanced neuronal development may therefore arise due to
altered Golgi function, increased trafficking along microtubules or increased vesicle
fusion due to stabilization of the cytoskeleton. The specific CLASP2 domains responsible

for these functional changes will be important to address in the future.



62

Figure 3.1
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Figure 3.1: Localization and Expression of CLASP2 in the Developing Neuron

A, Representative images of endogenous CLASP2 demonstrating enrichment at the
growth cone of a mouse, hippocampal axon at 4-5 DIV. Image is double labeled with
anti-CLASP2 (green) and anti-SMI-312 (red) antibodies. Representative images of a
hippocampal neuron (B) and a glial cell (C) at 4 -5 DIV following double labeling with
anti-CLASP2(green) and anti-p-tubulin(red) antibodies. Scale bars: A, 2.5um; B, 16um;
C, 15um. D, Protein expression levels of CLASP2, MAP2, SMI-312, and B-tubulin
during postnatal development examined by immunoblotting of total mouse brain lysate at
the indicated ages (Adult = 3 months). E, Expression levels of CLASP2 was examined by
immunoblotting of total lysate from primary mouse cortical neurons DIV 7-14. Neurons
were infected with control, human CLASP2, or CLASP2shRNA lentivirus.

Josefa Sullivan performed the ICC used in Figure 3.1A-C

Greg Dillon collected lysates and performed the western blot for Figure 3.1 D-E



Figure 3.2

A’ _‘_.JL B _Cinlrol
-
..-_____

% Polarized

ok

50

64



65

Figure 3.2: CLASP2 Increases Axon Length and Induces the Formation of Multiple
AXxons

A, Hippocampal neurons infected at 1 DIV with control, human CLASP2, CLASP2
SshRNA or CLASP2 shRNA coexpressing human CLASP2 were fixed at 2 DIV and
stained with SMI-312 (axonal marker). Scale bar=20 um. B, Quantitative analysis
showed that human CLASP2 significantly increased axon length at 2 DIV (n=49 neurons
for each group; * p<0.05, ** p<0.001). C, Hippocampal neurons infected were fixed at 4
DIV and stained with SMI1-132. Neurons infected with human CLASP2 demonstrated
multiple axons compared to control and CLASP2 shRNA (n=62 neurons for each group;
*** n<0.0001). Neuronal polarity phenotypes were categorized into two groups: single
axon (white bar) and multiple axons (black bar).

Josefa M. Sullivan and Christine E. Stuart performed the ICC and analyzed the pictures

used in Figure 3.2
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Figure 3.3: CLASP2 Regulates Dendritic Growth and Branching
A, Hippocampal neurons infected at 1 DIV with control, human CLASP2, CLASP2

ShRNA or CLASP2 shRNA coexpressing human CLASP2 were fixed at 5 DIV and
stained with MAP2 (dendritic marker). Scale bar=20 pum. B, Sholl analysis based on the
number of dendritic crossings distributed over the distance from the cell body (n=17
neurons for each group). C, CLASP2 significantly increased the total length of all
neurites (n=32 for each group; ** p<0.01, *** p<0.001, ns=not significant) and D, the
length of the longest dendrite (n=19 for each group; * p<0.05 ** p<0.01, *** p<0.001).
Josefa M. Sullivan, Christine E. Stuart, and Greg Dillon performed the ICC and analyzed

the pictures used in Figure 3.3.
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Figure 3.4
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Figure 3.4: CLASP2 Regulates Golgi Morphology in Neurons
A, Representative images of anti-CLASP2 (green) and anti-GM130 antibodies (red)

showing colocalization of endogenous CLASP2 with Golgi complex in a hippocampal
neuron at 5 DIV. B, Neurons treated at 1 DIV with control, human CLASP2 or CLASP2
shRNA lentivirus were stained for GM130 (red), MAP2 (cyan) and DAPI (blue) to assess
ribbon, stacked and fragmented Golgi morphology in hippocampal neurons at 5 DIV.
Scale bar in A=1.5 um, B=10 um. C, CLASP?2 led to a significant increase in the
percentage of neurons with a stacked Golgi phenotype compared with those with a
ribbon-shaped Golgi (n=100 for each group; *** p<0.0001). D, The Golgi is highly
fragmented in CLASP2 knockdown neurons (n=100 for each group; *** p<0.0001).
Josefa M. Sullivan and Greg Dillon performed the ICC and analyzed the pictures used in

Figure 3.4.
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Figure 3.5
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Figure 3.5: CLASP2 Increases Dendritic Branching in Neurons with Stacked but
Not Ribbon Golgi Phenotypes

A-B, Primary hippocampal neurons infected at 1 DIV with control or CLASP2 were fixed
at 4 DIV and immunostained for MAP2 (red) and GM130 (green). Scale bar=23 pum. C,
All primary, secondary, tertiary and total number of MAP2 positive branches were
counted and separated by treatment and Golgi phenotype. (n>13 for each group; *
p=0.029, ** p=0.004, *** p<0.0009).

Josefa M. Sullivan, performed the ICC and analyzed the pictures used in Figure 3.5.
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Figure 3.6
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Figure 3.6: CLASP2 Increases Spontaneous Synaptic Activity at Excitatory but Not
Inhibitory Synapses

A, Sample traces showing miniature excitatory postsynaptic currents (mMEPSC) of control,
human CLASP2, CLASP2 shRNA or CLASP2 shRNA coexpressing human CLASP2 at
14-17 DIV. B, Bar graph of mEPSC frequency revealed a significant 4.6-fold increase in
miniature frequency in neurons infected with human CLASP2 compared to control (n>14
for each group; * p<0.05, *** p<0.0001). C, Bar graph of mEPSC amplitude
demonstrating a significant increase in mMEPSC amplitude in neurons infected with
human CLASP2 (n>14 for each group; * p<0.05). D, Sample traces showing miniature
inhibitory postsynaptic currents (mIPSC) of control and overexpressed human CLASP2.
E, No changes in mIPSC frequency were detected in neurons infected with human
CLASP2 compared to control (n>10 for each group). F, Bar graph of mIPSC amplitude
showed no changes in miniature amplitude in neurons infected with human CLASP2
(n>10 for each group)

Greg Dillon and JP Gilbert performed electrophysiological recordings and analyzed the

data used for Figure 3.6.
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Figure 3.7

*

&
O@YV
\@Soo
o o o o O
& g D
|0U0D %
YLyniofLynio

s | Surface

human CLASP2
PSD95 Merge
PSD95 Merge

Syn
Syn

S | Total

T
o
o

1504
50
0

|013U0D %
ZdSVY10 uewny + 0O (wn) ease asdeukg w
VYNYUS ¢dSVTO

. -

ZdSVv10 uewny

CLASP2

sokok

PSD95 Merge
o ok &

3
§
<
o
2
Ny
S

N
£
S
.-
S WD v s | Synapsin

=) =}
e
uoinau/sasdeuds # |ejoL
VYNYYS 2dSYT70 (&) w

Syn

PSD95 Merge

c
>
(2]

WSS s s Synaptobrevin

=
g
c
2
|
'
'
|

<)
S
5

3001
S
S

&

0
N
o
<
z
2

|013U0D

A‘,
B



74

Figure 3.7: CLASP2 Regulates Synaptic Structure and Synaptic Protein Levels

A, Ultrastructural analysis by electron microscopy of synaptic structure in hippocampal
neuronal cultures infected with control and overexpressed human CLASP2 at 14 DIV.
Representative images of asymmetric excitatory synapses of control and CLASP2
infected neurons. Scale bar=500 nm. B, Hippocampal neuronal processes infected with
control, human CLASP2, CLASP2 shRNA or CLASP2 shRNA coexpressing human
CLASP2 at 14 DIV stained with synapsin (Syn, green) and PSD95 (red). Scale bar=4 pm.
C-D, CLASP2 increases overall synapse number and area of colocalization of synapsin
and PSD95 in neuronal processes at 14 DIV (* p<0.05, *** p < 0.0001). E, Western
blotting of CLASP2, various synaptic markers and p-tubulin in response to control,
human CLASP2, CLASP2 shRNA or CLASP2 shRNA coexpressing human CLASP2
(rescue) in cortical neurons. F, We detected a significant increase of surface (S)
compared to total (T) endogenous GIuA1 receptor subunit in cultured cortical neurons
that overexpressed CLASP2 at 14 DIV using a biotinylation assay (left, immunaoblot;
right, quantification). Total GIuAl levels were determined from input lysates whereas
surface GluA1 was determined after elution from neutravidin precipitation (* p=0.04).
Josefa M. Sullivan performed the ICC and analyzed the pictures for Figure 3.7B-D.
Greg Dillon analyzed the electron microscopy pictures used for Figure 3.7A and Table
3.1. and performed the western blot for Figure 3.7E.

Angela Ho performed the biotinylation assay used for Figure 3.7F.
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Figure 3.8
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Figure 3.8: CLASP2 is Required for PI3K-Induced Axon Elongation
A, Hippocampal neurons infected at 1 DIV with control, human CLASP2 or treated with

PI3K inhibitor LY 294002 were fixed at 2 DIV and stained with SMI-312 (axonal
marker). Scale bar=20 um. B, Quantitative analysis showed that overexpressed human
CLASP2 significantly increased axon length at 2 DIV and rescued the axonal growth
defect in neurons treated with LY 294002 (n=47 neurons for each group; ** p<0.01, ***
p<0.001).

Josefa M. Sullivan performed the ICC and analyzed the pictures for Figure 3.8



Table 3.1: Quantitative Ultrastructural Analysis of
Asymmetric Neuronal Synapses

Parameter Control CLASP2 p value
Presynaptic terminal area (um2) 2.13+0.23 2.82+0.29 | p=0.074
Presynaptic terminal circumference (um) | 2.61 +£0.15 3.34+0.23 | p=0.012*
Length of Postsynaptic density (um) 0.33+£0.04 0.42+£0.06 | p=0.187
Docked vesicles per active zone 1.86 +0.36 1.94+0.37 | p=0.882
Vesicles 150 nm of the active zone 10.07£0.9 8.64+£0.80 | p=0.241
Vesicles per terminal 57.97+£55 48.18 4.7 | p=0.180
Vesicle density 4.71+£0.89 8.12+1.60 | p=0.073

All data are presented as means £ SEM. Control, n = 29; CLASP2, n = 33.

*Indicates significance
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CHAPTER 4.
PHOSPHORYLATION OF CLASP2 CONTROLS DAB1 SIGNALING
NECESSARY FOR PROPER NEURON MIGRATION

The studies presented in this chapter include contributions from additional post-doctorate,
graduate, and undergraduate students. Dr. Tarik Haydar, Dr. Bill Tyler, Dr. Uwe Beffert
and Dr. Angela Ho were instrumental in helping to design most of the experiments.
Undergraduates John A. Kambouris, Elias Fong, Alicia Dupre, Kirsten Kuhn, and
Christine Learned performed immunocytochemistry, acquired fluorescent microscope
images, and analyzed the data which has been incorporated into Figures 4.3-4.7. Kerilyn
Omuro performed gPCR for Figure 4.2 and measured the length of the apical process for
Figure 4.10. Special thanks to Dr. Bill Tyler who performed most of the in utero

electroporation surgeries used for this chapter.
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4.1 Introduction

The complex architecture of the brain requires precise control over the timing of neuron
proliferation, differentiation, and migration. The mammalian cortex is distinguished by
its six major cell layers each with distinct morphological and functional identities.
Cortical layers normally form in an “inside-out” pattern with early-born neurons forming
deeper layers and later-born neurons migrating past them to form more superficial layers
of the cortical plate (Rakic 1974). In particular, the Reelin signaling pathway plays a
crucial role in correct cortical lamination. Reelin is a large secreted glycoprotein that
exerts its function by binding to the lipoprotein receptors ApoER2 and VLDLR and
inducing tyrosine phosphorylation of the intracellular adaptor protein Dabl (Howell et
al., 2000; Bock and Herz, 2003). Phosphorylation of Dab1 recruits downstream signaling
molecules to promote the cytoskeletal changes necessary for neuronal migration, final
positioning, and morphology (D'Arcangelo 2005). Mutations of Reelin, the dual
ApoER2/VLDLR receptor, or Dabl leads to an inversion of the normal inside-out pattern
of cortex development (D'Arcangelo et al., 1995; Howell et al., 1997; Trommsdorff et al.,
1999). In addition, a number of mutations in cytoskeletal-encoded genes produce deficits
in neuron migration and cortical lamination phenotypically similar to Reelin mutants. For
example, human mutations in lissencephaly-1, doublecortin, and tubulin, each integral
components of the microtubule cytoskeleton, cause severe cortical lamination defects
with later born neurons failing to migrate past previously born neurons ( Gleeson et al.,
1998; Romaniello et al., 2015). The culmination of these genetic studies indicates that

several signaling pathways, including the Reelin pathway, converge on downstream
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cytoskeletal proteins to affect proper neuronal migration and brain development.
However, little is known about the relationship between Reelin signaling and the control
of cytoskeletal dynamics.

CLASPs (cytoplasmic linker associated proteins) belong to a heterogeneous
family of plus-end tracking proteins (+TIPs) that specifically accumulate at the growth
cone and this localization strategically places them in a position to control neurite growth,
directionality, and the crosstalk between microtubules and the actin cytoskeleton.
Previous evidence suggests that CLASPs accumulate asymmetrically towards the leading
edges of migrating fibroblasts indicating a role for CLASPs in cell polarity (Akhmanova
et al., 2005; Wittmann and Waterman-Storer, 2005). We have demonstrated that CLASP2
protein levels steadily increase throughout neuronal development and are specifically
enriched at the growth cones of extending neurites. The short-hairpin RNA (shRNA)
mediated knockdown of CLASP2 in primary mouse neurons decreases neurite length,
whereas overexpression of human CLASP2 caused the formation of multiple axons,
enhanced dendritic branching, and resulted in Golgi condensation (Beffert et al., 2012).
These results implicate a role for CLASP2 in neuronal morphogenesis and polarization;
however, the in vivo function of CLASP2 during brain development is unknown.

Here we demonstrate that CLASP?2 is a genetic modifier of the Reelin signaling
pathway using microarray gene expression comparison between Reelin, the double
ApoER2/VLDLR receptor or Dabl mutant phenotypes. We found that downregulation of
CLASP2 in migrating neurons within the cortical plate leads to mislocalized cells at

deeper layers, abnormal spatial positioning of the centrosome-Golgi complex, and
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aberrant orientation of the apical dendrite away from the pial surface. In addition,
CLASP2 knockdown in the ventricular zone disrupts cell cycle exit and increases the
percentage of neural progenitor cells. We identify an interaction between Dabl and
CLASP2 and found that the serine/arginine rich domain of CLASP2, was essential for
binding to Dabl. In addition, we found that GSK3p-mediated phosphorylation of
CLASP2 controls Dab1l binding and is required for regulating CLASP2 effects on neuron
morphology and migration. Thus, CLASP2 is an essential modifier of the cytoskeleton in
response to the Reelin signaling pathway that is necessary for cortical lamination.

4.2 Results

4.2.1 CLASP2 Expression is Developmentally Regulated and Associated with the
Reelin Signaling Pathway.

In an effort to identify novel genes downstream of Reelin signaling, we took advantage of
genetic mouse models available for the Reelin pathway. We examined expression of
MRNA transcripts by microarray between adult brain cortices from mice deficient in
Reelin, the double ApoER2/VLDLR receptor mutant, or Dabl, and compared Affymetrix
gene expression profiles against age-matched, wild-type mice. Importantly, all three of
these mouse models present an identical phenotype that includes severe neuronal
migration defects (D'Arcangelo et al., 1995; Howell et al., 1997; Trommsdorff et al.,
1999). We then used systems analysis (Ingenuity Systems) to define a large biological
network of genes perturbed above a threshold of 1.5 fold in response to deficient Reelin
signaling. Our initial screen identified 832 genes up-regulated and 628 genes down-

regulated that were common to all three mouse models (Figure 4.1A). Ingenuity Pathway
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Analysis identified a set of genes forming a network functionally related to cytoskeleton
organization, microtubule dynamics, development/proliferation of neurons, and cell
migration (Figure 4.1B). In addition, this network was enriched in genes previously
implicated in neuronal migration and intellectual disability phenotypes. One of the
handful of cytoskeletal candidate gene identified is the microtubule plus-end tracking
protein, CLASP2. Specifically, CLASP2 mRNA expression is increased in all three
Reelin mutant phenotypes whereas we did not find any changes in CLASP1 mRNA
expression (Figure 4.1B). Consistent with the microarray data, CLASP2 protein levels
were 2.8-fold higher in Dabl knockout mice (Figure 4.1C). These finding suggests that
Reelin signaling exerts transcriptional control over CLASP2 mRNA levels and in
addition, this lead to translational changes in CLASP2 protein expression. Together these
results establish the first molecular link that CLASP2 functions downstream of
extracellular Reelin signaling.

4.2.2 Differential Expression of CLASP2 Isoforms During Mouse Cortical
Development.

CLASPs represent a unique family of microtubule-associated proteins conserved across
yeast, plants, insects and mammals (Lee et al., 2004; Bratman and Chang, 2008; Ambrose
et al., 2007). CLASP2 is predominantly expressed in the nervous system in two distinct
isoforms, CLASP2a and CLASP2y (Akhmanova et al., 2001). These CLASP2 isoforms
share all known protein interaction domains differing only at the N-terminus where the
longer CLASP2a contains an additional dis1/TOG domain previously shown to regulate

mitotic spindle assembly, actin binding, and tubulin polymerization (Figure 4.2A)
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(Tsvetkov and Popov, 2007; Patel and Heald, 2012). To examine CLASP2a and
CLASP2y expression levels during brain development, we performed quantitative PCR
on mouse, cortical brain lysates across a range of developmental timepoints. We found
that CLASP2a mRNA is elevated at embryonic stages as early as embryonic day 12.5
(E12.5) while CLASP2y mRNA remain relatively stable throughout development relative
to the adult (Figure 4.2B). In addition, in situ hybridization analysis using an antisense
probe to the CLASP2a mRNA revealed CLASP2a is preferentially expressed in the
ventricular zone (VZ) and intermediate zone (1Z) of the developing cortex at E16.5
(Figure 4.2C). An antisense probe to the CLASP2y mRNA revealed that CLASP2y is
highly expressed across the entire cortex (Figure 4.2C). These results suggest that
CLASP2a and vy isoforms are differentially regulated during cortical development.

4.2.3 CLASP2 is Necessary for Proper Neuron Migration During Corticogenesis.
During brain development, the Reelin signaling pathway is necessary for the formation of
laminated structures. In the current study we have shown that Reelin signaling regulates
CLASP2 expression. To further investigate the role of CLASP2 in neuronal migration,
we introduced previously characterized GFP-CLASP2 shRNA constructs (Beffert et al.,
2012) into E14.5 mouse embryos by in utero electroporation. For quantitative analysis,
the distribution of GFP-positive cells were analyzed for cortical position at E16.5, PO and
P14. At E16.5, the majority of GFP-positive neurons in control brains were mainly found
in the VZ and 1Z (Figure 4.3A). However, there were obvious differences in spatial
distribution in CLASP2-mediated knockdown neurons with a greater percentage of

transfected cells located in the VZ compared to control (Figure 4.3A). At PO, most of the
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control GFP-positive neurons had migrated into the cortical plate region whereas cells
electroporated with CLASP2 shRNA remained in the 1Z with a smaller percentage of
neurons in the upper cortical plate (upCP; Figure 4.3B). By P14, we found ~100% of
control neurons have migrated within the upCP to their final positions at layer I1/111;
however, CLASP2 knockdown neurons were found in the lower cortical plate (IoCP)
suggesting that CLASP2 downregulation caused a delay in neuronal migration but did not
permanently restrict cells to the 1Z (Figure 4.4A).

We next analyzed the molecular profile at P14, a stage at which neuronal
migration is complete. As expected, we found that the majority of control GFP-positive
neurons electroporated at E14.5 were located in layers 11/111 and expressed the
characteristic CDP (CCAAT displacement protein) molecular marker (data not shown).
Interestingly, we found that CLASP2 knockdown neurons also expressed CDP marker
suggesting that the mislocalized neurons in the loCP were not reprogrammed prior to
migration to reside at deeper cortical positions (Figure 4.4B). We next sought to
determine the effect of CLASP2 on the post-migratory differentiation in vivo. In the
upCP of the in utero electroporated brains, the CLASP2 knockdown neurons had
significantly more primary processes as compared to controls (Figure 4.4C-D). The
phenotype was not exclusive to upper-layer neurons, CLASP2 down regulation also
impaired the number of primary processes in the mislocalized neurons in the loCP
suggesting that the effect of CLASP2 on neuron morphology was cell autonomous and

not the result of mislocalization within the cortical plate.
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To determine whether CLASP2 overexpression alters neuronal migration, we
performed in utero electroporation at E14.5 with a control or CLASP2a full-length
expression vector. At PO, overexpression of CLASP2a caused an increase in the number
of GFP-positive neurons in the 1Z and a smaller percentage of neurons which had entered
the upCP compared to control (Figure 4.5), a phenotype similar to that seen following
CLASP2 knockdown. Together these results suggest that CLASP2 expression is tightly
regulated and is critical to ensure proper neuronal migration during cortical lamination.
4.2.4 CLASP2 is Required for the Extension and Orientation of the Leading
Process of Migrating Neurons
Since CLASP2 has been shown to regulate neurite length and dendritic arborization in
mouse primary neurons (Beffert et al., 2012), we reasoned that CLASP2 might similarly
affect the morphology of migrating neurons. Migrating neurons are highly polarized in
the direction of their movement and this is achieved through the correct orientation and
remodeling of a leading process which acts to guide cell movement. We therefore
measured the length and orientation of the leading process in control and CLASP2
knockdown neurons electroporated at E14.5 and analyzed at PO. Our results demonstrate
that CLASP2 knockdown neurons retracted their leading processes causing a 48%
decrease in the length of the leading process when compared to layer-matched controls
(Figure 4.5A). In addition, we examined the orientation of the thickest leading process
relative to the pial surface to determine each cells likely migratory path. CLASP2
knockdown caused an increase in the angle of the leading process in relation to the pial

surface (Figure 4.6B). Specifically, 85% of migrating GFP-positive control neurons had a
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leading process that was oriented between 0-10 degrees to the pia (Figure 4.6C). In
contrast, only 13% of CLASP2 knockdown neurons kept this normal, apical orientation.
In fact, we found nearly 65% of CLASP2 knockdown neurons had a leading process that
was oriented between 11-90 degrees and 22% of which had their leading process inverted
between 91-180 degrees. Alterations of the leading process in CLASP2 knockdown
neurons were not due to disruptions of the radial morphology of nestin-positive radial
glial cell fibers (Figure 4.8A-B), suggesting that CLASP2 plays an intrinsic role in
regulating both the length and orientation of the leading process of migrating cortical
projection neurons.

4.2.5 CLASP2 Controls the Spatial Positioning of the Centrosome and Golgi
Complex.

To examine whether nucleus-centrosome coupling is disrupted by CLASP2 knockdown,
we electroporated E14.5 embryos with control or CLASP2 shRNA and analyzed the
distance between the nucleus and centrosome in migrating neurons within the cortical
plate at PO. Nearly 80% of the control GFP-positive neurons displayed one or a pair of
closely juxtaposed centrioles, that were immunostained with pericentrin, positioned at the
apical side of the nucleus toward the leading process. In contrast, nearly 60% of CLASP2
knockdown neurons had pericentrin immunostaining adjacent to the nucleus (Figure
4.7A). In addition, control cells had a substantial distance between the centrosome and
nucleus (7.9 + 0.78 um), while the CLASP2 knockdown neurons had the centrosome

very close to the nucleus (3.9 + 0.74 um) (Figure 4.7A).
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Since live cell imaging indicates that movement of the centrosome and the Golgi
apparatus into the leading neurite can precede cell movement in the developing brain
(Yanagida et al., 2012; Sakakibara et al., 2013) and that localization of the
centrosome/Golgi complex is a key step in selecting migratory direction (Yanagida et al.,
2012), we examined the positioning and shape of the Golgi apparatus. Embryos were
electroporated at E14.5 with control or CLASP2 shRNA and immunostained with the
Golgi marker GM130 at PO. We found that the majority of GM130 immunostaining in
control GFP-positive neurons was localized in the leading process whereas there was
differences in spatial positioning of GM130 immunostaining distributed near the cell
body, in CLASP2 knockdown neurons (Figure 4.7C). In addition, we found that while
control GFP-postive neurons favored a Golgi-ribbon phenotype, CLASP2 knockdown
neurons favored a Golgi-stacked phenotype (Figure 4.7D). These observations suggest
that CLASP2 plays an important role in spatial positioning of the centrosome and Golgi
complex into the leading process that is necessary for proper nucleokinesis of migrating
neurons.

4.2.6 CLASP2 is Necessary for Regulating Proliferative Cells in the Ventricular
Zone

To investigate whether the migratory defects following CLASP2 knockdown could be
attributed to perturbations in specific populations of neural progenitors, we electroporated
E14.5 with control or CLASP2 shRNA plasmids and labeled apical and basal progenitors
with antibodies against transcriptional factors Sox2 and Thr2, respectively. Sox2*

progenitors, primarily consist of multi-potent radial glial cells and short-neural precursors
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(SNPs) located in the VZ (peak at bin areas 1-2; Figure 4.9A) (Anthony et al., 2004;
Malatesta et al., 2003; Stancik et al., 2010). In addition, radial glial cells are capable of
generating a second, transient neural progenitor population, the basal (or intermediate)
Tbr* progenitor cells, which reside predominantly in the subventricular zone (peak at bin
areas 2-4) and whose divisions are mostly neurogenic (Figure 4.9B) (Haubensak et al.,
2004). We found a significant increase in the percentage of apical Sox2" and basal Thr2*
progenitor cells following CLASP2 knockdown indicating that CLASP?2 is likely
affecting terminal cell division and differentiation (Figure 4.9A and 4.9B).

4.2.7 CLASP2 Regulates Progenitor Cell Cycle Dynamics.

Because CLASP2 knockdown caused an increase in the percentage of progenitor cells,
we postulated that CLASP2 could be directly controlling cell division in the developing
cortex. To test this possibility, we electroporated at E14.5 and labeled cells in the M-
phase of the cell cycle with an antibody against phospho-Histone H3 (PH3) at E16.5.
Indeed, there was a greater percentage of GFP-positive CLASP2 knockdown neurons co-
localized with PH3. These results indicate that CLASP2 could be prolonging the cell
cycle or preventing terminal differentiation thereby maintaining progenitors in a
proliferative state (Figure 4.10A).

In addition, CLASP2 knockdown neurons showed defects in the mitotic spindle
orientation of glial progenitor cells. Pericentrin staining of dividing PH3" progenitors
showed that CLASP2 knockdown resulted in an increase in the angle of the mitotic
spindle relative to the ventricular surface and higher distribution of cells with a

planar/vertical cleavage plane (commonly associated with “symmetric” cell divisions



88

where one progenitor generates two proliferative daughter cells; Figure 4.10C) (Chen and
McConnell, 1995).

We also evaluated the interkinetic nuclear migration of radial glia and SNPs
which consists of a slow G1 phase migration in the basal direction and a fast G2 phase
migration in the apical direction, both of which occur during a single cell cycle
(Matsuzaki and Shitamukai, 2015). Since interkinetic nuclear migration arises from the
restriction of mitosis to the apical surface where the centrosome attaches, the position of
the nucleus relative to pericentrin staining was measured. We found that CLASP2
knockdown resulted in significantly shorter apical processes (Figure 4.10D) indicating
that the increase in the number of PH3" mitotic cells following CLASP2 knockdown
correlated with a higher percentage of progenitors at the apical ventricular surface.

4.2.8 CLASP2 Knockdown Delays Differentiation.

To determine whether the effects of CLASP2 on cell division were due to changes in cell
fate or cell cycle dynamics, we electrophorated at E14.5 and pulse labeled by EAU
injection into pregnant dams at E15.5. We then analyzed brain sections at E16.5 by
double staining with EdU and Ki67 antibodies. Since Ki67 labels a nuclear
transcriptional factor expressed from S phase through M phase, EAU and Ki67 double-
positive cells represent progenitors that remain in the cell cycle, whereas EJU-
positive/Ki67-negative cells represent progenitors which have exited the cell cycle in the
24 hour period following EdU injection. CLASP2 knockdown resulted in an increase in
the percentage of electroporated cells that were positive for EJU (Figure 4.11C) and Ki67

(Figure 4.11D) located in the VZ (bin area 1). We also found that the fraction of
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EdU*/Ki67" is significantly lower in CLASP2 knockout cells suggesting that CLASP2
knockdown disrupts cell migration by delaying terminal division (Figure 4.11F).

4.2.9 GSK3p Phosphorylation of CLASP2 Regulates Binding to Dab1.

The molecular mechanism by which Reelin signaling regulates CLASP2 expression and
function is unknown. We hypothesize that the CLASP2-mediated effects on neuronal
development are dependent on an interaction between Dabl and CLASP2 and/or
activated through Dabl-dependent phosphorylation signaling pathways. To investigate
whether CLASP2 interacts with Dab1, we co-transfected Dabl with GFP-CLASP1 or
GFP-CLASP2a in HEK293T cells and performed immunoprecipitation assays. Both
CLASP1 and CLASP2 co-immunoprecipitated with Dab1 (Figure 4.12B). In particular,
the N-terminal portion of CLASP2 (1-820 amino acids) selectively co-
immunoprecipitated with Dab1 (Figure 4.12B). To further characterize the CLASP2-
Dab1 interaction, we generated five additional GFP-CLASP2 fragments that contained
the first TOG1 domain (1-270 amino acids), TOG2 domain (271-573 amino acids),
positively-charged serine/arginine rich region (S/R rich, 574-820 amino acids), TOG3
domain (821-1200 amino acids) or the C-terminal CLIP domain (1200-1515 amino acids)
(Figure 4.12A). We co-transfected Dab1 with each of the GFP-CLASP2 fragments in
HEK293T cells and immunoprecipitated with GFP. We observed that the S/R rich
domain of CLASP2 specifically co-immunoprecipitated with Dab1l (Figure 4.12C).
Interestingly, embedded in the S/R rich region are nine serine residues constituting
GSK3p phosphorylation consensus motifs which have previously been shown to disrupt

the electrostatic bonds between CLASP2 and microtubules preventing plus-end tracking
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(Watanabe and Kaibuchi 2009; Kumar and Wittmann, 2012). To determine whether
GSK3B-mediated phosphorylation of CLASP2 affects Dab1 binding, we produced GFP-
CLASP2 phospho-mutants that mimic a constitutively active phosphorylated state where
eight serine resides in the S/R domain of CLASP2 were replaced with aspartate (GFP-
CLASP2-8S/D) or a non-phosphorylatable CLASP2 mutant (GFP-CLASP2-9S/A) where
all nine serine residues were replaced with alanines. When HEK293T cells were co-
transfected with Dabl and GFP-CLASP2 phospho-mutants, we found that both GFP-
CLASP2 wild type and phospho-resistant GFP-CLASP2-9S/A co-immunoprecipated
with Dabl whereas the phospho-mimetic GFP-CLASP2-8S/D greatly reduces its binding
to Dabl. These results indicate that phosphorylation of CLASP2 can alter Dabl binding
affinity (Figure 4.13A-B). We also tested whether the presence of GSK3 could alter
CLASP2-Dabl binding by co-transfecting GFP-CLASP2, Dab1 and a constitutively
active GSK3p in HEK293T cells. GSK3p expression completely disrupted the CLASP2-
Dab1 interaction (Figure 4.13C). Since Reelin exerts its function by binding to the
lipoprotein receptors ApoER2 and VLDLR and inducing tyrosine phosphorylation of the
intracellular adaptor protein Dab1l by src family kinases (Howell et al., 2000; Bock and
Herz, 2003), we wanted to determine whether src-mediated phosphorylation of Dabl
could affect its binding to CLASP2. Surprisingly, the addition of src had no effect on the
CLASP-Dab1 interaction indicating that the phosphorylation state of Dab1 is not relevant

to its association with CLASP2 (Figure 4.13D).
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4.2.10 GSK3p Phosphorylation of CLASP2 Controls Cell Motility and Neurite
Extension

To determine whether GSK3p phosphorylation of CLASP2 affects its function, we
compared aggregates of primary cortical neurons infected at day of plating with control
SshRNA, CLASP2 shRNA, and CLASP2 shRNA rescued with human CLASP2 wild type,
phospho-resistant CLASP2-9S/A, or phospho-mimetic CLASP2-8S/D lentivirus. Cortical
neurons isolated from newborn pups were dissociated and allowed to form aggregates by
incubating in a polypropylene tube before plating on matrigel-coated coverglass. Cell
migration was assessed by measuring the area of migration away from the initial
aggregates at day of plating using live imaging over a 48 hour period (Figure 4.14A). The
shRNA-mediated knockdown of CLASP2 decreased cell migration compared to control
(Figure 4.14B). In addition, both CLASP2 wild type and phospho-resistant CLASP2-
9S/A rescued the CLASP2 shRNA phenotype whereas phospho-mimetic CLASP2-8S/D
had no affect indicating that GSK3B-mediated CLASP2 phosphorylation alters cell
motility (Figure 4.14C-D).

Since neuron movement requires extension of a leading process to provide
traction forces and influence directionality, we also evaluated whether GSK3f
phosphorylation of CLASP2 affects neurite extension. We compared primary cortical
neurons co-infected at day of plating with control sShRNA, CLASP2 shRNA, and
CLASP2 shRNA rescued with human CLASP2 wild type, phospho-resistant CLASP2-
9S/A, or phospho-mimetic CLASP2-8S/D mutants for axon growth. At 2 days in vitro,

quantitative analysis showed that CLASP2 knockdown resulted in a 27% decrease in
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axon length as indicated by tau immunofluorescence (Figure 4.15A-B). Both CLASP2
wild type and phospho-resistant CLASP2-9S/A rescued the CLASP2 shRNA phenotype
whereas phospho-mimetic CLASP2-8S/D had no effect (Figure 4.15A-B). These results
suggest that GSK3p phosphorylation of CLASP2 plays an important role controlling cell
motility and neurite extension.

4.3 Discussion

Normal brain function is dependent on the correct positioning and connectivity of
neurons established during development. In particular, the Reelin pathway plays a crucial
role in cortical lamination and mutations in genes associated with Reelin signaling lead to
profound defects in neuronal positioning during brain development in both mice and
humans. However, the molecular mechanisms by which Reelin controls neuronal
morphology and movement are poorly understood. We have used a systems analysis
approach to identify genes perturbed in the Reelin signaling pathway and identified
microtubule stabilizing CLIP-associated protein 2 (CLASP2) as a key cytoskeletal
modifier of Reelin mutant phenotypes; however, currently, little is known about the role
of CLASP2 in the developing brain. In the present study, we have characterized the role
of CLASP2 during cortical development by in utero electroporation of ShRNA plasmids
and found that silencing CLASP2 in the ventricular zone disrupts cell cycle exit and
increases the percentage of both apical and basal progenitors. In addition, we show that
down-regulation of CLASPZ2 in migrating neurons of the cortical plate leads to
mislocalized cells at deeper cortical layers, abnormal positioning of the centrosome-Golgi

complex, and aberrant length/orientation of the leading process. Moreover, rescue



93

experiments in vitro indicate that GSK3B-mediated phosphorylation of CLASP2 controls
Dab1 binding and is required for regulating CLASP2 effects on neuron morphology and
migration.

During brain development, Reelin signaling is necessary for the formation of
laminated brain structures, such as the cerebral cortex, hippocampus, and cerebellum
(Curran and D'Arcangelo, 1998; Lambert de Rouvroit and Goffinet, 1998). Several
cellular processes involved in neuron migration have been attributed to Reelin signaling
including: cell translocation (Franco et al., 2011; Sekine et al., 2012), detachment from
radial glia fibers (Cooper, 2008), and extension of the leading process (O'Dell et al.,
2015). However, the molecular mechanisms connecting Reelin to each of these processes
is unclear. The current results provide the first evidence that expression of the +TIP,
CLASP2 is regulated by Reelin signaling. CLASP2 mRNA expression was significantly
increased in mice deficient for either Reelin, the double ApoER2/VLDLR receptor
mutant, or in the knockout of the adaptor protein Dabl (Figure 4.1B). Interestingly, these
mouse models all show similar histological and behavioral phenotypes, suggesting
common downstream effectors (Olsen, 2014). In addition, our current data demonstrates
that CLASP2 binds directly to Dab1 (Figure 4.12B) and that this binding is regulated by
GSK3p phosphorylation of CLASP2 (Figure 4.13C). Therefore, CLASP2 represents a
cytoskeletal effector of the Reelin pathway crucial for normal cortex development.

CLASPs belong to a heterogeneous family of +TIPs which regulate microtubule
stability during both interphase and mitosis (Galjart, 2005). In the present study, in utero

electroporation of CLASP2 shRNA at E14.5 resulted in significant defects in cortical
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lamination at both embryonic (E16.5, PO; Figure 4.3) and adult time points (P14, Figure
4.4). Interestingly at P14, neurons electroporated with CLASP2 shRNA demonstrated an
un-polarized morphology indicated by the loss of a detectable, apical dendrite and with
an overall increase in the number of primary processes regardless of their final cortical
position (Figure 4.4E). These results suggest a permanent arrest in the migration of a
subset of cortical neurons that is dependent on CLASP2 function. Therefore, rather than
slowing the speed of migration, CLASP2 may control intrinsic polarity signals by
regulating stability of the cytoskeleton.

Migrating neurons in the cortical plate extend a leading process that is responsible
for sampling the microenvironment and provides an anchor point during saltatory
movement (Marin et al., 2010). CLASP2 localization at the growth cone places it in a
strategic position to regulate neurite outgrowth and the crosstalk between extracellular
cues and intracellular polarity signals. Our results demonstrate that in neurons migrating
through the cortical plate, CLASP2 regulates both the length (Figure 4.6A) and
orientation of the leading process (Figure 4.6 B-C). Compared to controls, migrating
neurons electroporated with CLASP2 shRNA had significantly shorter leading processes
and the orientation of these neurites was often directed away from the pial surface. The
CLASP2a isoform contains a total of three TOG-like domains which bind soluble tubulin
dimers and also interact with the dynamic, actin cytoskeleton at the leading edge (Al-
Bassam et al., 2010; Tsvetkov et al., 2007). Therefore, CLASP2 may work to supply
extending neurites with a concentration of soluble tubulin, preventing catastrophe events

and neurite retraction. Interestingly, pharmacological agents such as nocodazole, which
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destabilize the microtubule network have also been shown to shorten the leading process
of cortical interneurons during their migration and although these cells show no deficits
in migration speed, they frequently change their trajectories and colonize smaller cortical
areas (Baudoin et al., 2008). Therefore, CLASP2 may regulate neuron migration by
stabilizing the leading process in the correct orientation in order to guide directional
movement.

During migration, movement of the microtubule organizing centers (MTOC:s,
Golgi/centrosome complex) into the leading process provides the traction forces
necessary for somal translocation (Marin et al., 2012). In addition, effective extension of
the leading process requires polarized secretory trafficking from the Golgi in order to
supply new membrane materials to the polymerizing tip (Yadav and Linstedt, 2011).
Consequently, efficient cell movement requires both longitudinal microtubules linking
the leading edge with MTOCs and a microtubule cage linking the nucleus with the
centrosome (Tsai and Gleeson 2005; Vallee et al., 2009). Our results show that
electroporation of CLASP2 shRNA caused mislocalization of the centrosome and Golgi
away from the leading process closer to the nucleus (Figure 4.7). In addition, CLASP2
knockdown resulted in a loss of Golgi ribbon morphology (Figure 4.7D). Previously,
CLASP-dependent nucleation of microtubules at the Golgi has been shown to be required
for directional cargo trafficking and the construction of asymmetric microtubule arrays
(Miller et al., 2009; Efimov et al., 2007). Therefore, the loss of a polarized Golgi ribbon
following CLASP2 knockdown likely prevents directed trafficking to the leading process

in migrating neurons. Together, these results suggest that CLASP2 stabilization of
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microtubules regulates the positioning of the Golgi and centrosome during cell
movement. Further work will be needed to determine whether CLASP2 regulation of
Golgi morphology directly influences leading process length and orientation.

CLASP?2 is represented by two main isoforms CLASP2a and CLASP2y which
differ only at the N-terminus where CLASP2a contains a 233 amino acid dis1/TOG
domain insertion. The current study provides the first evidence demonstrating that
expression of the longer CLASP2a isoform peaks during neurogenesis (Figure 4.2B). In
addition, in situ hybridization of E16.5 cortical sections indicates an increase in
CLASP2a mRNA in the proliferative ventricular and subventricular zone when compared
to post-mitotic neurons of the cortical plate (Figure 4.2C). Together, these data suggest
that CLASP2 isoforms may be differentially expressed during the cell cycle and that
CLASP2a may play an important role in cell division. To support this data, we knocked
down CLASP2 expression in neural progenitors through in utero electroporation of
CLASP2 shRNA plasmids at E14.5 and examined the transfected progenitor populations
48 and 72 hours later. Our results show a significant increase in the percentage of apical
(Sox2™) and basal (Thr2") progenitors in the CLASP2 shRNA condition when compared
to age-matched controls (Figure 4.9). In addition, CLASP2 shRNA caused an increase in
the percentage of cells positive for cell division marker PH3 (Figure 4.10) and resulted in
a decrease in the percentage of electroporated cells which exited from the cell cycle over
a 24 hour period following EdU injection (Figure 4.11). Knockdown of CLASP2 may be
increasing the percentage of neural progenitors during development by delaying the

terminal differentiation of radial glia cells into neurons.
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Inside the cell, Reelin signaling is propagated by stimulating tyrosine
phosphorylation of the adapter protein Dabl (Howell et al., 1999). Our results provide the
first evidence that CLASPs can bind to Dab1 (Figure 4.12B) suggesting a mechanism by
which extracellular Reelin could regulate CLASP localization and/or expression. In order
to determine the domain responsible for CLASP2-Dab1 binding, we generated truncated
GFP-CLASP?2 constructs using the Eukaryotic Linear Motif (ELM) resource dividing
CLASP2a into five, distinct domains (Figure 4.12A). In particular, ELM was primarily
used to identify regions of lowest stability in order to avoid disrupting conserved
domains. Our results demonstrate that Dab1 binds CLASP2 specifically between amino
acids 574-820, the S/R rich domain (Figure 4.12C). Previous experiments demonstrate
that this S/R rich domain is highly conserved across species and is responsible for
CLASP-EB1 binding and consequently plus-end tracking (Mimori-Kiyosue et al., 2005).
Specifically, the S/R domain contains two EB1, SXIP (Serine -any amino acid- Isoleucine
-Proline) binding motifs which are embedded in a positively-charged serine/arginine rich
region. Multi-site phosphorylation by GSK3p near these motifs has been shown to disrupt
the electrostatic bonds formed between CLASP2 and the acidic C-terminal tail of tubulin,
preventing association of CLASP with microtubules (Wantanabe and Kaibuchi 2009;
Kumar and Wittmann, 2012). Our current results indicate that CLASP2-Dab1 binding is
also regulated by phosphorylation of CLASP2 at GSK3 sites within this central domain.
Addition of constitutively active GSK3p resulted in a significant decrease in CLASP2-
Dab1 binding (Figure 4.13C) and mimicking CLASP2 phosphorylation with mutations at

known GSK3 target motifs (CLASP2 8S/D) prevented the association of CLASP2 and
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Dabl (Figure 4.13A-B). Together, these results show a novel mechanism by which
CLASP2 phosphorylation may regulate its function within the cell through Dab1 binding.

CLASP2 binding to Dab1 is regulated by GSK3p phosphorylation; however, it is
not known if GSK3p-mediated phosphorylation controls the function of CLASP2 on
neural development and migration. Previously, our lab has demonstrated that CLASP2
expression levels control neurite outgrowth and arborization in primary neuron cultures
and that this effect is dependent on PI3K activity (Beffert et al., 2012). In addition, our
current results suggest a link between the role of CLASP2 in leading process dynamics
and proper neuron migration. Therefore, we co-infected primary neuron cultures with
CLASP2 shRNA and attempted to rescue the deleterious effects with either wild-type or
phospho-mutants of CLASP2. As expected, we found that knockdown of CLASP2 causes
reductions in neuron migration (Figure 4.14B) and axon length (Figure 4.15B).
Interestingly, these deficits could be rescued by co-infection of CLASP2a wild-type or
the phospho-resistant CLASP2a 9S/A, but not the phospho-mimetic CLASP2a 8S/D
(Figure 4.14D and Figure 4.15A-B) suggesting that GSK3f phosphorylation of CLASP2
is an important regulator for neuron morphology and migration.

In contrast to most other kinases, GSK3 activity is high in non-stimulated cells
and is inhibited at the leading edge of migrating astrocytes and in the growth cone of
extending neurites (Etienne-Manneville and Hall, 2003; Zhou et al., 2004). Previous
experiments have demonstrated that activated GSK3[ can cause cortical migration
defects, abnormal centrosome positioning, and destabilization of microtubules at the

leading process (Asada and Sanada, 2010) all phenotypes similar to those resulting from
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Reelin signaling mutants. Furthermore, Reelin signaling has been shown to directly
inhibit GSK3 activity through PI3K and Akt signaling mechanisms (Beffert et al.,
2002). Therefore, we propose a model where the localization of CLASP2 at the leading
process is regulated by GSK3 inactivation by Reelin and that CLASP2 enrichment at the
leading edge is necessary to stabilize the leading process for correct neuron migration and
morphology (Figure 4.16).

Together, these results represent the first demonstration of CLASP2 function in
the developing mammalian brain. In the cerebral cortex, defects in neuronal
morphogenesis, cell migration, and synaptogenesis can lead to mental retardation, autism
spectrum disorders and epilepsy. Therefore, elucidating the pathways which integrate,
extracellular cues with cytoskeleton reorganization are essential to understand correct

cortical architecture and connectivity.
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Figure 4.1
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Figure 4.1: CLASP2 Expression is Regulated by the Reelin Signaling Pathway

(A) We examined expression of mRNA transcripts by microarray between adult brain
cortices from mice deficient in Reelin, the double ApoER2/VLDLR receptor mutant, or
Dabl, and compared Affymetrix gene expression profiles against age-matched, wild-type
mice (n= 3 brain samples for each condition). Our initial screen identified 832 genes up-
regulated and 628 genes down-regulated that were common to all three mouse models
above a threshold of 1.5 fold.

(B) Ingenuity Pathway Analysis identified several gene networks that were impaired
across Reelin, the double ApoER2/VLDLR receptor or Dab1 knockout mouse models.
CLASP2 mRNA expression is increased in all three Reelin mutant phenotypes whereas
we did not find any changes in CLASP1 mRNA expression.

(C) Consistent with the microarray data, CLASP2 protein levels were 2.8-fold higher in

Dab1 knockout mice.
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Figure 4.2: Differential Expression of CLASP2 Isoforms during Mouse Cortical
Development

(A) Schematic representation of known protein binding domains for human CLASP2 o
and y. Location of the probes used for qPCR, in situ hybridization (marked in red) and the
three probe IDs for microarray (black) are indicated. Mapping analysis of the CLASP2
protein reveals an N-terminal tumor overexpressed gene (TOG) domains, a repetitive
middle region rich in serine, arginine, and proline residues (S/R rich) and a C-terminal
region CLIP-170 domain

(B) Fold change of CLASP2 isoforms relative to adult as measured by gPCR from
dissociated wild type cortical lysates taken at E12.5, E16.5, PO and adult. CLASP2a
expression peaks during embryonic stages while the expression of CLASP2y remains
stable (n=5 brains for each time point)

(C) Representative images of the cortex showing in situ hybridization for CLASP2 o and
vy isoforms at E16.5. Fluorescent puncta were counted at every 100 um bins from the
ventricle to the pial surface. CLASP2a expression was highest in the first 200 um which
represents the proliferative ventricular and subventricular zones (n=6 brain sections for

each group). Scale bar represents 50 pm.
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Figure 4.3: CLASP?2 is Necessary for Radial Migration of Cortical Projection
Neurons

Mouse embryos were electroporated at E14.5 with scrambled control or CLASP2
shRNA. Coronal sections of the cortex were visualized for transfected GFP-positive
neurons (green) and cell nuclei (Hoechst 33342, blue) at E16.5 (A) and PO (B). White
lines indicate the demarcations for different cortical areas (VZ=Ventricular Zone, 1Z =
Intermediate Zone, I0CP = lower cortical plate, upCP = upper cortical plate). The
percentage of total transfected cells in each zone are expressed as the mean + SEM.
Scale bar represents 50 um

(A) At E16.5, CLASP2 shRNA showed higher percentage of cells arrested in the
ventricular zone (VZ: p< 0.001, IZ: p<0.001; Control n=8 brains, CLASP2 shRNA n=7
brains)

(B) At PO, a higher percentage of control GFP-positive cells have reached the final
position in the upper cortical plate (upCP) when compared to CLASP2 shRNA (upCP:

p=0.018, 1Z p=0.008; Control n=3 brains; CLASP2 shRNA n=3 brains).
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Figure 4.4: CLASP2 Knockdown Affects Neuron Morphology But Not Cell Fate

Mouse embryos were electroporated at E14.5 with scrambled control or CLASP2
shRNA. Coronal sections of the cortex were visualized for transfected GFP-positive
neurons (green) and cell nuclei (Hoechst 33342, blue) at P14 (A). White lines indicate the
demarcations for different cortical areas (VZ=Ventricular Zone, 1Z = Intermediate Zone,
I0CP = lower cortical plate, upCP = upper cortical plate). The percentage of total
transfected cells in each zone are expressed as the mean + SEM.

Scale bar represents 50 um

(A) CLASP2 knockdown caused a permanent arrest in the migration of ~10% of
CLASP2 shRNA electroporated neurons at the lower cortical plate (upCP p=0.004, loCP
p=0.005; Control n=4 brains, sShRNA n=6 brains).

(B) Brain sections were immunostained with the layers 11/111 marker CDP. Mislocalized
cells electroporated with CLASP2 shRNA still expressed the layers I1/111 marker CDP.
(C-D) The number of processes originating from the cell soma was quantified for
transfected cells across multiple sections. Knockdown of CLASP2 caused an increase in
the number of primary neurites independent of cortical layer (Control n=53 cells;

CLASP2 shRNA upCP: p<0.001, n=60 cells, loCP: p<0.001, n=39 cells).
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Figure 4.5: Overexpression of CLASP2a Perturbs Neuron Migration
(A) Mouse embryos were electroporated at E14.5 with control or GFP-CLASP2q.

Coronal sections of the cortex were visualized for transfected GFP-positive neurons
(green) and cell nuclei (Hoechst 33342, blue) at PO (A). White lines indicate the
demarcations for different cortical areas (VZ=Ventricular Zone, 1Z = Intermediate Zone,
IoCP = lower cortical plate, upCP = upper cortical plate). The percentage of total
transfected cells in each zone are expressed as the mean + SEM.

(B) At PO, CLASP2a overexpression caused a higher percentage of cells to be arrested in

the intermediate zone (1Z: p< 0.015, upCP: p<0.001; Control n=4 brains, CLASP2

SshRNA n=4 brains)
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Figure 4.6: CLASP2 Affects Leading Process Extension and Orientation.
Mouse embryos were electroporated at E14.5 with scrambled control or CLASP2 shRNA

and the brains were visualized at PO. The morphology of the leading process was
examined only for transfected neurons which had entered the cortical plate.

(A) CLASP2 shRNA decreased the length of the leading process (Control n=96 cells;
CLASP2 shRNA n=65 cells; p<0.001).

(B-C) Sample images representing the angle of the leading process in relation to the pial
surface. The angle was measured by using the closest connecting line from the cell soma
to the pia. CLASP2 shRNA caused an increase in the angle of the leading process in

relation to the pia (Control n=20 cells; CLASP2 shRNA n=23 cells; p<0.001).
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Figure 4.7: CLASP2 Knockdown Leads to Aberrant Localization of the
Golgi/Centrosome Complex.

Mouse embryos were electroporated at E14.5 with scrambled or CLASP2 shRNA and the
brains were visualized at PO.

(A-B) Representative images show transfected GFP-positive neurons (green) and
centrosome staining (Pericentrin-red). Within migrating neurons, CLASP2 shRNA
resulted in a shorter distance between the centrosome and nucleus (Control n=43 cells,
CLASP2 shRNA n=53 cells; p<0.001).

(B-C)The localization of the Golgi/centrosome was examined only for transfected GFP-
positive neurons which had entered the cortical plate and was verified by creating 3-D
reconstructions of intact, transfected neurons from confocal Z-stacks at 0.5 um steps
Knockdown of CLASP2 resulted in an aberrant mislocalization of the Golgi and
centrosome away from the leading process adjacent to the nucleus (Golgi: Control n=51
cells, CLASP2 shRNA n=36 cells; Centrosome: Control n=43 cells, CLASP2 shRNA
n=53 cells).

(D) CLASP2 knockdown resulted in a reduction of Golgi (GM130) polarity as indicated

by more circular, condensed Golgi phenotype.
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Figure 4.8: CLASP2 Expression Does Not Alter the Radial Glia Scaffold.
Mouse embryos were electroporated at E14.5 with scrambled control or CLASP2 shRNA

and the brains were visualized at E16.5.

(A) Representative images at E.16.5 of scrambled control or CLASP2 shRNA plasmids
showing transfected cells (green) and ascending radial glia fibers immunostained against
Nestin (red).

(B) High magnification image in the cortical plate of control and CLASP2 shRNA brains
immunostained with Nestin demonstrating intact radial fibers orientated towards the pial
surface.

(C) Representative images of transfected control and CLASP2 shRNA neurons entering
the cortical plate indicating the aberrant polarization of CLASP2 shRNA electroporated

cells.
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Figure 4.9
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Figure 4.9: CLASP2 Regulates the Percentage of Proliferative Cells
Mouse embryos were electroporated at E14.5 with scrambled control or CLASP2 shRNA

and analyzed at E17.5. Apical and basal progenitors were labeled with antibodies against
the transcription factors Sox2 and Tbr2, respectively. The percentage of transfected cells
positive for Sox2 or Thr2 was calculated from the total number of electroporated cells.
(A) CLASP2 shRNA caused an increase in the percentage of Sox2-positive transfected
cells within the first 20 um from the ventricle surface (p=0.008).

(B) CLASP2 shRNA caused an increase in the percentage of Thr2-positive transfected

cells at 20-40 pm from the ventricle (p=0.0166).



114

Figure 4.10
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Figure 4.10: CLASP2 may Regulate Progenitor Cell Differentiation by Altering the
Angle of the Cleavage Plane

Mouse embryos were electroporated at E14.5 with scrambled control or CLASP2 shRNA
and analyzed at E16.5.

(A-B) Representative images showing transfected GFP-positive neurons (green) and the
mitotic marker PH3 (red). CLASP2 knockdown resulted in more dividing cells at the
ventricular surface compared to control (Control n=5 brains, CLASP2 shRNA n=6
brains; p=0.0193;).

(C) Representative images indicating the cleavage plane of dividing cells following
double-labeling for PH3 (not shown) and the centrosome marker pericentrin (red).
Dividing cells electroporated with CLASP2 shRNA had greater angle of the mitotic
spindle correlating with a higher percentage of planar divisions (control n=22 cells,
CLASP2 shRNA n=52 cells; p=0.009). Scale bar represents 5 um

(D) Control cells had longer apical processes when compared to CLASP2 shRNA

(control n=294 cells, CLASP2 shRNA n=298 cells; p=0.0358). Scale bar represents 5 um
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Figure 4.11: CLASP2 Knockdown Delays Differentiation of Progenitors
Mouse embryos were electroporated at E14.5 with scrambled or CLASP2 shRNA. The

pregnant dam were injected with Edu 24 hours following electroporation and embryos
were analyzed at E16.5.

(A-B) Representative images show transfected GFP-positive neurons (green), Edu (red),
and the active cell cycle marker, Ki67 (light blue). All percentages were calculated based
on the total number of electroporated cells (control n=4 brains, CLASP2 shRNA n=3
brains). Scale bar represents 50 um

(C) CLASP2 knockdown resulted in an increase in the percentage of Edu™ cells
remaining within 20 um on the ventricle (p=0.004).

(D) CLASP2 shRNA increased the percentage of electroporated cells in the active cell
cycle adjacent to the ventricular surface (p=0.047).

(E) There was no effect of CLASP2 shRNA on the total number of Edu* cells

(F) CLASP2 shRNA caused a decrease in the number of Edu” cells exiting the cell cycle

over a 24 hour period (p=0.016).
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Figure 4.12: CLASP2 Binds to Dabl at the S/R Domain of CLASP2.

118

HEK293T cells were co-transfected with Dab1 and GFP-CLASP plasmids. Cell lysates

were collected 48 hours post-transfection and immunoprecipitated with a GFP antibody.

(A) Schematic of CLASP2a indicating known protein binding regions

(B) Both CLASP1 and CLASP2 bind to Dab1. The binding region for Dab1 is within the

first 820 amino acids of CLASP2.

(C) CLASP2 specifically binds to Dabl at the S/R rich domain (574-820 amino acids).



119

Figure 4.13
A [GFPcLasP2wT [ + [ + B

Gre-cuasrzssal | T+ ety
GFP-CLASP2-8SD +H] + = GFP-CLASP2-8SD
Dab1 - + + P

waltl2]3lals]s 2001 n.s.

804 ol - Dab1 (IP)

e

g

260
P == g — =4 “|GFP (IP)

260 g g gy == =4 =[CLASP2 (IP)
80 — — | Dab1 (input) ©

% control
(relative to GFP IP)
8

50
260 e = e — — —|GFP (input)
260 e — ——— — CLASP2 (input) 0
C [cFPCiasP + [ + [+ D [CFPCtAsP2] + [+ T+
Dab1 + | + Dab1 + |+
GSK3p B Src l
1 2 3 1 2 3
904 . Dab1 (IP) 90 o Ba|Dab1 (IP)
2607y g GFP (IP) 260- gy s #==| GFP (IP)
260 ps g goa| CLASP2 (IP) 260 |qua $= #=|CLASP2 (IP)
904 8 & | Dab1 (input) 904 e | Dab1 (input)
Ly p—— GFP (input) 2601 e o — GFP (input)
260 -— w
260l — —|cLASP2 (input) B CLASP2 (input)

Figure 4.13: GSK3p Phosphorylation of CLASP2 Regulates its Binding to Dab1l
HEK?293T cells were co-transfected GFP-CLASP2a wild type (WT) or phospho-mutants

(9S/A or 8S/D) and Dabl. Cell lysates were collected 48 hours post-transfection and
immunoprecipitated with a GFP antibody.

(A-B) The phospho-mimetic CLASP2a 8S/D showed less binding to Dabl when
compared to CLASP2a WT or the phospho-resistant CLASP2a 9S/A mutant. These
results were quantified as relative to the immunoprecipitated level of GFP (n=3
independent experiments)

(C) Addition of constitutively active GSK3p plasmid abolishes CLASP2 binding with
Dabl (n=2 independent experiments).

(D) Phosphorylation of Dab1 with constitutively active Src did not affect CLASP2

binding (n=3 independent experiments).
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Figure 4.14: GSK3p Phosphorylation of CLASP2 Regulates Cell Motility.
Primary neuron cultures were co-infected with CLASP2 shRNA or CLASP2 shRNA with

CLASP2a WT, CLASP2a 9S/A, or CLASP2a 8S/D phosphomutants.

(A) Cell migration was assessed by measuring the area of migration away from the initial
aggregates over a 48 hour period.

(B) CLASP2 shRNA caused a decrease in migration area when compared to control
(Control n=8; CLASP2 shRNA n=8; p=0.032).

(C-D) Phospho-mimetic CLASP2a 8S/D was unable to rescue the deleterious effects of
CLASP2 shRNA on cell motility compared to CLASP2 WT and 9S/A phosphomutant

(CLASP2a n=5, CLASP2a 9S/A n=9, CLASP2a 8S/D n=13; p=0.047).
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Figure 4.15: GSK3p Phosphorylation of CLASP2 Regulates Neurite Extension.

Primary neuron cultures were co-infected at the day of plating with control, CLASP2
shRNA or CLASP2 shRNA with CLASP2a WT, CLASP2a 9S/A, or CLASP2a 8S/D,
collected 48 hours later, and immunostained against tau axonal marker.

(A) Representative images of hippocampal neurons stained with Tau

(B) CLASP2 shRNA caused a decrease in axon length when compared to control (control
n=19 cells CLASP2 shRNA n=28 cells; p=0.014). Phospho-mimetic CLASP2a 8S/D was
unable to rescue the deleterious effects of CLASP2 shRNA on neurite extension
(CLASP2a WT n=21 cells, CLASP2a 9S/A n=17 cells, CLASP2a 8S/D n=33 cells;

p=0.011)
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Figure 4.16
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Figure 4.16: The GSK3p-mediated phosphorylation of CLASP2 controls Dabl
binding and is required for regulating CLASP2 effects on neuron morphology and
migration

Reelin exerts its function by binding to the lipoprotein receptors apolipoprotein E
receptor 2 (ApoER?2) and very-low-density-lipoprotein receptor (VLDLR) and inducing
tyrosine phosphorylation of the intracellular adaptor protein disabled-1 (Dab1l). Reelin
signaling has been shown to directly inhibit GSK3 activity through PI3K and Akt
signaling mechanisms. In the current study, we demonstrate that CLASP2 binds to Dabl
and that this binding is regulated by GSK3p phosphorylation. We propose a model where
the localization of CLASP2 at the leading process is regulated by GSK3f inactivation
through extracellular Reelin and that CLASP2 enrichment at the leading edge is

necessary to stabilize the leading process for correct neuron migration and morphology.
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CHAPTER 5: GENERAL DISCUSSION
5.1: Major Findings
Microtubules are cytoskeletal filaments that are fundamental to many essential cellular
processes including cell division, intracellular trafficking, and movement. Neurons, in
particular are highly polarized cells with specialized compartments for receiving and
sending information. In order to achieve polarity, neurons must be able to dynamically
regulate the microtubule network during development. Microtubule plus-end tracking
proteins (+TIPs) represent a specialized class of microtubule binding proteins that are
enriched at the growing tip of polymerizing microtubules. This localization places +TIPs
in a strategic position to control microtubule dynamics in response to extracellular cues;
however, little is known about the role of +TIPs during brain development. In this
dissertation, | investigated the role of the +TIP, CLASP2 in neural development.

In Chapter 3, | have shown that the expression of CLASP2 steadily increases
throughout neuronal development and is necessary for correct polarization and
morphogenesis. In primary mouse neurons, the sShRNA-mediated knockdown of CLASP2
decreased neurite length, whereas overexpression of CLASP2 caused the formation of
multiple axons, enhanced dendritic branching, and Golgi condensation. To determine
whether the morphological changes in neurite growth and branching leads to functional
alterations in synaptic transmission, | performed whole-cell recordings to monitor the
frequency and amplitude of spontaneous miniature events. My results demonstrated that
CLASP2 expression levels correlate with synaptic activity at excitatory but not inhibitory

synapses. In addition, quantitative immunobloting revealed that CLASP2 overexpression
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caused a pronounced increase in a subset of pre-synaptic proteins at early developmental
time points in vitro. In summary, the results from Chapter 3 demonstrate that increased
CLASP2 expression leads to accelerated neurite growth, enhanced synaptic development,
and activity; however, the role of CLASP2 during brain development was unknown.
Because we have demonstrated a role for CLASP2 in neuron polarization and
morphology, we hypothesize that CLASPs could also serve an important role in
neurogenesis and cortical lamination. CLASPs belong to a heterogeneous family of
+TIPs which regulate microtubule stability during both mitosis and interphase. During
cell division, CLASPs are enriched at the kinetochores and are necessary for kinetochore-
microtubule attachment as well as chromosome alignment/segregation (Logarinho et al.,
2012; Mathe et al., 2003; Cheeseman et al., 2005; Hannak and Heald, 2006). Previous
experiments in non-neuronal cells have indicated that CLASP2 knockdown prolongs the
cell cycle (Maiato et al., 2005); therefore CLASP may also affect terminal differentiation
of neuronal progenitors during development. We demonstrate in Chapter 3 that CLASP2
localizes to the growing tip of post-mitotic neurons and it is necessary for neurite
extension. During development, migrating neurons in the cortical plate extend a leading
process that is responsible for sampling the microenvironment and provides an anchor
point during saltatory movement (Marin et al., 2010). CLASP2 localization at the growth
cone places it in a strategic position to regulate neurite outgrowth and the crosstalk
between extracellular cues and intracellular polarity signals. Therefore, we hypothesize
that CLASP2 may regulate leading process dynamics affecting neuron migration through

the cortical plate.
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During brain development, the Reelin signaling pathway is necessary for the
formation of laminated structures, such as the cerebral cortex, hippocampus, and
cerebellum. In addition, several cellular processes involved in neuron migration have
been attributed to Reelin signaling including cell translocation, detachment from radial
glia fibers, and extension of the leading process (Olsen, 2014); however, the molecular
mechanisms underlying how Reelin regulates these cellular processes is unclear. In
Chapter 4, | provide the first evidence that CLASP2 is a genetic modifier of the Reelin
signaling pathway by comparing microarray gene expression between Reelin, the double
ApoER2/VLDLR receptor, or Dab1 mutant. In addition, we have characterized the role
of CLASP2 during cortical development by in utero electroporation of sShRNA plasmids
and found that silencing CLASP2 in migrating neurons leads to mislocalized cells at
deeper cortical layers, abnormal positioning of the centrosome-Golgi complex, and
aberrant length/orientation of the leading process. Moreover, we found that GSK3f3-
mediated phosphorylation of CLASP2 controls Dab1 binding and is required for
regulating CLASP2 effects on neuron morphology and migration. This dissertation
provides the first steps in gaining insight into how Reelin signaling affects cytoskeletal
reorganization in order to regulate fundamental features of neuronal migration,
positioning, and morphogenesis.

5.2: The Effects of CLASP2 on Cortical Circuits
In Chapter 4 we found that CLASP2 knockdown leads to a defect in neuron migration
and positioning that persisted within the adult brain; however, there are several

outstanding questions that would be important to address in the future. Is the effect of
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CLASP2 on migration specific for layer I1/111 cortical neurons? Do mislocalized neurons
function normally and make proper synaptic connections and do mislocalized neurons
contribute to the proper cortical circuits?

To extend our current findings we can investigate whether the aberrant migration
phenotype following CLASP2 knockdown is exclusive to neurons of layers 11/111. The
mammalian cerebral cortex forms in an “inside-out” pattern with early-born neurons
forming deeper layers and later-born neurons migrating past to reside in more
outer/superficial layers of the cortical plate (Ayala et al., 2007). Therefore, neuron birth
date can reliably predict final cortical position. We can conduct in utero electroporation
on embryos at an earlier developmental time point (E12.5 and E13.5) thus knocking
down CLASP2 expression in neurons destined for deeper cortical layers (layer V-VI).
These results would demonstrate whether CLASP2 is necessary for the migration of
neurons independent of cortical layer.

During development, cortical interneurons migrate tangentially from the
ganglionic eminence into the cortex. To determine whether the effects of CLASP2
knockdown on migration are specific to cortical projection neurons, we can conduct in
utero electroporation experiments driving control and CLASP2 constructs into the medial
ganglion eminence. By changing the orientation of the electrical field, we will transfect
progenitors at E14.5 and analyze brain sections at P14 for changes in neuron migration,
laminar organization, and molecular markers of different cell types. | expect CLASP2

knockdown will result in deficits in the dispersal of interneurons into the cortex. These
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studies will expand our understanding on the role of CLASP2 in the different types of
migratory behavior necessary for proper brain development.

To determine whether CLASP2 plays a role in axonal growth and guidance in
vivo, we can assess for changes in efferent axons from layer 11/111 pyramidal neurons. In
order to examine axon connectivity, a crystal of the retrograde carbocyanine dye (Dil)
can be administered from the tip of a micropipette into the hemisphere opposite the
electroporation site. Dil is a non-toxic, fluorescent lipophilic compound which can
diffuse along plasma membranes in lightly fixed tissue. Neurons which show co-staining
for both GFP and Dil indicate the retrograde movement of the tracer from the
contralateral hemisphere along the axon to the cell body of the electroporated neuron. |
expect that CLASP2 shRNA will cause severe defects in axon growth preventing correct
path-finding. In contrast, CLASP2 overexpression may lead to ectopic midline crossings
through the corpus callosum or to subcerebral targets.

In order to extend our previous findings we plan to investigate the effects of
CLASP2 on neural activity in vivo. Therefore, we will knockdown or increase CLASP2
protein expression in the developing cortex or hippocampus by in utero electroporation at
E14.5. Appropriate brain regions will be dissected at P15 and cut into coronal slices.
GFP-labeled cells will be identified by fluorescent microscopy.

a) For cortical sections, GFP-labeled cells and their appropriate pyramidal, layer-
matched controls will undergo patch clamp recording for spontaneous miniature activity.
Results from this study will determine whether CLASP2 effects the intrinsic excitability

of cortical neurons.
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b) In the hippocampus, field recordings will be performed to examine whether
CLASP2 affects properties of long-term potentiation (LTP) and/or depression (LTD).
Synaptic responses will be evoked by stimulating Schaffer collaterals and then recording
field excitatory postsynaptic potentials (FEPSPs) in the stratum radiatum of the CA1
region. Results from these studies will determine if CLASP2 effects on cortical
lamination significantly affects the formation of cortical/hippocampal circuits.

| expect that CLASP2 will affect spontaneous activity at the single cell level due
to changes in neurite branching, synapse number, and alterations in the presynaptic
transmitter release. In addition, CLASP2 may affect the processes of LTP/LTD through
the mislocalization of cells following incorrect migration. Alternatively, it is possible that
the in utero electroporation of CLASP2 plasmids will not affect LTP or LTD because of
the transfection efficacy or the small percentage of mislocalized cells.
5.3: The Effects of CLASP2 on Mitosis versus Migration
We found that CLASP2 knockdown can delay the cell cycle exit of neural progenitors
and cause abnormal growth and orientation of the leading process in migrating neurons.
These two functions of CLASP2 are likely to be independent of each other and largely
related to binding events at the mitotic spindle and growth cone, respectively. Therefore,
future experiments are needed to elucidate the role of CLASP2 during different phases of
cortical development.

To determine whether the abnormal migration of CLASP2 shRNA cells results
indirectly from the defects observed in VZ progenitors, or reflects a distinct, cell

autonomous function of CLASP2 in neurons we could silence CLASP2 specifically in
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post-mitotic neurons. To do this, we could use a construct that expresses the CLASP2
shRNA in a Cre-dependent manner (Floxed stop-CLASP2 shRNA) and perform in utero
electroporation on Nex-Cre mice, which express Cre only in post-mitotic cortical neurons
(Goebbels et al., 2006). Results from this experiment would demonstrate whether
CLASP2 effects on the leading process or cell cycle exit result in the permanent defects
in cortical lamination following CLASP2 knockdown.

5.4: CLASP2 Regulation of the Golgi Complex

In neurons, CLASP2 is enriched at two main cellular compartments: the Golgi and the
growth cone (Beffert et al., 2012). CLASP2 localization at the Golgi is required for the
nucleation of Golgi-derived microtubules, most of which are directed towards the leading
edge and are biochemically dissimilar from centrosomal microtubule arrays (Efimov et
al., 2007). In addition, our results show that CLASP2 regulates the morphology of both
the Golgi and the leading process; however, it is unclear whether CLASP regulation of
Golgi-derived microtubules controls polarization, neurite outgrowth, and subsequent
migration of neurons.

CLASP2 localizes to the Golgi complex through direct binding between the C-
terminal domain of CLASP2 and the Golgin protein, GCC185. Therefore, in utero
electroporation of GCC185 shRNA could be used to prevent CLASP2 enrichment at the
Golgi. In addition, plasmids overexpressing the C-terminal fragment of CLASP2 could
be used to competitively compete with endogenous, full-length CLASP2 for GCC185

binding thereby preventing Golgi localization. The results from these studies would
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determine if CLASP2 localization at the Golgi or the growth cone is affecting leading
process morphology and dynamics.

5.5: Conclusions and Significance

The results presented in this dissertation represent the first demonstration of CLASP2
function in the developing mammalian brain. Subsequently, future studies are necessary
to dissect the role of CLASP2 during different phases of neuron development from
mitosis to migration and finally morphogenesis. In the cerebral cortex, defects in
neuronal morphogenesis, migration and synaptogenesis can lead to mental retardation,
autism spectrum disorders and epilepsy. Therefore, elucidating the pathways which
integrate, extracellular cues with cytoskeleton reorganization are essential to understand

correct cortical architecture and connectivity.
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