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Abstract

Axon guidance is a critical process in forming the connections between a neuron and its
target. Development of a properly functioning nervous system relies heavily on how accurately an
axon is guided to the right target. Defects in the guidance machinery may result in neurological
disorders. The growth cone that is formed at the tip of a growing axon is responsible for navigating
axons to their final targets. The growth cone steers the growing axon towards the appropriate
direction by integrating extracellular guidance cues received by membrane-associated receptors at
the growth cone periphery. Upon receiving guidance cues, a number of intracellular signal
transduction pathways are initiated downstream of the guidance receptors, that can promote or halt
growth cone advance. The growth cone generates these responses by remodeling its cytoskeletal
components, which are actin network in the periphery and microtubules in the growth cone center.

In this thesis, we focus on understanding the role of microtubule dynamics regulation
within the growth cone as it makes guidance decisions. Specifically, we examine the role of
TACC3 as a microtubule plus-end binding protein during axon outgrowth and guidance. We show
that TACC3 localizes at microtubule plus-ends in embryonic Xenopus laevis growth cones and
regulates microtubule growth parameters. We also show that TACC3 is important for promoting
axon outgrowth in cultured neural tube explants. Furthermore, our data suggests that TACC3

affects axon guidance in vivo and ex vivo.



Examination of embryos depleted of TACC3 revealed guidance defects in the spinal cord
neurons, while TACC3-overexpressing cultured spinal neurons showed increased resistance to
Slit2-induced growth cone collapse. Finally, in an attempt to delineate the mechanism behind
TACC3-mediated axon guidance under Slit2, we studied the importance of tyrosine
phosphorylation induced by Abelson tyrosine kinase. We find that retaining phosphorylatable
tyrosines within the TACC domain is important for its microtubule plus-end tracking behavior and
its impact on microtubule dynamics regulation, axon outgrowth and guidance. Together, this thesis
contributes new insights to the understanding of the role of TACC3 as a microtubule plus-end
binding protein and identifies TACC3 as a potential regulator of axon outgrowth and guidance

during Xenopus laevis embryonic development.
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Chapter 1

Introduction

Part of the content in this chapter was adapted from:

Bearce E.A., Erdogan B., Lowery L.A. TIPsy tour guides: how microtubule plus-end tracking
proteins (+TIPs) facilitate axon guidance
Front Cell Neurosci. 2015 30:9:241

Erdogan B., Ebbert P.T., Lowery L.A. Using Xenopus laevis retinal and spinal neurons to
study mechanisms of axon guidance in vivo and in vitro. Semin. Cell Dev. Biol. 2016 51:61-72



1.1 Axon guidance is critical during embryonic nervous system development

The neuron is one of the most fundamental working units of the brain and the nervous
system. Neurons connect one another and other cells in the body to relay information necessary
for normal functioning of the brain and the body. The connection between a neuron and its targets
is made via projections called axons. During embryonic development, neurons extend their axons
in search of their targets. Connecting to the right target requires accurate navigation of growing
axons. During its navigation, growing axons are guided by cues presented to them by the
environment they travel through. These guidance molecules can act either as attractive or repellent,
depending on the developmental time and the space at which the axon travels. Furthermore, it is
the integration and correct interpretation of these guidance signals that directs the growing axon
towards the right direction.

Since the time Cajal first proposed the chemotrophic effectors of axon guidance, efforts
have been put towards identification of these chemotropic cues (Dickson, 2002; Huber et al.,
2003). With the advent of high-resolution imaging techniques, we now investigate the interaction
between these extracellular guidance signals, their receivers on the cell surface, and intracellular
downstream response generators. The growth cone is the main subject for studying how
extracellular cues are received and translated to direct axon growth to the right direction.

During embryonic development, problems may emerge due to mutations in genes involved
in axon guidance. These mutations may perturb navigation of axons to their targets which may
result in defects in neuronal connections and ultimately cause the development of neurological
disorders. Therefore, understanding how axons are correctly navigated to their targets is of critical

importance.



1.2 The growth cone navigates the growing the axon to its target

The growth cone is a specialized structure that is formed at the growing end of an axon
during nervous system development. Its highly dynamic and motile nature gives the growth cone
the ability to continuously probe the extracellular terrain in search for guidance signals. It is the
growth cone that interacts with these signals via the receptors that reside at the growth cone
periphery and directs the growing axon into certain directions as it grows (Kolodkin and Tessier-
Lavigne, 2011). Interpretation and translation of these signals into movement is generated by

reorganization of the cytoskeletal components within the growth cone (Fig. 1.1).
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Figure 1.1 The growth cone responds to guidance signals as it navigates the growing axon

The two major cytoskeletal components of the growth cone are the actin network in the growth
cone periphery and microtubules positioned majorly at the central domain. It is the communication
and cooperation between these two cytoskeletal polymers that determine growth cone’s movement

decision (Dent et al., 2011; Lowery and Van Vactor, 2009).



1.3 The growth cone cytoskeleton is important for growth cone motility

1.3.1 Actin dynamics in growth cone motility

The growth cone peripheral domain is composed of two distinct actin-rich architectures: a

sheet-like veil called lamellipodia and thin finger-like extensions called filopodia (Fig. 1.2).
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Figure 1.2 Cartoon showing the cytoskeletal organization within the growth cone

The growth cone is divided into 3 domains; the central domain is dominated by stable microtubules (blue
rods); the transition zone, where actin arcs are located, forms a barrier between the central domain and actin
(red rods) rich peripheral domain. The actin cytoskeleton in the periphery forms a branched network in the
lamellipodia-like veil and bundles in the finger-like protrusions called filopodia (image courtesy of Laura
Anne Lowery)

The veil-like lamellipodia is composed of branched filamentous actin (F-actin) networks
while finger-like filopodia are invaded by parallel F-actin bundles (Fig.1.2). Filopodia act as
guidance sensors as the growth cone navigates through the environment. The interaction between
the extracellular environment and filopodia is crucial to determine the direction of growth cone

movement (Kerstein et al., 2015; Myers et al., 2011). The forward movement of the growth cone



relies on membrane protrusion mediated by pushing forces generated by actin polymerization
(Gomez and Letourneau, 2014). In the growth cone, actin polymerization happens at the actin plus
ends (or barbed ends) which point toward the growth cone periphery, while depolymerization
happens at the minus ends that point toward the transition zone (Fig.1.2). Dissociated actin
monomers at the transition zone can be transported back to the leading edge at the peripheral

domain to sustain actin filament polymerization (Zicha et al., 2003) (Fig. 1.3.A).
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Figure 1.3 Actin dynamics in the growth cone filopodia

Actin dynamics within the filopodia regulates growth cone motility and advance. (A) Filopodia protrusion
is mediated by actin polymerization. Actin monomers generated upon actin severing and depolymerization
at the transition zone are transported back to leading edge to sustain actin polymerization. (B) F-actin
bundles experience retrograde flow generated by pulling forces applied by myosin II at the transition zone.
Adhesions made by integrin receptors with the underlying extracellular matrix form “molecular clutches”
which link F-actin bundles to integrin and attenuates retrograde flow. Filopodia extension depends on the
difference between actin polymerization and retrograde flow rates (image, Lowery and Van Vactor, 2009).



While the balance between actin assembly and disassembly is important, forces that
mediate membrane protrusions for the growth cone to advance are not limited to the actin assembly
rate. Actin filaments in the growth cone periphery are subjected to pulling forces, called F-actin
retrograde flow (Forscher and Smith, 1988), generated by myosin-II motor proteins (Lin et al.,
1996; Medeiros et al., 2006) (Fig. 1.3.B). Therefore, growth cone advance happens when actin
polymerization exceeds the rate of both actin depolymerization and retrograde flow, while
membrane retraction occurs when the rate of polymerization fails to exceed these forces.

Myosin-II generated actin retrograde flow can be interfered by coupling actin bundles to
the underlying substrate via adhesion receptors, which is a phenomenon called the “molecular
clutch” (Fig 1.3.B) (Mitchison and Kirschner, 1988). Clutching actin bundles to the underlying
substrate via receptors happens at sites of adhesions, also known as point contacts (in growth
cones), made between receptors and the extracellular matrix (ECM). Engagement of receptors with
the underlying substrate initiates assembly of point contacts by recruiting adaptor and signaling
proteins (Kerstein et al., 2015; Myers et al., 2011). The assembly and disassembly rates and the
number of these point contacts determines the strength of the clutch and therefore the rate of
retrograde flow and ultimately growth cone advance or retraction (Kerstein et al., 2015).

Point contact formation and turnover are modulated based on the surface that the growth
cone interacts with, which underlies the mechanism of directed growth cone motility. While
permissive surfaces promote point contact formation, non-permissive surfaces will not favor
adhesion (Robles and Gomez, 2006), which will result in reduced “molecular clutch” formation
and an increased rate of F-actin retrograde flow that, altogether, will halt growth cone advance and

enforce the growth cone to steer away from that non-permissive environment.



The actin network plays an essential role in the regulation of growth cone steering events in
response to extracellular cues. Early studies have shown that while impairing actin polymerization
can retain neurite extension (Marsh and Letourneau, 1984), loss of filopodia due to actin
cytoskeleton disruption induced by a low concentration of cytochalasin-B treatment (which only
causes loss of F-actin in the filopodia) perturbs growth cone steering in response to guidance cues
(Bentley and Toroian-Raymond, 1986; Zheng et al., 1996). Although the presence of filopodia is
important for the growth cone to respond to guidance cues, what generates growth cone steering
is the asymmetric modulation of filopodial dynamics that is essential to determine the direction of

movement.

1.3.2 Microtubule dynamics in growth cone motility

While actin indeed plays an important role in regulating growth cone motility, it is actually
the crosstalk between the actin and microtubules that intricately regulates growth cone motility
and steering in response to extracellular stimuli.

Microtubules in the growth cone are positioned in two distinct domains; a relatively stable
subset of microtubules, positioned at the growth cone central domain, and a highly dynamic subset
that extends into the growth cone periphery. While the centrally positioned microtubules are
majorly responsible for consolidation of growth cone advance to promote axon extension,
microtubules that invade the growth cone periphery participate in growth cone directional
movement by interacting with guidance signal machinery together with actin (Lowery and Van
Vactor, 2009). Microtubules that extend into the growth cone peripheral domain are highly
dynamic. They alternate between polymerization and depolymerization phases, a process that is

known as “dynamic instability” (Mitchison and Kirschner, 1984).



The dynamicity of these microtubules is essential to maintain neurite extension and

selection of the direction of growth (Tanaka et al., 1995). Rapid transition between growth and
shrinkage is key to microtubules’ explorative behavior within the growth cone periphery. With
this dynamic nature, they can modulate their growth behavior spatiotemporally depending on the
extracellular stimuli that the growth cone is exposed.
The spatiotemporal organization of peripheral dynamic microtubules within the growth cone is
important for the distribution of signals carried by microtubules too. For example, microtubule-
based anterograde transport of vesicle associated membrane protein2 (VAMP2) has been
implicated to be important for steering the growth cone towards attractant cues. Several
cytoskeletal components, such as actin, tubulin, RAC1, CDC42 and Arp2/3, have been identified
to associate with VAMP2- positive vesicles, suggesting that the selected delivery of these
cytoskeleton-associated proteins can promote cytoskeletal polymerization on one side of the
growth cone, thereby inducing growth cone advance or steering. Not only do these vesicles
contribute to the transport of cytoskeletal elements, but they also contribute to membrane
remodeling. VAMP-2 dependent exocytosis facilitates the expansion of the growth cone plasma
membrane which is necessary for protrusion activity. Moreover, receptors, such as integrin, that
are carried within the vesicles, will be incorporated into the membrane, which will be followed by
activation of focal adhesion kinases and modulation of the adhesion dynamics between the
extracellular matrix and the growth cone. This will eventually contribute to clutch formation and
attenuation of actin retrograde flow to promote growth cone advance. (Tojima et al., 2011)

The spatiotemporal organization of dynamic microtubules within the growth cone
periphery is essential for creation of this asymmetry, and a crosstalk between microtubules and

actin is required to achieve this regulation.



1.3.3 Microtubule — actin interaction is important for growth cone motility

As individual dynamic microtubules extend into the growth cone periphery, they often
follow the F-actin bundle tracks (Challacombe et al., 1996). The extension of microtubules into
the growth cone periphery, however, does not depend on the F-actin bundles as microtubules can
still extend into the periphery when peripheral actin is abolished with low levels of actin
depolymerizing drugs. However, presence of F-actin is essential to ensure a more organized
distribution of microtubules (Burnette et al., 2007; Schaefer et al., 2002; Zhou et al., 2002). While
F-actin tracks guide growing microtubules into the growth cone periphery, the extent of their
interaction may differentially regulate microtubule advance (Challacombe et al., 1996).
Microtubules follow F-actin tracks by transiently coupling to them, which is mediated by
microtubule-actin crosslinking proteins (Cammarata et al., 2016). While this coupling can guide
microtubule growth, it can also constrain microtubules from extending further due to the retrograde
flow that actin filaments are subjected to (Schaefer et al., 2002; Schaefer et al., 2008). As it was
discussed in the previous section, retrograde flow is attenuated at adhesion sites due to the
molecular clutch formed between the F-actin bundles and the receptors that are tethered to
extracellular matrix (Suter and Forscher, 1998; Suter and Forscher, 2000). Adhesions made on the
side of cues that are translated as attractant will be stronger, and they will be weaker at sites where
signals are read as repellent. This bias will affect actin polymerization dynamics and hence
microtubule distribution, accordingly (Schaefer et al., 2008; Suter and Forscher, 2000). Net actin
growth will be favored at sites of attractant signals, which will also facilitate microtubule invasion
to those sites, for signal exchange necessary to modulate adhesion dynamics and initiate growth
cone advance or steering towards that direction. From this perspective, it sounds as if F-actin

dynamics determine the direction of movement, while microtubules play a supporting role by



following actin bundles to further consolidate the movement. However, there are studies showing
that microtubules can also play an instructive role in determining the direction of movement.

Studies have shown that global perturbation of microtubule dynamicity with microtubule
specific drugs can abolish growth cone directionality (Tanaka et al., 1995) or steering away from
the repellent substrate border (Challacombe et al., 1997; Tanaka and Kirschner, 1995).
Additionally, other studies have shown that attractive or repulsive turning can be induced by
modulating microtubule stability locally on one side of the growth cone with low levels of taxol
or nocodazole application, respectively (Buck and Zheng, 2002). Although these studies show that
microtubules can be more than a supporting element and actually instruct growth cone
directionality, they do not rule out the involvement of actin. Perturbing actin polymerization with
low levels of cytochalasin D (20nM) abolishes growth cone turning induced with local taxol (5 uM)
application, suggesting that microtubule-initiated growth cone turning requires actin
polymerization in the growth cone periphery (Buck and Zheng, 2002). These cytoskeletal drug
experiments indicate that an interplay between the actin cytoskeleton and microtubules is essential
for the directional movement of the growth cone, and generation of directionality requires the
involvement of dynamic microtubules specifically.

These observations bring the question of how the interplay between actin cytoskeleton and
microtubules is coordinated, and what are the regulators of microtubule dynamics that mediate
asymmetric distribution and regulation of microtubule dynamics to control growth cone directional
movement. Microtubule-associated proteins are key factors in regulating microtubule dynamic
behavior as well as mediating interaction between microtubules and actin cytoskeleton, and the

next section will explore the function of these proteins.
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1.3.2.1 Microtubule plus-end tracking proteins regulate microtubule dynamics

Microtubules are polar structures with their relatively more dynamic ends are oriented
towards the growth cone periphery. This more dynamic end is called the “plus-end” and it is the
site where microtubules undergo frequent cycles of growth, shrinkage and pausing also known as
“dynamic instability” (Mitchison and Kirschner, 1984). Among many microtubule-associated
proteins (MAPs) that can regulate microtubule behaviors, one group of proteins come to the
forefront for their role in regulating microtubule plus-end dynamics, due to their localization to
these dynamically unstable plus-ends (Akhmanova and Hoogenraad, 2005; Akhmanova and
Steinmetz, 2008). These plus-end tracking proteins (+TIPs) can interact with microtubules as well
as with each other, creating a hub at the microtubule plus-end to control microtubule dynamic
behavior and microtubule interaction with other cellular components such as actin (Cammarata et
al., 2016). +TIPs can be divided into distinct groups based on the way that they interact with
microtubules and the structural domain that they possess (Akhmanova and Steinmetz, 2010).

While some +T1IPs are capable of binding to microtubules autonomously, some tracks plus-
ends non-autonomously. The majority of non-autonomous plus-end tracking proteins utilize end-
binding (EB) plus-end proteins to track the microtubule ends. EB protein family members are able
to track microtubule plus-ends autonomously and they function as scaffolding proteins by
interacting with many +TIPs that possess SxIP (serine/threonine- any amino acid -isoleucine-
proline) or CAP-Gly (cytoskeletal associated protein glycine rich domain) binding motifs. +TIPs
that do not possess any of these EB binding motifs often track plus-ends autonomously via
different mechanisms (Akhmanova and Hoogenraad, 2005). Additionally, some +TIPs only bind
to growing MT ends like EB proteins (Maurer et al., 2012), while some can bind both polymerizing

and depolymerizing MT ends, such as the microtubule polymerase, XMAP215 (Brouhard et al.,
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2008). This preference likely arises due to recognition of different structural features that are
exposed as microtubules grow or shrink.

In addition to accumulating at the distal plus-end (in a 0.5 — 2um range), some +TIPs can
also bind microtubules outside of that region, which is called “lattice binding”. In some cases,
switching between plus-end binding and lattice binding depends upon post-translational
modifications such as phosphorylation. This change in localization on microtubules could be
promoted in different subcellular compartments due to distinct signaling events that the cell
experiences. This could also influence the distribution and the function of that +TIP in conjunction
with microtubule dynamics regulation in these specific regions of the cell.

A good example of such differential regulation comes from studies on CLASP
(cytoplasmic linker associated protein). In epithelial cells, while CLASP localizes at the
microtubule plus-ends in the cell body, its affinity is shifted toward the microtubule lattice in the
leading edge, which is shown to be reduced upon phosphorylation by GSK3 kinase (Wittmann and
Waterman-Storer, 2005). Although phosphorylation-dependent CLASP localization does not
change microtubule growth, this phosphorylation-dependent local modulation has been shown to
play a role in stabilization and attachment of MTs to the cell cortex as well as in the regulation of
focal adhesion dynamics (Kumar et al., 2009).

These studies emphasize the importance of the regulation of +TIP — microtubule
association under signals to control microtubule behavior in a spatially restricted manner to
polarize the distribution and the function of the microtubules in order to mediate directed cell
movement. As discussed earlier, such asymmetric regulations of microtubule dynamics mediated

by +TIPs become particularly important for growth cones to determine their direction of movement
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as they encounter guidance signals. In fact, many +TIPs have been studied for their potential role

in mediating such responses during axon guidance (Bearce et al., 2015).

1.3.2.2 Microtubule plus-end binding proteins during axon growth and guidance

Microtubules within the growth cone are oriented with their plus-ends pointing towards the
growth cone periphery. Due to their localization at microtubule distal ends, +TIPs bear a great
potential in receiving guidance signals downstream of guidance receptors that reside at the growth
cone periphery. As discussed earlier, guidance signals may not be homogenously presented to the
growth cone, and the growth cone might need to process multiple signals at the same time which
necessitates asymmetric reorganization of cytoskeletal polymers.

Similar to cells, differential regulation of microtubule dynamics induced by
phosphorylation-dependent CLASP localization has been studied in growth cones too. Hur et al.
showed that, while the lattice binding activity of CLASP, induced by inhibition of GSK3 kinase,
perturbs microtubule extension into the growth cone periphery and impairs axon outgrowth, plus-
end binding is favored by moderate phosphorylation and supports axon outgrowth by stabilizing
microtubules (Hur et al.,, 2011). This phosphorylation-dependent microtubule interaction and
resulting microtubule stability come in handy to generate the response to guidance signals. For
example, GSK3 has been shown to be inhibited by Slit2 repellent cue-induced phosphorylation in
dorsal root ganglion neurons, which results in perturbation of axon growth (Byun et al., 2012).
Combining the findings from these studies, one can hypothesize that when a growth cone receives
Slit2 signal on one side, GSK3 activity will be reduced, leading to CLASP localization along the
microtubule lattice, which will impede microtubule extension into the growth cone periphery,
while on the other side of the growth cone (where there is no Slit2 signal), microtubules will be

freely extending into the growth cone periphery to promote extension toward that direction.
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A similar hypothesis was drawn between CLASP and Abelson tyrosine kinase under the
Slit2 pathway by Lee et al. A genetic screen performed in Drosophila identified Orbit/mast (the
Drosophila ortholog of CLASP) as a genetic interactor of Abelson tyrosine kinase, and loss-of-
function mutants of CLASP and Abelson demonstrated similar midline crossing defects (Lee et
al., 2004). Like CLASP, other microtubule plus-end binding proteins have been implicated to be
involved in axon outgrowth and guidance regulation by exerting various impacts on microtubule
dynamics regulation. For example, local accumulation and localization of APC to microtubules on
permissive substrate contact sites was suggested to be important for growth cone steering (Koester
et al., 2007). This could be achieved by an increase in microtubule stability, as binding of APC to
microtubules has been shown to enhance microtubule stability, which is judged by the maintenance
of the number and the length of the microtubules despite the presence of nocodazole, a
microtubule depolymerizing agent (Zumbrunn et al., 2001). Moreover, similar to CLASP, binding
of APC is shown to be controlled by its phosphorylation status. Axon elongation induced by NGF
appears to be mediated by inactivation of GSK3 activity, which results in increased APC-
microtubule association, due to reduced APC phosphorylation (Zhou et al., 2004).

In addition to CLASP and APC, other +TIPs have also been implicated in various functions
involved in growth cone steering events. For example, p1509'“d has been shown to be involved in
membrane trafficking (Valetti et al., 1999; Watson and Stephens, 2006) and CLIP-170 has been
implicated in endosome motility (Pierre et al., 1992), which suggest a role for them in local
membrane remodeling that is essential for membrane protrusion and hence growth cone advance.

Localization of +TIPs spatially and selectively in response to guidance signals is therefore
important for asymmetric modulation of microtubule dynamics, thus distributing signals that

would remodel the cytoskeleton and determine the direction of movement. However, microtubules
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cannot act alone. An interaction between microtubules and actin is essential for that asymmetric
distribution (Dent et al., 1999; Schaefer et al., 2002; Zhou et al., 2002) and for local modulation
of microtubule dynamics to fine tune the growth cone’s directional movement. +TIPs in that sense
can mediate the necessary communication between the two polymers. In fact, there are some +TIPs
that have been identified to serve as microtubule — actin crosslinkers to mediate this interaction
(Cammarata et al., 2016), and a well-studied microtubule polymerase XMAP215 has recently been

shown to be one of them and is of particular interest to the focus of this thesis (Slater et al., 2019).

1.3.2.2.1 Xenopus microtubule associated protein - 215 (XMAP215)

XMAP215 is the frog orthologue of human ch-TOG (colonic and hepatic tumor-
overexpressed gene, also known as CKAPS) and was first identified as a microtubule growth
promoting factor from in vitro studies performed with Xenopus egg extracts (Gard and Kirschner,
1987). Subsequent studies performed by reconstituting physiological microtubule dynamics using
purified tubulin and XMAP215 identified this protein as a processive microtubule polymerase,
meaning that it catalyzes addition of tubulin dimers to the growing microtubule plus-end (Brouhard
et al., 2008).

XMAP215, unlike the majority of other +TIPs, can autonomously track microtubule plus-
ends and bind to the outermost distal plus-ends; hence, its accumulation precedes the EB1 comet.
In addition to its distinct plus-end localization, XMAP215 can also be seen along microtubule
lattice at low levels. While 5 TOG domains positioned at the N-terminus are responsible for its
plus-end tracking, the C-terminus mediates its lattice binding. XMAP215/ch-TOG family is
present in every eukaryotic organism investigated (Gard et al., 2004) and its absence or reduction

perturbs microtubule dynamics and morphology significantly in various cellular events, ranging
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from shorter or disorganized mitotic spindle formation to reduced microtubule growth rates
(Kinoshita et al., 2002).

More recently, growth cone specific functions for XMAP215 have been identified (Lowery
et al, 2013). Manipulation of XMAP215 levels in Xenopus laevis embryonic spinal neuron
cultures identified that XMAP215 knockdown (KD) impairs normal axon growth length. Since
microtubule growth is essential for growth cone motility and advance, formation of shorter axons
as a result of reduced levels of a microtubule growth promoting factor thereby is not surprising.
However, high resolution live imaging of ectopically-expressed EB1-GFP in Xenopus laevis
embryonic growth cones identified that XMAP215 KD leads to faster moving EB1-GFP comets.
It was proposed that this enhanced EB1-GFP comet velocity could be due to increased microtubule
translocation in the anterograde direction, which could arise due to more frequent transient
decoupling from actin filaments’ retrograde flow. As discussed earlier, actin filament coupling can
guide growing microtubules and align their growth along a linear trajectory. However, in
XMAP215 KD growth cones, there appeared to be multiple non-colinear trajectories, suggesting
an increase microtubule decoupling from actin filaments. These observations were later supported
by more recent findings by Slater et al (Slater et al., 2019). Sedimentation assays with purified F-
actin and XMAP215 identified a direct interaction between actin and XMAP215. Moreover, super
resolution imaging of microtubule and F-actin organization within the growth cone identified that
XMAP215 KD leads to more random distribution of microtubules within the growth cone
periphery, which led to a reduction in microtubule penetration into the peripheral domain and,
ultimately, in reduction of microtubule penetration into filopodia, all of which might be occurring

as a result of reduced microtubule/ F-actin coupling (Slater et al., 2019).
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+TIP localization, confined to a very narrow region at the microtubule plus-ends, creates a
protein hub which promotes interaction among these proteins and their participation in similar
cellular processes. While work from Lowery et al and Slater et al are the first to propose a specific
growth cone function for XMAP215, it may not be surprising to see the involvement of this protein
in the regulation of microtubule dynamics within the growth cone. CLASP, which was identified
to interact with the Drosophila ortholog of XMAP215, has also been shown to be involved in
regulating microtubule behavior within the growth cone (Lowery et al., 2013). Another candidate
that is worth exploring in that regard is TACC3, which was extensively studied for its interaction
with XMAP215 in non-neuronal systems and has been shown to have great influence on
XMAP215’s function. Studies performed in Drosophila embryos showed that presence of D-
TACC (the fly orthologue of TACC3) is important for efficient localization of Msps (the fly
orthologue of XMAP215) to centrosomes and spindle microtubules, which also correlated with the
number and the length of the microtubules that formed as a result (Lee et al., 2001). This was not
the only study showing the close interaction between these two proteins. There were others
reporting similar observations in various organisms, which suggests that the interaction is
conserved throughout evolution (Peset and Vernos, 2008). These observations therefore suggested
a potential function for TACC3 as a microtubule plus-end tracking protein and begged the question
to explore its potential role within the growth cone.
1.3.2.2.2 Could TACC3 be a microtubule plus-end binding protein?

TACC3 is a member of the transforming acidic coiled-coil (TACC) protein family, named
for their highly acidic composition and also the coiled-coil domain at their C-terminus (known as
the TACC domain). TACC3 is present in organisms ranging from yeast to mammals and shows

sequence similarity particularly in their highly conserved 200 amino acid-long TACC domain,
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which has shown to be important for its centrosome localization (Bellanger and Goncezy, 2003;
Gergely et al., 2000a; Lee et al., 2001; Srayko et al., 2003)

Studies regarding TACC3 and its impact on microtubule regulation were initially
characterized during cell division (Gergely et al., 2000b; Peset et al., 2005). It has been shown that
reducing levels of TACC3 results in formation of shorter spindle microtubules in worms
(Bellanger and Gonczy, 2003; Le Bot et al., 2003; Srayko et al., 2003), destabilization of spindle
microtubule in flies (Gergely et al., 2000b), and reduction in number and length of astral MTs in
Xenopus egg extracts (Kinoshita et al., 2005; O'Brien et al., 2005; Peset et al., 2005), while its over
expression results in longer spindle microtubules (Gergely et al., 2000a; Peset et al., 2005). The
impact of TACC3 on microtubule stability, number and length have long been attributed to its
interaction with XMAP215 (Xenopus laevis ortholog of human ch-TOG), a well characterized
microtubule polymerase (Brouhard et al., 2008) discussed in the previous section. The major
function of TACC3 had been proposed to bring XMAP215 to the centrosomes and also increase
its affinity for microtubules (Kinoshita et al., 2005). XMAP215, as a microtubule polymerase,
exerts its impact mainly on microtubule plus-ends and the TACC3/XMAP215 complex was
proposed to indirectly increase the stability of microtubule plus-ends (Barros et al., 2005; Lee et
al., 2001; Srayko et al., 2003). Therefore, it is intriguing to investigate whether TACC3 interacts
with XMAP215 directly at microtubule plus-ends.

In fact, live imaging of D-TACC during cell division performed in Drosophila embryos
had demonstrated small dots emerging from the centrosome (Lee et al., 2001). This further raised
the possibility that TACC3 could track microtubule plus-ends, which is one of the questions that
is aimed to be explored in this thesis. Additionally, the majority of the studies which looked at

TACC3’s function in regulation of microtubules have been performed in dividing cells. However,
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microtubules play critical roles in other cellular processes by providing structural support or
functioning as a railway for cellular trafficking, all of which are important for polarization or
migration of cells or, in our case, growth cone motility. The possibility of TACC3 being involved
in regulation of microtubules in the growth cone becomes an important question in regards to its
enriched expression in developing nervous system (Tessmar et al., 2002) and its role implied in
neuronal differentiation (Sadek et al., 2003) and maintenance of neural progenitor pools (Xie et
al., 2007; Yang et al., 2012). Moreover, a growth cone function of its close interactor XMAP215
has been identified in embryonic spinal cord neuron cultures isolated from Xenopus laevis (Lowery
et al., 2013; Slater et al., 2019), further raising the interest in exploring TACC3’s function on
microtubules in contexts other than during cell division. To explore the interaction of TACC3 with

microtubules within the growth cone, we use Xenopus laevis as a model organism.

1.4 Xenopus laevis as a model organism to study axon growth and guidance

The complexity of neuronal networks has been a long-standing puzzle that has challenged
scientists for centuries. Unveiling how this complex wiring is established in the mammalian brain
has, in large part, relied on examination of simpler organisms with comparatively less intricate
networks. For example, Ramoén y Cajal’s work on the chick brain produced the first description of
the growth cone and Harrison’s work with frogs established for us the first neuronal culture
(Harrison, 1959). Furthermore, Sperry’s pivotal experiment on frog retinal neuron regeneration
explained the chemo-specificity of connections (Sperry, 1963), which has been refined by further
studies in systems such as Xenopus (Fraser and Hunt, 1980).

Xenopus as a whole offers an advantageous complementary vertebrate model, with a
multitude of benefits. First of all, recently sequenced genomic data from Xenopus shows high

similarity with the human genome (Hellsten et al., 2010). There are several species of the Xenopus
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genus, but two have become increasingly popular in research. The diploid western-clawed
Xenopus tropicalis offers advantages in genomic studies due to its smaller genome. On the other
hand, despite its large allotetraploid genome and longer maturation time, the African clawed frog
Xenopus laevis provides numerous advantages which make it a gold standard for studying axon
guidance in development.

The use of Xenopus laevis in axon guidance research is advantageous for multiple reasons.
Frog husbandry is relatively straightforward, and female frogs can be easily stimulated to produce
eggs by simply injecting chorionic gonadotropin hormone. Eggs are comparatively large in
diameter, 1-2 mm, and are produced in large quantities. Fertilization occurs ex utero and provides
the opportunity to track and manipulate embryonic development at desired stages. Furthermore,
embryos can tolerate extensive surgical manipulations varying from microinjection to cell and
tissue transplantation. Based upon the given developmental stage and the known fate map of
Xenopus laevis, it is possible to target specific cell types. For instance, microinjecting mRNA at
stages as early as the 1-4 cell stage results in global alteration of gene levels. Alternatively,
injecting embryos at later stages, for example 16-64 cell, allows the restriction of gene
manipulations to a more specific tissue (Moody, 1987a; Moody, 1987b).

Compared to other systems, Xenopus laevis neurons can be simply isolated and maintained
at room temperature, permitting easy manipulation of live neurons as high resolution images are
acquired, forgoing the need for strict incubation conditions such as those provided by CO2 imaging
chamber (Lowery et al., 2012) (Fig. 1.4). The primary benefit of Xenopus laevis for these studies,
however, is its large growth cones, which can be up to 10 to 30 microns in diameter and are perfect

for clear and detailed analysis of subcellular cytoskeletal structures and dynamics. There may be
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no other vertebrate model system with growth cones as large and as easy to culture, manipulate,
and image as Xenopus laevis.

Delivery of molecules such as DNA, mRNA, antibodies, or fluorescent dextrans to modify
expression of a particular gene or label a specific tissue is available via approaches such as
microinjection or electroporation (Bestman et al., 2006; Eide et al., 2000; Haas et al., 2002).
Genetic knockdown can be achieved via a variety of methods, the most common of which has been
microinjection of antisense morpholino (MO) oligonucleotides. With the use of standard controls
(Eisen and Smith, 2008), MOs are advantageous tools to manipulate gene products (Blum et al.,

2015) and have been widely used for Xenopus gene knockdown since 2000 (Heasman et al., 2000).

Manipulate Dissect Image axons and growth
protein levels neural tube cones

Day 4

s

Inject MOs/
constructs

Figure 1.4 Xenopus laevis neural tube dissection and cytoskeletal imaging in the growth cone

(Day 1) Female frogs are injected with chorionic gonadotropin (CG) 12-18 h before egg collection. Eggs
are collected and maintained in a salt solution and fertilized with minced testes. Owing to its ex utero
development, Nieuwkoop and Faber (NF) based developmental stages can be tracked as the development
proceeds at room temperature and manipulation of protein levels can be performed at desired stages.

(Day 2) Morpholinos (MO; antisense oligonucleotide) for knock-down strategies and/or mRNA of protein
of interest can be injected as early as 2-cell stage. (Day 3) Neural tube can be dissected the next day at
stage20. Cultured explants can be kept at room temperature on bench. (Day 4) Cytoskeletal dynamics
imaging can be performed the next day (adapted from Lowery et al., 2012)
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In addition to microinjection, electroporation allows manipulation of genes in later stage
tissue and can be advantageous over other delivery methods. For instance, if the molecule of
interest takes part in neuronal development as well as earlier stages of embryonic development,
manipulation of its levels at blastomeric stages may result in lethality or embryonic abnormalities.
Therefore, the cell autonomous role of a particular protein during axon guidance is better examined
if its function or level is manipulated at stages 20-40 when axonogenesis and brain wiring are still
in progress (Falk et al., 2007).

With respect to axon guidance studies, the developing Xenopus nervous system provides a
valuable working space. In particular, retinal and spinal neurons have been extensively used to
decipher aspects of axon guidance machinery. Modern approaches have been developed for both
systems to monitor mechanisms of axon guidance in vitro and in vivo.

Xenopus spinal neurons have been central to the examination of the interaction between
extracellular guidance cues (Ming et al., 2002), their receptors (Hong et al., 1999; Stein and
Tessier-Lavigne, 2001) and cytoplasmic secondary signals (Ming et al., 1997; Song et al., 1998;
Song et al., 1997) in growth cone turning events. Axon guidance mechanisms that operate during
development can be studied in vitro with cultured spinal neurons prepared at the time (stage 20)
that the neural tube closes and axon outgrowth just begins. Modulation of intracellular signals,
extracellular matrix and adhesion dynamics and cytoskeletal arrangements during axon guidance

can be studied with isolated and cultured spinal neurons.

1.4.1 Xenopus laevis growth cones to assess cytoskeletal rearrangements during guidance

Examination of the growth cone in detail is difficult in an intact tissue, as it travels in a 3D
environment, and this makes it challenging to track the moving growth cone without losing focus

of its cytoskeletal features. Although recently developed imaging approaches have begun to make
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in vivo growth cone cytoskeleton examination possible (Kleele et al.,, 2014), most of our
knowledge on the structural organization of the growth cone comes from in vitro studies (Schaefer
et al., 2002; Tanaka and Kirschner, 1991). In this regard, with their large growth cones, Xenopus
laevis neurons provide an ideal system to study cytoskeletal dynamics. With the advance of protein
labeling and high-resolution imaging techniques, it is possible to track fluorescently tagged
proteins to gain insights into the motility dynamics of the growth cone during axon growth and
guidance.

Tracking labeled microtubules revealed, for example, that spatial stabilization of
microtubules via FLIP-released taxol can mediate growth cone turning (Buck and Zheng, 2002).
Thus, mechanisms that promote microtubule growth have gained further attention. Microtubule
binding proteins, particularly plus-end tracking proteins (+TIPs), have become a focus of study as
they directly regulate microtubule plus-end dynamics (Akhmanova and Steinmetz, 2008), and
tracking and quantitative analysis of fluorescently-tagged +TIPs in cultured Xenopus growth cones
has provided new insights into how microtubule dynamics are regulated in the growth cone
(Lowery et al., 2013; Nwagbara et al., 2014). Furthermore, acquisition of high-resolution live
images of fluorescently-labeled known +TIPs, such as EB1, in cultured Xenopus growth cones can
be used to measure parameters of microtubule growth dynamics ex vivo (Stepanova et al., 2003).
There is open-source software, such as plusTipTracker, available for automated detection and
analysis of these tagged +TIPs (Applegate et al., 2011; Stout et al., 2014) (Fig. 1.5). Additionally,
tools such as quantitative fluorescent speckle microscopy (QFSM) or kymography are also
commonly used to extract quantitative information regarding cytoskeletal dynamics from high-

resolution microscopy images of growth cones.
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Growth track

Figure 1.5 plusTip Tracker is used to assess microtubule dynamics within the growth cone

(A) Still image of a growth cone expressing fluorescently labelled +TIP end-binding 1 (EB1) protein to
mark growing microtubule ends. (B) Same growth cone shown in A is analyzed with plusTipTracker
software. Red lines showing microtubule growth tracks generated over 1 min long time lapse recording
with 2 sec intervals. (C) Cartoon depicting tracking system employed by plusTipTracker. Growth track is
generated by tracking microtubule over time.

24



1.5 Remaining questions

Although TACC3 and its misexpression has been a subject for studies focusing on cell
division, due to its involvement in tumor progression, its role outside of cell division remained
largely unexplored. Considering the characterization of growth cone-specific function of its well -
studied partner XMAP215, it is intriguing to test whether TACC3 could also regulate microtubule
behavior within the growth cone.

Therefore, this work aims to address an unexplored function for TACC3 by first
characterizing its interaction with microtubules in vertebrate neuronal growth cones and
investigating its growth cone-specific function during Xenopus laevis nervous system
development.

This thesis starts with characterization of TACC3 as a microtubule plus-end binding
protein within the embryonic neuronal growth cones and explores its impact on microtubule
growth dynamics and axon elongation as a microtubule plus-ends binding protein (Chapter 2). In
the next chapter, we further investigate the mechanism by which TACC3 regulates axon outgrowth
and ask whether it is involved in regulation of axon guidance during embryonic development
(Chapter 3). In the last chapter, we test whether TACC3 could be a potential target for kinase
signals downstream of axon guidance cues. We ask whether its phosphorylation status would alter
its binding capacity to microtubules, thereby affecting its impact on regulation of axon outgrowth

and guidance (Chapter4).
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Chapter 2:
TACC3 is a microtubule plus-end tracking protein that promotes axon elongation and also

regulates microtubule plus-end dynamics in multiple embryonic cell types

The content in this chapter was adapted from:

Nwagbara B.U., Faris A.E., Bearce E.A., Erdogan B., Ebbert P.T., Evans MLF., Rutherford
E.L., Enzenbacher T.B., Lowery L.A. TACC3 is a microtubule plus-end tracking protein that
promotes axon elongation and also regulates microtubule plus-end dynamics in multiple
embryonic cell types. Mol. Biol. Cell, 2014, 25(21):3350-3362
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2.1 Introduction

Microtubule (MT) plus-end dynamics are regulated by a conserved family of proteins
called ‘plus-end-tracking proteins’ (+TIPs) (Akhmanova and Steinmetz, 2008). The regulation of
MT plus-end dynamics by +TIPs is critical to multiple aspects of embryonic development,
including within the neuronal growth cone during axon outgrowth (Lowery and Van Vactor, 2009;
Tanaka et al., 1995). Despite their importance, few studies have examined how +TIPs affect MT
dynamics in vertebrate growth cones (e.g. (Lowery et al., 2013; Marx et al., 2013; van der Vaart
et al., 2012). Additionally, it remains unclear how the multitude of +TIPs interact with MTs and
each other to control MT behaviors in these and other embryonic cell types.

The centrosome-associated protein TACC3, a member of the transforming acidic coiled
coil (TACC) domain family, is strongly implicated in regulating MT stability during mitosis
(Gergely et al., 2000a; Peset and Vernos, 2008). TACC3 was first identified as a MT-binding
protein after immunostaining demonstrated its colocalization with MTs on centrosomes and
mitotic spindles (Groisman et al., 2000). Reports have shown that reducing levels of TACC3 leads
to shorter astral and spindle MTs in worms (Bellanger and Gonczy, 2003; Le Bot et al., 2003;
Srayko et al., 2003), flies (Gergely et al., 2000b), and vertebrate cells (Kinoshita et al., 2005;
O'Brien et al., 2005; Peset et al., 2005), while over-expressing TACC3 leads to longer spindle MTs
(Gergely et al., 2000a; Peset et al., 2005). As a result of these studies, TACC3 has been called a
MT growth-promoting or stabilizing factor, at least in the context of MTs during mitosis (Gergely
et al., 2000a; Peset and Vernos, 2008).

Yet, an unanswered question in the TACC3 field is how a protein that is primarily localized
to the centrosome can have such a strong effect on M T length. It has been suggested that a primary

function of TACC3 is to recruit the microtubule polymerase, XMAP215, to the centrosome (Peset
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and Vernos, 2008). The interaction between TACC3 and XMAP215 has been well-documented
in multiple systems (Kinoshita et al., 2005; Lee et al., 2001; O'Brien et al., 2005; Peset et al., 2005),
where it is apparent that TACC3 localizes XMAP215 to the centrosome, and that normal mitotic
spindle assembly requires their interaction. However, despite the well-known localization of
XMAP215 at growing MT plus-ends (Brouhard et al., 2008), it has remained unclear whether
vertebrate TACC3 interacts with XMAP215 specifically at plus-ends during interphase.

There has been some evidence that TACC proteins, in other systems, may bind to and
regulate the plus-ends of MTs (Peset and Vernos, 2008). While the single TACC ortholog in
Drosophila (called D-TACC) is highly concentrated at centrosomes in vivo (Gergely et al., 2000b),
green fluorescent protein (GFP)-tagged D-TACC was also observable as small puncta that emanate
from the centrosome, likely corresponding to growing MT plus-ends (Lee et al., 2001).
Furthermore, knockdown of D-TACC results in reductions in MT growth parameters in cultured
fly cells, and d-facc genetically interacts with the +TIP, CLASP, during the development of normal
fly eye morphology (Long et al., 2013). However, time-lapse imaging of fluorescently-tagged
TACC3 has not yet been examined in any vertebrate context, which would be necessary to
determine if TACC3 does, indeed, track MT plus-ends. Additionally, the mechanism by which
vertebrate TACC3 regulates MT plus-end dynamics is not known.

In addition to a general cellular role in the regulation of MT dynamics, there are also
indications that TACC3 may play a specific role during neuronal development. TACC3
upregulation occurs when PC12 cells are in the process of differentiating into neurons (Sadek et
al., 2003), and TACC3 is also involved in the maintenance of the neural progenitor pool during
neocortical development (Xie et al., 2007; Yang et al., 2012). Moreover, Xenopus TACC3

expression is enriched in the developing embryonic nervous system (Tessmar et al., 2002).
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However, a definite role for TACC3 within the embryonic neuronal growth cone during axonal
outgrowth has not yet been elucidated.

In this chapter, we begin to investigate the potential function of TACC3 within the
vertebrate developing nervous system by analyzing axon outgrowth parameters of cultured
embryonic Xenopus laevis neurons after TACC3 manipulation. Additionally, we utilize live
imaging of +TIP and MT behaviors in order to explore the effects of TACC3 manipulation on MT
plus-end dynamics within living growth cones as well as within other embryonic cell types.
Finally, we examine the interaction of TACC3 with XMAP215, on the plus-ends of MTs in
interphase embryonic cells. These analyses highlight new insights into the function of TACC3

and how it regulates MT plus-end dynamics.

2.2 Results

2.2.1 TACCS3 protein is expressed within embryonic neuronal growth cones and promotes

axon outgrowth

We first performed immunostaining of fixed cultured embryonic neural crest cells and
neuronal growth cones, using an antibody specific to Xenopus laevis TACC3. Within neural crest
cells, we observed punctate staining throughout the entire cell (Fig. 2.1 A-C), as well as staining
at the centrosome (Fig. 2.1 A’-C’), consistent with previous reports of TACC3 localization
(Gergely et al., 2000b; Groisman et al., 2000). We also observed strong labeling within axons and
growth cones (Fig. 2.1 D-F), which has not been previously reported, and we confirmed TACC3
presence in neural tissue by Western blot of axon lysates (not shown). These results suggest that
TACC3 may play a role within the growth cone during axon outgrowth.

To investigate whether TACC3 functions during axonal development, we examined the

extent of axon outgrowth of cultured neurons following manipulation of TACC3 levels. An
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antisense morpholino oligonucleotide (MO) directed against the TACC3 start site inhibited
TACC3 expression (Fig. 2.1 G) and reduced both axonal number and axonal length (Fig. 2.1 H-
K). TACC3 over-expression (OE) did not affect axonal number but did result in significant
increase in axonal length (Fig. 2.1 L-P). Thus, our findings suggest that TACC3 may play a critical
role during embryonic nervous system development and indicate that normal levels of TACC3 are

required for proper axonal outgrowth.
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Figure 2.1 TACC3 is expressed within the embryonic cells and neuronal growth cones and
promotes axon outgrowth

(A-F) Immunostaining with antibodies to TACC3 (A) and tubulin (B) showing localization of TACC3 as
a punctate in cultured embryonic neural crest cells (note that TACC3 is enriched at the centrosome (C, A’-
C”)) and in growth cones (D-F). Scale bar, 5 um. (G) Western blot showing that a morpholino (MO) targeted
against TACC3 results in 50% knockdown (KD) by 2 days post fertilization. (H) The numbers of axons per
neural tube explant were counted from a total of three independent experiments. (I) Axon outgrowth length
was measured in cultured control and TACC3 KD explants after 24h conditions. (J-K) Representative phase
contrast microscopy images of axons from control and TACC3 KD.
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Figure 2.1 (contn’d) (L) Western blot showing that TACC3 levels are increased (overexpressed, OE) 2
days after injecting embryos with TACC3 mRNA. Quantification represents this blot, however, similar
results were obtained with over 10 individual Western blots (not shown). Note that the TACC3 blot in L
was exposed for a shorter amount of time than the one in G, which explains the fainter control band in L.
(M-N) Axon outgrowth parameters after 18 hours in culture were quantified in control and TACC3 OE
conditions. (O-P) Representative phase contrast microscopy images of axons from control and TACC3 OE.
Box-and-whisker plots indicate the mean (diamond), median, extrema and quartiles. An unpaired t-test was
performed to assess significance between conditions. **p<0.01, ***p<0.001. n.s. not significant. Bar is 50
pm for (J-K, O-P).

2.2.2 TACC3 regulates MT plus-end dynamics in growth cones and other cell types

Axon outgrowth is, in large part, regulated by MT dynamics within the neuronal growth
cone, which is the dynamic structure at the tip of the growing axon (Lowery and Van Vactor, 2009;
Tanaka et al., 1995). Thus, we sought to examine whether MT plus-end dynamics were
specifically disrupted within growth cones after TACC3 manipulation. To test this, we acquired
high-resolution live images of tagged EB1, which binds all growing MT plus-ends (Stepanova et

al., 2003), and we then quantified parameters of MT polymerization dynamics using the Matlab-
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based open-source software plusTipTracker (Applegate et al., 2011). This software program has
been previously validated for accurate tracking of EB1-GFP comets in Xenopus laevis growth
cones, using identical imaging conditions to those used in this current study (Stout et al 2014).
EB1-GFP comet number and morphology were similar in control, TACC3 KD, and TACC3 OE
growth cones (Fig. 2.2 A-C, Supplemental Movie 1). However, compared to controls, EB1-GFP
comet velocity was reduced by 11% upon TACC3 KD, and increased by 11% upon TACC3 OE
(Fig. 2.2 D). MT growth track lifetime (which measures the number of seconds of MT
polymerization in a given growth track before pausing or catastrophe) was not affected by TACC3
manipulation (Fig. 2.2 E). Conversely, MT growth track length (which measures the distance of
persistent MT polymerization growth before pausing or catastrophe) was significantly decreased
in KD and increased in OE. TACC3 KD led to a 14% reduction in MT growth track length, while
TACC3 OE led to an 18% increase in MT growth track length (Fig. 2.2 F). To summarize,
although the time persistence of MT polymerization is independent of TACC3, the velocity and
length of MT forward progression trend with the level of TACC3, suggesting that TACC3
promotes more efficient MT polymerization.

To determine if TACC3 regulation of MT dynamics is specific to neuronal growth cones,
we also examined the effect of TACC3 manipulation in cultured embryonic neural crest cells. In
these cells, we saw a similar effect to that which occurred within growth cones. There were
reductions in MT growth velocity and length with TACC3 KD and increases in velocity and length
with TACC3 OE (Fig. 2.2 G, I), while there was no effect on MT growth lifetime (Fig. 2.2 H).
Altogether, our results demonstrate that TACC3 regulates MT plus-end dynamics in motile

vertebrate interphase cells.
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Figure 2.2- TACC3 regulates MT dynamics in Xenopus laevis growth cones and neural crest cells
(A-C) Representative micrographs of EB1-GFP comets in control (A), TACC3 KD (B), and TACC3 OE
(C) conditions. See Figure 2 Movies 1-4. Bar is 5 pm. (D-F) Quantification of MT growth track parameters
in cultured embryonic neuronal growth cones (GC) after TACC3 manipulation. EB1-GFP localizes to the
ends of growing MTs and is thus a marker for MT polymerization. Automated tracking of EB1-GFP comets
calculate MT growth track velocity (D), MT growth track lifetime (E) and MT growth track length (F).
Examples of actual mean values for a single experiment: GC MT velocity - control 6.4 pm/min, TACC3
KD 5.7 um/min, TACC3 OE 7.1 ym/min; GC MT lifetime - control 12.6 sec, KD 13.3 sec, OE 14.1 sec;
GC MT length - control 1.4 pm, KD 1.3 pm, OE 1.7 pm; NCC MT velocity - control 7.5 pm/min, KD 6.0
um/min, OE 8.5 pm/min; NCC MT lifetime - control 11.4 sec, KD 13.0 sec, OF 12.1 sec; NCC MT length
- control 1.3 pm, KD 1.3 um, OE 1.8 um. For each independent experiment (six were performed in total),
measurements of MT parameters were normalized to their respective experimental control means, due to
the significant day-to-day fluctuations in control MT dynamics (in part, due to room temperature changes).
Control data represents the means of 44 growth cones, representing a total of 1228 analyzed tracks; TACC3
KD represents 49 growth cones with 964 tracks; TACC3 OE represents 24 growth cones with 524 tracks.
(G-D) Quantification of MT growth track parameters in cultured embryonic neural crest cells. Control data
represents the means of 20 neural crest cells, representing a total of 2876 analyzed tracks; TACC3 KD
represents 13 cells with 1313 tracks; TACC3 OE represents 10 cells with 1386 tracks. Box-and-whisker
plots indicate the mean (diamond), median, extrema and quartiles. An unpaired t-test was performed to
assess significance between conditions. *p<0.05, **p<0.01, ***p<0.001. ns not significant.
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2.2.3 TACC3 can act as a +TIP in neuronal growth cones and other primary embryonic cell
types

In order to gain further insight into how TACC3 mechanistically affects MT plus-end
behaviors, we examined the sub-cellular dynamics of TACC3 within living embryonic cells. Thus,
we tagged full-length TACC3 with GFP and examined its localization within both growth cones
and neural crest cells (Fig. 2.3 A-C, G-I, Supplemental movies 2-4).

GFP-tagged TACC3 strongly localized to the growing plus-ends of MTs in both cell types
(Fig. 2.3 A-C, G-I). In growth cones, the mean length of the GFP-TACC3 plus-end accumulation
was approximately 0.70 pm (Fig. 2.3 D-E, data measured from 70 MTs). GFP-TACC3 was
primarily detected on MT plus-ends that either appeared to be advancing forward or paused, with
100% of growing MTs displaying detectable GFP-TACC3 plus-end localization (Fig. 2.3F). 77%
of paused MTs still showed GFP-TACC3 localization, while 25% of shrinking MTs also had
observable GFP-TACC3 localization. These observations were similar in neural crest cells,
although the GFP-TACC3 comets were shorter, with a mean length of 0.53 um (Fig. 2.3J-K, data
measured from 64 MTs). GFP-TACC3 accumulation was detectable on 100% of growing MTs,
69% of paused MTs, and 25% of shrinking MTs (Fig. 2.3L). Thus, we find that GFP-TACC3
robustly tracks plus-ends of MTs in vertebrate growth cones and neural crest cells.

Plus-end tracking of GFP-TACC3 was not restricted to neural-derived cells, as fibroblasts
isolated from mesodermal somite tissue also showed clear plus-end tracking (Fig. 2.4A-C,
Supplemental Movie 5-6). We additionally observed, on several occasions, that shrinking MTs
paused concurrently with obvious accumulation of GFP-TACC3 (Fig. 2.4D). This was most

apparent in the mesodermal and neural crest cells, as these had greater numbers of MTs to examine.
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The plot profiles and distribution of GFP-TACC3 on MT plus-ends in fibroblasts was
similar to that of the neural cell types, with mean length of GFP-TACC3 plus-end accumulation
being 0.67 um (Figure 2.4E, F, data measured from 55 MTs). GFP-TACC3 accumulation was
detectable on 100% of growing MTs, 70% of paused MTs, and 25% of shrinking MTs (Figure
2.4G) for example of GFP-TACC3 on shrinking MT). Measuring fluorescence intensity values
of GFP-TACC3 localized at the tips of MTs demonstrated that while GFP-TACC3 was observable
on a quarter of shrinking MTs (Fig. 2.4G), mean GFP intensities were approximately 40% less on
shrinking MTs than on growing MTs.

Additionally, the maximum intensity of GFP-TACC3 fluorescence on shrinking MTs (106
fluorescence units, the top whisker in Figure 4H box-plot) was close to half that of the maximum
intensity of fluorescence on growing MTs (172 fluorescence units, Fig. 2.4H), demonstrating the
maximum number of GFP-TACC3 molecules that localize to shrinking MTs is not as great as
those which can bind to growing MT plus-ends. Thus, our results demonstrate that TACC3 can
act as a +TIP in multiple vertebrate embryonic cell types, and also support the notion that TACC3

may either promote MT polymerization or reduce MT catastrophe.
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Figure 2.3 TACC3 can act as a
+TIP in neuronal growth cones
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2.2.4 TACC3 requires its TACC domain for MT plus end tracking

To determine the plus-end tracking mechanism of TACC3, we constructed several
structural domain mutants of TACC3 (Fig. 2.5A). Full-length GFP-TACC3 accumulates at all
growing MT plus-ends, as designated by mKate2-EB1 comets (Fig. 2.5B Supplemental Movie 7).
Deleting the highly-conserved N-terminal domain did not prevent plus-end tracking (Fig. 2.5E-G
Supplemental Movie 8). However, it did result in longer GFP-TACC3 plus-end comets compared
to controls, as well as longer EB1-GFP comets (Fig. 2.5E-F). This data suggests that the conserved
N-terminal domain is involved in restricting TACC3 to the extreme plus-end and also that TACC3
localization may impact EB1 binding to MT plus-ends as well. Conversely, removing either the
entire TACC domain (not shown), or even just the second coiled coil domain of the TACC domain,
completely abrogated MT plus-end tracking (Fig. 2.5H-J Supplemental Movie 9), demonstrating
that the TACC domain, and in particular, the second coiled coil domain, is essential for TACC3
plus-end tracking. We then observed significant interference with plus-end tracking ability when
TACC3 was tagged with GFP on the C-terminal end (Fig. 2.5K-M Supplemental Movie 10),
further supporting the importance of the TACC domain for plus-end tracking. However, while the
TACC domain is necessary for promoting plus-end tracking, it is not sufficient, as the entire TACC

domain alone did not localize to MT plus-ends (Fig. 2.5N-P Supplemental Movie 11).

2.2.5 TACC3 localization on MT plus-ends is more distal than EB1 and overlaps with

XMAP215

It is well-established that the growing end of a MT is home to many different +TIPs, including
EB1, CLASP, and XMAP215 (Akhmanova and Steinmetz, 2008). Different +TIPs have
overlapping yet unique localizations on the ends of the MTs, depending on their particular binding

affinities.
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Figure 2.1 TACC3 can act as a +TIP in non-neuronal embryonic cells

(A-C) Expression of mKate2-tubulin (A), GFP-TACC3 (B), and merge (C) in cultured fibroblasts derived
from embryonic somitic mesoderm. See Figure 4 Movie 1. (A’-C*) Magnified view of the boxed region in
(A-C). See Figure 4 Movie 2. (A”’-C’’) Magnified time-lapse montage of the boxed region in (A’-C’). (D)
Time-lapse montage of another MT in the process of undergoing catastrophe, with GFP-TACC3 localizing.
(E) Fluorescence intensity profile of line-scan average from 43 MT-plus-ends. (F) Histogram depicting the
distribution of lengths of detectable GFP-TACC3 localization on the plus-ends of MTs. (G) Bar graph
showing the percent of MT plus-ends with GFP-TACC3 localization for different MT dynamics instability
states. (H) Quantification of mean fluorescence intensity of 4x4 pixel square of GFP-TACC3 accumulation
on the ends of MTs, when visible. Box-and-whisker plots indicate the mean (diamond), median, extrema
and quartiles. Bar is 1 uym
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XMAP215 is known as the distal-most +TIP, while EB1 is located directly behind it on
MTs (Maurer et al., 2014; Nakamura et al., 2012). Most other +TIPs, including CLASP, partially
overlap with EB1 and trail further behind it (Hur et al., 2011). Because the fly ortholog of TACC3
genetically interacts with CLASP (Long et al., 2013), yet TACC3 biochemically interacts with
XMAP215 (Kinoshita et al., 2005; O'Brien et al., 2005; Peset et al., 2005), we examined where
TACC3 specifically localized on the MT plus-end.

We performed sequential imaging of red and green channels in both time orders, to
compare co-localizations between the two proteins. While this type of dual image-comparison
analysis allowed for the analysis of co-localization dynamics, we also calculated the frame-to-
frame velocity of the growing MT plus-end, in order to account for the 1 second time delay
between channels, for each examined MT, and used these measurements to translate one channel
in the x-axis to obtain the final images depicted in Figure 6. We also used these time-corrected
images for measuring approximate distances between peak intensity values.

We found that TACC3 partially overlaps with, but is distal to, EB1 (Fig. 2.6A-C), with a
distance of approximately 0.5 pum between the peak fluorescence intensity profiles of the GFP-
TACC3 versus the mKate2-EB1 line-scans (Fig. 2.6D). No matter which channel was imaged first
(red or green), TACC3 was always distal to EB1, clearly demonstrating that even without
correcting for the time-delay, TACC3 lies distal to EB1. Moreover, when we analyzed the co-
localization of tagged TACC3 and tagged XMAP215, we found that they directly overlapped each
other (Fig. 2.6E-G), with an almost identical fluorescence intensity plot profile (Fig. 2.6H). As
TACC3 and XMAP215 directly overlap, the fluorophore that corresponded to the second channel

imaged was always distal to the other (prior to translation correction).
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Figure 2.2 The TACC domain
is necessary, but not sufficient,
for MT plus-end tracking by
TACC3

(A) Schematic representation of
GFP-tagged TACC3 proteins
and deletion constructs, and
designation of whether the
protein tracks along growing MT
plus-ends. The amino acid
residue numbers refer to those in
full-length Xenopus laevis
TACC3, from Genbank
accession number
NP_001081964.1. Conserved
domains of TACC3 include an
N-terminal conserved region, a
C-terminal highly-conserved
TACC domain, and a short
highly-conserved region, which
is located prior to the TACC
domain. The TACC domain
consists of two coiled-coil (CC)
domains, CC1 and CC2. The
TACC domain is necessary for
localization to the centrosome
(Peset et al., 2005, Gergely et al.,
2000b) and interacting with
XMAP215-family members (Lee
et al., 2001; Thakur et al., 2014).
(B-M) Expression of GFP-
tagged TACC3 constructs (B, E,
H, K, N), mKate2-EB1 (to
identify MT plus-ends)
(C,F,LLL,O), and merged images
of both channels (D,G,J,M,P).
Plus-end accumulation is
apparent in B and E, but not H,
K, or N. K-M are images from
the edge of a neural crest cell,
while all others are growth
cones. See Figure 5 Movies 1-5.
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Translation based on plus-end velocity led to complete juxtaposition of the two
puncta. Together, this data suggests that TACC3 is at the extreme MT plus-end, an ideal position

from which to directly regulate MT polymerization by XMAP215.
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Figure 2.3 TACC3 localization on MT plus-ends is more distal than EB1 and overlaps with
XMAP215

(A-C) Representative time-lapse montage of GFP-TACC3 (A) and mKate2-EB1 (B) accumulation on
growing MT plus-end. MT is growing to the right. Merged image (C) highlights the spatial arrangement
between GFP-TACC3 and mKate2-EB1 localizations. These images were compiled by translating the
TACCS3 channel in the x-axis, after calculating the frame-to-frame velocity of the growing MT plus-end, in
order to account for the 1 second time delay between channels, for each examined MT (using Image]
Translate function). To further confirm correct translation, uncorrected time-lapse co-localizations were
examined with both combinations of imaging red channel first, green channel second; then green channel
first, red channel second. (D) Fluorescence intensity profiles of GFP-TACC3 and mKate2-EB1. GFP-
TACC3 and mKate2-EBI1 signals from 12 individual MTs were quantified by intensity line scans to present
the relative fluorescence intensity profiles, with the plus-end of the MT towards the right. The highest
intensity peak of GFP-TACC3 is approximately 0.5 um distal to the peak of mKate2-EB1. (E-G)
Representative time-lapse montage of mKate2-TACC3 (E) and XMAP215-GFP (F) accumulation on
growing MT plus-end. MT is growing to the right. Merged image (G) shows that mKate2-TACC3 and
XMAP215-GFP localizations overlap. (H) Fluorescence intensity profiles of mKate2-TACC3 and
XMAP215-GFP. mKate2-TACC3 and XMAP215-GFP signals from 11 individual MTs were quantified by
intensity line scans to present the relative fluorescence intensity profiles. Note that peak intensities of
mKate2-TACC3 and XMAP215-GFP closely align. Bar is 0.5 pm.
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2.2.6 TACC3 and XMAP215 affect each other’s protein stability and localization to MT

plus-ends

Co-localization of XMAP215 and TACC3 suggests that they may interact at the MT plus-
end, consistent with their binding in vitro (Kinoshita et al., 2005; O'Brien et al., 2005; Peset et al.,
2005). Since TACC3 localizes XMAP215 orthologs to centrosomes (Bellanger and Gonczy,
2003; Cullen and Ohkura, 2001; Le Bot et al., 2003; Lee et al., 2001; O'Brien et al., 2005; Srayko
et al., 2003), we wondered if TACC3 was also participating in localizing XMAP215 to MT plus-
ends in embryonic cell types. Additionally, since the worm orthologs of TACC3 and XMAP215
are dependent on each other for overall cytoplasmic stability (Bellanger and Gonczy, 2003), we
questioned whether this stabilizing activity also occurred with TACC3 and XMAP215 in
vertebrate cells.

First, we determined that manipulating overall TACC3 protein levels had a corresponding
effect on XMAP215 protein levels in whole embryo lysates. As TACC3 levels were reduced,
XMAP215 levels decreased (Fig. 2.7A), while adding back TACC3 mRNA to the TACC3 KD
rescued XMAP215 levels (Fig. 2.7A). Consistently, over-expressing TACC3 led to increased
levels of XMAP215 (Fig. 2.7B). Furthermore, TACC3 levels appeared to be dependent on
XMAP215 as well, as reducing XMAP215 led to a reduction in TACC3 protein (Fig.
2.7C). Notably, over-expressing TACC3 in the XMAP215 KD background partially rescued the
reduction in XMAP215 levels (Fig. 2.7C’), consistent with a function for TACC3 in stabilizing
XMAP215 protein. Alternatively, as TACC3 is a known translation regulator (Stebbins-Boaz et
al., 1999), TACC3 could be increasing XMAP215 levels by increasing its protein
synthesis. However, increased XMAP215 levels also had a positive effect on TACC3 levels (Fig.

2.7D).
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Figure 2.4 TACC3 and
XMAP21S5 levels affect each
other’s protein stability and
localization to MT plus-
ends

(A-B) Representative Western
blots showing levels of TACC3
and XMAP215 after TACC3 KD
(A) or over-expression (B). The
graphs in A’ and B’ are
compilations of 7 and 6
individual Western blot
experiments, respectively.(C-D)
Representative Western blots
showing levels of XMAP215
and TACC3 after XMAP215 KD
(C) or over-expression (D). The
graphs in C’, C”’ are from 6
Western blot experiments, while
D’, D”’ are from 3 experiments.
Bars in graphs of Western
densitometry denote standard
error. A Kruskal-Wallis test was
performed to assess significance
of differences in Western blot
densitometry. *p<0.05. (E)
Quantification of fluorescence
intensity levels of XMAP215-
GFP on MT plus-ends in control,
TACC3 KD, and TACC3 OE
conditions, normalized to
cytoplasmic levels. Data
represents analysis of
approximately 100 individual
MTs from numerous growth
cones for each condition. (F)
Quantification of fluorescence
intensity levels of GFP-TACC3
on MT plus-ends in control and
XMAP215 KD conditions,
normalized to cytoplasmic
levels. Data represents analysis
of 149 and 151 individual MTs
from numerous growth cones per
condition. Box-and-whisker
plots indicate the mean
(diamond), median, extrema and
quartiles. An unpaired t-test
was performed to assess
significance between conditions.
*#p<0.01, ***p<0.001. ns not
significant



We then tested whether TACC3 levels correlated with changes in XMAP215 localization
on MT plus-ends. Knocking down TACC3 by 50% led to a small (11%) yet significant reduction
in XMAP215-GFP fluorescence intensity on MT plus-ends (Fig. 2.7E). TACC3 OE resulted in a
14% increase of XMAP215-GFP levels on MT plus-ends (Fig. 2.7E). These results suggest that
TACC3 may indeed be involved in localizing, or maintaining, XMAP215 on MT plus-
ends. Interestingly, reducing XMAP215 levels also leads to mildly reduced GFP-TACC3

localization (by 8%) on MT plus-ends (Fig. 2.7F).

2.3 Discussion

2.3.1 TACC3 is a +TIP that regulates microtubule plus-end dynamics

There has been prior speculation that TACC-family proteins may regulate MT plus-end
dynamics (Peset and Vernos, 2008), because the length of centrosomal MTs correlates with the
level of TACC3 in multiple systems (Bellanger and Gonczy, 2003; Gergely et al., 2000b; Kinoshita
et al., 2005; Le Bot et al., 2003; O'Brien et al., 2005; Srayko et al., 2003). Moreover, studies
performed in Drosophila and Dictyostelium have shown that TACC-domain family members track
along growing MT plus-ends (Lee et al., 2001; Samereier et al., 2011). However, in vertebrates,
TACC3 localization was thought to be restricted to the centrosome and mitotic spindle, based on
TACC3 immunostaining of fixed cells (Groisman et al., 2000; O'Brien et al., 2005). It has been
difficult to rationalize the localization of TACC3 at the centrosome with its effects on MT length,
because length is primarily controlled by events at the MT plus-end. One previous study examined
whether vertebrate TACC3 bound specifically to MT plus-ends (O'Brien et al., 2005), but this
study used an indirect method of testing whether TACC3 displayed an increased affinity for

experimentally-sheared MTs (which presumably have more plus-ends) using an in vitro assay.
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However, sheared MT ends would have abnormal MT plus-end structures and are not in the
process of growing. As the definition of a +TIP is a protein that tracks along growing MT ends,
the most reliable method for defining a +TIP is to examine its potential localization on growing
MT plus-ends.

In this study, we expressed GFP-TACC3 and observed its behavior in living vertebrate
growth cones, neural crest cells, and mesodermal fibroblasts, and we found that GFP-TACC3
localizes to MT plus-ends in all cell types examined. Thus, this study provides the first evidence
that vertebrate TACC3 can directly regulate MT plus-end dynamics by functioning as a +TIP.
Previous studies in Drosophila and Dictyostelium also showed that the highly-conserved C-
terminal TACC domain was responsible for plus-end tracking (Lee et al., 2001; Samereier et al.,
2011). Our observations with Xenopus laevis TACC3 demonstrate that this function of the TACC

domain is well-conserved.

2.3.2 Interactions between TACC3 and XMAP215

It is well-established that TACC3 and XMAP215 family members interact in vitro, and
that TACC3 is required for XMAP215 localization to the centrosome (Bellanger and Goncezy,
2003; Cullen and Ohkura, 2001; Kinoshita et al., 2005; Le Bot et al., 2003; Lee et al., 2001; O'Brien
et al., 2005; Peset et al., 2005; Srayko et al., 2003). However, it had been unclear whether TACC3
localizes with XMAP215 at MT plus-ends as well. In our study, we demonstrate that TACC3 and
XMAP215 do interact at MT plus-ends, and that this interaction is likely important for regulating
MT growth dynamics.

As TACC3 interacts in vitro with XMAP215-family members through the TACC domain
(Lee et al., 2001; Thakur et al., 2014), and since we determined that the TACC domain is also

required for MT plus-end tracking, it is possible that TACC3 is recruited to MT plus-ends through
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interaction with XMAP215. However, knocking down TACC3 also reduces XMAP215 plus-end
localization, and vice versa. These results suggest that each is required for the other’s normal
localization to plus-ends. It has previously been suggested that TACC3 might enhance the affinity
of XMAP215 for MTs, as a 1:1 TACC3-XMAP215 complex allows more XMAP215 to bind to
MTs than XMAP215 alone (Kinoshita et al., 2005; Peset et al., 2005). Thus, TACC3 interaction
with XMAP215 may promote XMAP215 binding to plus-ends, driving more efficient MT

polymerization. This is supported by our finding that TACC3 OE leads to significantly more

XMAP215

) EB1
@@ tubulin dimer %

Figure 2.5 Cartoon schematic of proposed model of TACC3 interaction at MT plus-ends

Both TACC3 (red) and XMAP215 (green) bind to the extreme MT plus-end. TACC3 and XMAP215 are
known to interact with each other through their C-terminal domains (Lee et al., 2001; Thakur et al., 2014),
while XMAP215 can bind to tubulin dimers through its N-terminal TOG domains (Widlund et al., 2011).
TACC3 and XMAP215 complex formation in the cytoplasm may serve to stabilize each other (Bellanger
and Goncezy, 2003; and Figure 7), and TACC3 interaction with XMAP215 may promote more efficient
binding of the complex to MTs in order to drive MT polymerization activity (Kinoshita et al., 2005; Peset
et al., 2005). It is currently unknown whether TACC3 can bind to MT plus-ends directly, or only through
XMAP215 (as depicted here). EB1 (orange) binding to MT plus-ends is behind TACC3 and XMAP215
(Figure 6). Not drawn to scale.
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XMAP215 accumulation on plus-ends, and this extra XMAP215 may account for the faster
MT growth velocities that we observe with TACC3 OE (Fig. 2.2D). It is worth noting that two
other +TIPs have recently been described that also promote the recruitment of XMAP215
orthologs to MT plus-ends: SLAIN2 in mammalian cells (van der Vaart et al., 2012; van der Vaart
et al.,, 2011) and Sentin in Drosophila (Li et al., 2011). Thus, it appears that the regulation of
XMAP215 on MT plus-ends is becoming increasingly complicated.

Evidence suggests that the TACC3-XMAP215 complex may generally be more stable than
either protein individually, as each of them affects the protein level of the other in Xenopus whole
embryo lysates. This is consistent with studies in C. elegans, showing that normal levels of
TACC3 and XMAP215 orthologs are required to maintain the overall cytoplasmic signal of the
other (Bellanger and Gonezy, 2003). Together, our data combined with others suggest a model in
which XMAP215 and TACC3 form a complex in the cytoplasm which reduces protein turnover
and also may increase their binding efficiency to MT plus-ends, thus driving more effective MT
polymerization (Fig. 2.8). However, we also note that Xenopus TACC3 was first identified as a
protein (originally named Maskin) that associates with CPEB to regulates translation in the oocyte
(Stebbins-Boaz et al., 1999), and so it is also possible that TACC3 could be regulating XMAP215
protein synthesis rather than, or in addition to, protein stability.

TACC3 and XMAP215 are currently the only two +TIPs known to localize at the extreme
MT plus-end to drive MT polymerization. Unlike EB1-GFP, which binds solely to growing MT
plus-ends, GFP-TACC3 can also bind to paused and even shrinking MTs (albeit at a lower
frequency and intensity compared to growing). Although this is unusual for a +TIP, there is
precedence for another +TIP (XMAP215) that tracks shrinking plus-ends in vivo (Lowery et al

2013). While it is possible that this back-tracking is due to exogenous expression of the GFP-
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TACC3 construct, it also could be that TACC3 recognizes a structural conformation that is present
at both growing and shrinking MT plus-ends. Moreover, many +TIPs contain SxIP motifs that
facilitate interaction with EB proteins, for recruitment to growing MT plus-ends (Honnappa et al.,
2009). We were unable to find an SxIP motif within the TACC domain, however, there is an SxIP-
like motif (SPLPIP) at amino acid 311 that may contribute to plus-end recruitment. The exact
mechanism by which TACC3 tracks along plus-ends, and whether it requires XMAP215 or EBI1,

is an important question for the future.

2.3.3 TACC3 regulates axon outgrowth

Axon outgrowth is, in part, regulated by microtubule polymerization (Lowery and Van
Vactor, 2009; Tanaka et al., 1995), which is in turn controlled by +TIPs (Akhmanova and
Steinmetz, 2008). Yet, only a handful of +TIPs have thus far been functionally implicated within
the neuronal growth cone (Hur et al., 2011; Lee et al., 2004; Lowery et al., 2013; Neukirchen and
Bradke, 2011; Zhou et al., 2004). Our study shows that TACC3 also functions as a +TIP within
the growth cone, and that manipulation of TACC3 levels leads to corresponding changes in axonal
outgrowth. Given that these changes correlate with similar alterations in microtubule
polymerization rates within growth cones (Figure 2), it is possible that TACC3 regulates axonal
outgrowth by regulating microtubule polymerization rates. This is partially supported by the
classic findings that disrupting MT dynamics with low levels of MT depolymerizing drugs also
results in reduced axon outgrowth (Rochlin et al., 1996; Tanaka et al., 1995). However, the role of
TACC3, and +TIPs in general, in promoting axon outgrowth, is likely much more sophisticated
than simply controlling the rates of polymerization. It has also been suggested that some +TIPs
regulate how MTs interact with F-actin in growth cones (e.g. (Engel et al., 2014)), and future

studies may uncover whether TACC3 plays a role in this as well.
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In conclusion, we have used live imaging in cultured embryonic cells to demonstrate that
vertebrate TACC3 regulates specific aspects of microtubule growth dynamics. We show that
TACC3 can function as a +TIP, closely overlapping with XMAP215 at the extreme MT plus-end.
We also establish a role for TACC3 in the promotion of axonal outgrowth. As TACC3 localization
is controlled by phosphorylation (Barnard et al., 2005; Giet et al., 2002; Kinoshita et al., 2005), an
important question for the future is how TACC3 may function to integrate signaling cascades
downstream of axon guidance cue signals, in order to control MT dynamics in growth cones, as

well as in other cell types.

2.4 Material and Methods

2.4.1 Embryos

Eggs obtained from female Xenopus laevis frogs (NASCO) were fertilized in vitro, dejellied, and
cultured at 13 — 22 C in 0.1X Marc’s modified Ringer’s (MMR) using standard methods (Sive et
al., 2010). Embryos were staged according to Nieuwkoop and Faber (Nieuwkoop and Faber,
1994). All experiments were approved by the Boston College Institutional Animal Care and Use
Committee (IACUC) and were performed according to national regulatory standards.

2.4.2 Culture of Xenopus Embryonic Explants

Embryos were cultured in 0.1X MMR at 22°C to stage 22-24, and each neural tube was dissected
into approximately twenty similarly-sized explants (Lowery et al., 2013; Tanaka and Kirschner,
1991). The neural tube explants were plated in culture medium on poly-L-lysine- (100 pg /mL)
and laminin-coated (20 pg/mL) coverslips, attached to a plastic culture dish with a hole drilled in
the center (imaging chambers described in (Gomez et al., 2003)). Outgrowing axons and neural

crest cells were imaged at room temperature 18 - 24 hours after plating. For imaging of non-neural
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cells, somite tissue flanking the neural tube was dissected and plated on poly-L-lysine- (100 pg
/mL) and fibronectin-coated (100 pg/mL) coverslips.

2.4.3 Constructs and RNA

Capped mRNA was transcribed in vitro using SP6 or T7 mMessage mMachine Kit
(Ambion). RNA was purified with LiCl precipitation and re-suspended in nuclease free
water. Constructs used: GFP-TACC3 (TACC3 pET30a was gift from Richter lab (U Mass
Medical)), GFP-TACC3-Ndel, GFP-TACC3-CC2del, GFP-TACC3-CC1/2 (see Figure 5A for
amino acid residues for each deletion construct, based on Genbank accession number
NP _001081964.1), TACC3-GFP, mKate2-TACC3 (all TACC3 constructs sub-cloned into pCS2+
vector), mKate2-tubulin (Shcherbo et al., 2009) in pT7TS, EBI-GFP in pCS107 (gift from
Danilchik lab (Oregon Health Sciences University), mKate2-EB1 in pCS2+, XMAP215-GFP (gift
from the Hyman lab, (Widlund et al., 2011)) subcloned into pT7TS. The dorsal blastomeres of
embryos were injected four times at the two-to-four cell stage (in 0.1X MMR containing 5% Ficoll)
with total mRNA amount per embryo: 100 to 300 pg EB1-GFP or mKate2-EB1, 3000 pg
XMAP215-GFP, 900 pg mKate2-tubulin, 1000 pg GFP-TACC3, mKate2-TACC3, or TACC3-
mEmerald.

2.4.4 Morpholinos

Morpholino antisense oligonucleotides (MO) targeted to the translation start site of Xenopus laevis
TACC3 (5’-AGTTGTAGGCTCATTCTAAACAGGA-3’), start site of XMAP215 (Lowery et al.,
2013), or standard control MO (5’-cctcttacctcagttacaatttata’3’) (purchased from Gene Tools, LLC)
were injected into two-to-four cell stage embryos (50 to 80 ng/embryo for TACC3 and control

MOs, 6-8ng/embryo for XMAP215 MO). Protein knockdown was assessed by Western blot of
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embryos at stage 35-36. In rescue experiments, MO was injected along with mRNA in the same
injection solution.

2.4.5 Western Blotting and Immunoprecipitation

Embryos were lysed in buffer (50 mM Tris pH 7.5, 5% glycerol, 0.2% IGEPAL, 1.5 mM MgCl2,
125 mM NacCl, 25 mM NaF, 1 mM Na3V04, ImM DTT, supplemented with Complete Protease
Inhibitor cocktail with or without EDTA (Roche)). Blotting was carried out using goat anti-
Xenopus laevis TACC3 (Santa Cruz Biotechnology, cat # sc-27046, 1:500) and rabbit anti-
XMAP215 (gift from the Hyman lab (Max Planck Institute), 1:2500). Mouse anti-beta-actin
(Abcam, ab8224, 1:2500) was used as a loading control. For TACC3 detection, 1% IgG-free BSA
in PBST was used to block nitrocellulose membrane. For other antibodies, 2% non-fat milk was
used. Detection was done by chemiluminescence using Amersham ECL Western Blot reagent (GE
Healthcare). The bands were quantified by densitometry using Photoshop (Adobe) and the data
and graphs were compiled in Excel (Microsoft).

2.4.6 Immunocytochemistry

Embryonic explant cultures were fixed in 100% cold methanol for 3 minutes, then rinsed in PBST
and blocked in 0.1% Triton-X, 1% IgG-free BSA in PBS, prior to antibody
incubation. Immunostaining was carried out using goat anti-TACC3 (Santa Cruz Biotechnology,
cat # sc-27046, 1:1000) and mouse anti-tubulin DM1alpha (Sigma, 1:1000). Donkey anti-goat
Alexa Fluor 488 and donkey anti-mouse Alexa Fluor 568 antibodies (Invitrogen, 1:1000) were
used as secondary antibodies.

2.4.7 Confocal Microscopy

Both live and fixed images were collected with a Yokogawa CSU-X1M 5000 spinning disk

confocal on a Zeiss Axio Observer inverted motorized microscope with a Zeiss 63X Plan Apo 1.4
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NA lens. Images were acquired with a Hamamatsu ORCA R2 CCD camera controlled with Zen
software (Zeiss). For time-lapse, images were collected every two seconds for one to three minutes.
Laser power for 488 nm was 30%, with exposure time 1000-1500 ms. Laser power of 561 nm was
25%, with exposure time 850-1500 ms. For imaging of immunostaining, laser power for 488 was
set to 25%, with 95 ms exposure; for 561, laser was 12% with exposure time 800 ms. For two-
color co-localizations in Figure 6, the TACC3 channel was translated in the x-axis, after
calculating the frame-to-frame velocity of the growing MT plus-end, in order to account for the 1
second time delay between channels, for each examined MT (using Imagel] Translate
function). To further confirm correct translation, time-lapse co-localizations were examined with
both combinations of imaging red channel first, green channel second; then green channel first,
red channel second.

2.4.8 Axon Outgrowth Imaging

For axon outgrowth analysis, images were collected on a Zeiss Axio Observer inverted motorized
microscope with a Zeiss 20X N-Achroplan 0.45 NA phase contrast lens, using a Zeiss AxioCam
camera controlled with Zen software (Zeiss). Images were compiled and analyzed for axon
outgrowth parameters (numbers of axons per explant and length of axons) using ImageJ.

2.4.9 PlusTipTracker Software Analysis

MT dynamics were analyzed from EB1-GFP or mKate2-EB1 movies using plusTipTracker
(Applegate et al., 2011; Lowery et al., 2013; Stout et al., 2014). We have previously validated the
imaging conditions and tracking parameters used in this study, for accurate detection of EBI
comets in Xenopus laevis growth cones (Stout et al., 2014). The same parameters were used for
all movies: maximum gap length, 8 frames; minimum track length, 3 frames; search radius range,

5 to 12 pixels; maximum forward angle, 50°, maximum backward angle, 10°; maximum shrinkage
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factor, 0.8; fluctuation radius, 2.5 pixels; time interval 2 sec. Only growth cones with a minimum
number of 10 MT tracks in a one-minute time-lapse were included for analysis. The Peltier Tech
Box and Whisker Chart Utility for Excel was used to make box-plots. As MT dynamics parameters
were compiled from multiple individual experiments, and there can be significant day-to-day
fluctuations in control MT dynamics (in part, based on room temperature fluctuations), the final
compiled data was normalized relative to the mean of the control data for each experiment.
2.4.10 Image Analysis and Statistics

Phenotypic quantification was typically performed blind of genotype and from multiple
experiments to ensure reproducibility. Fluorescently-tagged-TACC3 and XMAP215 MT plus-end
accumulations were measured with the Line tool in ImageJ (NIH) along their longest axis, which
was defined from their trajectory in the previous and subsequent frames. Line intensities were
gathered using Plot Profile, and puncta lengths were determined where fluorescent signal became
visually and statistically higher than noise. Cytoplasmic measurements were also obtained and
used to normalize for overall expression level of each construct. Graphs were made in Microsoft
Excel, and histograms were generated using the Analysis ToolPak. To determine statistical
differences for axon and MT parameters, unpaired two-tailed t-tests were used for comparing two
conditions, while ANOVA tests were used to compare multiple conditions (GraphPad). For
determining statistical differences for Western blot densitometry, since the distributions were not

normal, a Kruskal-Wallis test was used (www.XLSTAT.com)
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Chapter 3

The microtubule plus-end tracking protein TACC3 promotes persistent axon outgrowth

and mediates responses to axon guidance signals during development

The content in this chapter was adapted from:

Erdogan B., Cammarata G.M., Lee E.J., Pratt B.C, Francl A.F., Rutherford E.L., Lowery
L.A. The microtubule plus-end tracking protein TACC3 promotes persistent axon outgrowth and
mediates responses to axon guidance signals during development.

Neural Development (2017) 12:3
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3.1 Introduction

Plus-end tracking proteins (+TIPs) selectively bind to the dynamic plus-ends of
microtubules (MTs), which extend into the distal part of the axon and growth cone (Lowery and
Van Vactor, 2009). This enables +TIPs to come into close contact with the cell cortex, where
guidance cue receptors reside. These receptors transduce asymmetrically-distributed guidance
signals down to intracellular effectors, which then regulate MT dynamics in a spatially-restricted
manner that likely plays a key role in growth cone turning events (Bearce et al., 2015; Cammarata
et al., 2016). Thus, +TIPs deserve attention for their potential function in regulating MT dynamics
during axon guidance. One of the first +TIPs to be discovered for its role in axon guidance was
CLASP (Lee et al., 2004). Genetic studies in Drosophila demonstrated that CLASP is a
downstream target of Abelson tyrosine kinase (Abl) in the Slit/Robo guidance pathway during
central nervous system midline crossing (Lee et al, 2004). Moreover, the +TIP and MT
polymerase, msps (fly ortholog of XMAP215/ch-TOG) interacts with CLASP antagonistically
during this guidance decision in an Abl-dependent manner (Lowery et al., 2010). In addition to its
role in Drosophila, XMAP215 has been implicated in promoting axon outgrowth in vertebrates
(Lowery et al., 2013). We have recently shown that the XMAP215-interactor, TACC3, is also a
+TIP that regulates MT dynamics in vertebrate growth cones and is essential for normal axonal
outgrowth (Nwagbara et al., 2014). However, how TACC3 specifically affects axon outgrowth
and whether TACC3 plays a role during axon guidance remain to be explored.

In this study, we examine the role of TACC3 in axon outgrowth and pathfinding in vivo
within the developing nervous system of Xenopus laevis which is a great model for studying
cytoskeletal dynamics during axon growth and guidance (Erdogan et al., 2016; Slater et al., 2017).

Using time-lapse live imaging, we demonstrate that TACC3 is required for persistent axon
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outgrowth in Xenopus laevis, and that both the N- and C- terminal conserved domains of TACC3
are necessary for enhanced axon outgrowth. Moreover, TACC3-overexpressing growth cones can
mitigate the reductive impacts of the MT-depolymerizing agent, Nocodazole, on MT dynamics
parameters. We also show that TACC3 and XMAP215 display a synergistic effect and promote
axon outgrowth ex vivo. Finally, examination of whole mount Xenopus spinal cords shows defects
in axon guidance in motor neurons when TACC3 levels are depleted, and manipulation of TACC3
levels impacts the growth cone response to the repellent guidance cue Slit2 in cultured Xenopus
spinal neurons. Together, these investigations provide new insights into the mechanism by which
TACC3 functions either alone or in combination with other +TIPs, such as XMAP215, to regulate

MT dynamics during axon outgrowth and guidance.

3.2 Results

3.2.1 TACC3 promotes persistent axon outgrowth by preventing spontaneous axon

retractions

We previously showed that normal axonal outgrowth requires TACC3 (Nwagbara et al., 2014).To
gain further insight into the mechanism by which TACC3 promotes axon outgrowth, we examined
the effect of TACC3 knockdown (KD) and overexpression (OE) on dynamic axon outgrowth
parameters. Time-lapse imaging demonstrated that TACC3 KD significantly reduced axon
outgrowth velocity by 25% relative to control conditions (TACC3 KD, 0.74 + 0.03, n=46, versus
control, 1.04 £ 0.03 n= 57, ***p<0.0001, Fig. 3.1A). In addition to the reduced outgrowth velocity,
TACC3 reduction dramatically increased axon retraction rates by 5-fold in comparison to control
axons (TACC3 KD, 5.27 £1.22, n=107, versus control, 1.06 £ 0.35, n=99, **p=0.0015, Fig. 3.1B).

Conversely, when TACC3 levels were elevated, the frequency of axon retraction rates was reduced
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significantly by 45% compared to controls (TACC3 OE, 0.54 + 0.12, n= 155, versus control, 0.99
+ 0.12, n=180, *»=0.01, Fig. 3.1B). Although TACC3 OE Iled to increased axonal length (Fig.
3.1F), TACC3 OE actually reduced axon outgrowth velocity by 14% (0.89 £ 0.32, n=103, versus
control, 1.04 £ 0.033, n= 57, *p<0.0268, Fig. 3.1A), suggesting that the increased axonal length
may result from reduced axon retraction rather than a change in outgrowth velocity.

To further explore the TACC3 KD phenotype, we examined axon outgrowth of cultured
neurons in which TACC3 was acutely inhibited by the TACC3 specific inhibitor, KHS-101
(Wurdak et al., 2010). Consistent with the effect seen in TACC3 KD, KHS-101-induced acute
inhibition of TACC3 significantly reduced MT growth velocity by 28 % (15.09 + 0.86 um/ min
(before drug treatment); 10.84 £ 0.75 um/ min (after drug), **p<0.0019, Fig. 3.1C). Moreover,
acute inhibition led to an immediate reduction in axon length by 26% compared to vehicle
treated controls (KHS-101, 0.71 £ 0.05, n=12, versus DMSO, 0.96 £ 0.03, n=9, ***p=0.0007,
Fig. 3.1D).

In order to determine which domains of TACC3 are involved in axon outgrowth, we tested
various truncation mutants of TACC3. We found that, while full-length TACC3 and AN (lacking
conserved N-terminal domain) significantly increased axon outgrowth by 30% (1.30 £ 0.03,
n=787, ***p<0.0001) and 18% (1.18 £ 0.31, n=613, ***p<0.0001) respectively, expression of
ATACC (lacking conserved TACC domain, which has shown to be required for centrosome
localization, MT polymerase XMAP215 interaction) caused a significant reduction by 12% in axon
length (0.87 + 0.021, n=764, ***p=0.0002) in comparison to wild-type neurons (0.99 * 0.02,
n=997) (Fig 3.1F). On the other hand, the larger N-term deletion (lacking both conserved N-

terminus and putative SxIP-like motif that mediates EB1 interaction) showed no significant
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difference (1.04 + 0.028, n=563, p=0.2012). Additionally, none of the deletion constructs that
promoted axon outgrowth were as effective as full-length TACC3 OE (Fig. 3.1F).

Together, our findings suggest that TACC3 is required for proper axon outgrowth by
opposing axonal retracting forces. Additionally, full-length TACC3 is more efficient in promoting
axon outgrowth than its truncation mutants, while expression of a version lacking the TACC

domain results in a mild dominant negative effect.
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Figure 3.1 TACC3 promotes axon outgrowth velocity and prevents spontaneous axon retractions

(A) Axon outgrowth velocity is significantly decreased in TACC3-depleted axons by 27% (n =56) and in
TACC3 OE, to a lesser extent, by 11% (n = 106) compared to control (GFP only) conditions (n = 58). (B)
Retraction rate increased 5-fold in TACC3 KD (n =107) and decreased 0.6-fold in TACC3 OE (n =155)
in comparison to their corresponding non-injected (n = 95) and GFP injected (n = 180) controls respectively.
(C-D) MT growth velocity (DMSO, n=9, KHS-101, n=9) (C) and axon outgrowth length (DMSO, n =38,
KHS-101, n=12) (D) are significantly reduced by 28 and 26% respectively after acute depletion of TACC3
by the inhibitor KHS101. (E) Schematic representation of GFP-tagged TACC3 full-length and deletion
constructs, along with plus-end tracking ability (denoted by “+””) and impact on axon outgrowth length. (F)
Quantification of axon outgrowth length in cultured neural explants of GFP injected control (n =997), full-
length GFP-TACC3 (1-931aa) (n="787), GFP-TACC3-AN (133-931) (n=613), GFP-TACC3- AAN (363—
931) (n=563) and GFP-ATACC domain (1-635aa) (n=764). *p <0.05, **p <0.01, ***p <0.001. ns not
significant. n = axon/growth cone number

3.2.2 TACC3 antagonizes nocodazole-induced MT depolymerization but does not affect

MT lattice stability

Previously, we determined that TACC3 promotes efficient MT polymerization by enhancing MT
growth velocity within growth cones (Nwagbara et al., 2014). However, the mechanism by
which TACC3 affects MT polymerization remains to be elucidated. Thus, we sought to gain
further insight by assessing the impact of low doses of the MT depolymerizing drug, nocodazole,
after TACC3 manipulation.

We observed that a low dose of nocodazole led to reduction in several parameters of MT
dynamics, and that TACC3 OE could mitigate these effects. While control growth cones exhibited
a marked 20% decrease in MT growth speed after treatment with 50 pM nocodazole (before, 1.00
1 0.04, n=22, after treatment, 0.79 + 0.03, n=22, ***p=0.0001), TACC3 OE growth cones showed
reduction by only 12% (before, 1.08 = 0.04, n=21, after nocodazole, 0.95 = 0.03, n=21, *p=0.0316,
Fig. 3.2A). Similar trends were observed with MT growth lifetime, in which control growth cones
showed a 15% reduction (before, 1.00 £ 0.03 seconds, n=22, after nocodazole , 0.84 + 0.03

seconds, n=22,***p=0.0008) versus only a 3% reduction with TACC3 OE (before, 0.91 £+ 0.03,

n=21, after nocodazole , 0.87 + 0.03, n=21, p=0.4305, Fig. 3.2B), and for MT growth length, there
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was a 35% reduction in controls (before, 1.00 + 0.05, n=22, after nocodazole , 0.65 + 0.03, n=22,
*#%p<0.0001) versus 14% in TACC3 OE (before, 1.00 £ 0.04, n=21, after nocodazole, 0.85 + 0.04,
n=21, *p=0.02, Fig. 3.2C). These results suggest that TACC3 can mitigate the nocodazole-induced
reduction in MT growth dynamics parameters. This mitigation can be more clearly visualized
when the nocodazole-induced change is represented as the ratio of after treatment/ before
treatment. Although the relative reduction in MT growth speed when TACC3 is overexpressed is
only slightly less compared to controls (0.91 + 0.06 n=21 versus control 0.82 + 0.04 n=22, ns
p=0.2, Fig. 3.2A”), for other MT growth parameters TACC3 OE significantly dampens the
nocodazole induced reduction in lifetime (0.99 + 0.047 n=21 versus control 0.86 + 0.03 n=22,
*p=0.03, Fig. 3.2B’) and length (0.91 = 0.08 n=21 versus control 0.68 &+ 0.04 n=22, *p=0.01, Fig.
3.2C’) compared to controls.

In addition to MT polymerization, MT stabilization is considered to be an important
parameter for axon outgrowth and growth cone turning events (Challacombe et al., 1997). Hence,
we measured the fluorescence intensities of tyrosinated and de-tyrosinated tubulin in the growth
cone and assessed dynamic and stable MT lattice profiles, in TACC3-manipulated growth cones.
We found that the ratio of tyrosinated tubulin versus de-tyrosinated tubulin did not statistically
differ in TACC3 KD (0.87£0.07, n=37, p=0.2394) nor in TACC3 OE (1.01£0.11, n=129,
p=0.9673) growth cones, with respect to control growth cones (1.00+0.09, n=143, Fig. 3.2 D-F).

This suggests that TACC3 may not specifically regulate MT lattice stability in growth cones.
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Figure 3.2 TACC3 antagonizes Nocodazole-induced MT depolymerization but does not affect MT
stability

(A-C) Quantification of the MT dynamics shows significant reduction in MT growth speed (A), MT
lifetime (B) and MT growth length (C) in control (n =22) and TACC3 OE (n=21) growth cones in
response to 50 pM Nocodazole before and 5 min after drug treatment. However, the effect of Nocodazole
on TACC3 OE growth cones is dampened compared to controls. (A’-C”), Although not significant,
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reduction in MT growth speed (A”) is more prominent in control growth cones compared to TACC3 OE
growth cones while the reduction in both lifetime (B”) and length (C”) in control growth cones are
significantly higher than the TACC3 OE growth cones (D) Representative growth cone images of control,
TACC3 KD and TACC3 OE, immunostained for tyrosinated tubulin (red) and de-tyrosinated tubulin
(green) to label dynamic versus stable MTs, respectively. (E-F), Quantification of the fluorescence
intensity of imaging data in G, with TACC3 KD (n=38) (E) and TACC3 OE (n=129) (F) growth cones
showing no significant changes in dynamic/stable MTs compared to corresponding control growth cones
(n=137 and n =143, respectively). *p <0.05, **p <0.01, ***p <0.001. ns not significant. n = growth cone
number. Scale bar, 2 um.

3.2.3 TACC3 and XMAP221S5 interact to promote axon outgrowth

We previously found that the TACC3 interactor and MT polymerase, XMAP215, also
promotes axon outgrowth (Lowery et al., 2013), and that TACC3 and XMAP215 co-localize at
the extreme plus-end of MTs in growth cones in a co-dependent manner (Nwagbara et al., 2014).
However, the consequences of their interaction on axon development have not been elucidated.
Therefore, we sought to test whether TACC3 and XMAP215 might cooperate synergistically to
promote axon outgrowth by partially elevating or reducing TACC3 and XMAP215 levels alone
and in combination with each other. While partial TACC3 KD led to 10% reduction in axon
outgrowth (204.7 + 4.8 um, n=487, p=0.3528) and partial XMAP215 KD led to 13% reduction
(185.6 £ 6.4 um, n=312, *p=0.0116), partial knockdown of both reduced axon length significantly
by 34% (140.6 £ 3.5 um, n= 552, ***p<0.0001) compared to control axons (213.6 = 9.6 um,
n=219, Fig. 3.3A). Conversely, overexpression of both (double OE) increased axon length by
32.7% (237.7 £ 5.4 um, n=654, ***p<0.0001) while TACC3 OE alone increased by 11% (198.9
3.2, n=1585, ***p<0.0001) and XMAP215 OE increased by 30.9 % (234.5 £ 4.3 um, n=1227,
*#%p<0.0001) in comparison to controls (179.1 £3.2 um, n=1288, Fig. 3.3B). Interestingly, while
double OE significantly increased axon length in comparison to TACC3 OE alone (***p<0.0001),
it did not show a difference when compared to XMAP215 alone (p=0.6421) suggesting that there

may be an upper threshold that is reached with XMAP215 OE by itself.
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We next asked whether overexpression of one +TIP might rescue the reduced axon length
in the absence of the other. We observed that overexpressing XMAP215 in the TACC3 KD
background brought axon outgrowth length to control levels (TACC3 KD + XMAP215 OE, 149.4
+ 5.2 um, n=313, **p=0.005, versus control, 148.8 = 3.6 um, n=558, p=0.9331) by increasing the
length 15% in comparison to TACC3 KD (129.7 £ 4.477um, n=289, **p=0.0015, Fig. 3.3C). On
the other hand, overexpression of TACC3 in the XMAP215 KD background increased axon
outgrowth length by 30% (XMAP215 KD + TACC3 OE, 262.2£7.8 um, n=397, ***p<0.0001) in
comparison to XMAP215 KD (201.3 £ 7.2 um, n= 299); however, the rescue was not complete
when compared to control axons (Control, 304.9 £ 8.5 um, n=463, ***p=0.003, Fig. 3.3D). These
findings suggest that TACC3 and XMAP215 cooperate during axon outgrowth, with XMAP215

showing more additive effects on TACC3-mediated axon outgrowth.

3.2.4 TACC3 affects axon guidance in vivo and ex vivo

The direction that the growth cone acquires during outgrowth is a result of local modulation
of MT dynamics in response to guidance signals (Challacombe et al., 1997; Sabry et al., 1991;
Tanaka and Kirschner, 1995; Williamson et al., 1996). Thus, we wondered whether TACC3
regulation of MT dynamics could play a role during axon guidance. We first examined motor
neuron axon outgrowth from the spinal cord in embryos at an early developmental stage (st 28),
and we discovered that reduction of TACC3 caused significantly impaired outgrowth and severely
disrupted morphology in all embryos examined (Fig. 3.4A-C). To gain greater insight into whether
TACC3 manipulation causes this disorganization under specific guidance signals, we examined

growth cone behavior in response to the guidance molecule, Slit2, applied in culture media.
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Slit2 is a repellent guidance cue and we began to work with it since Slit has been previously
studied with other +TIPs such as CLASP (Lee et al., 2004) and the response of growth cones of
different neuron types isolated from Xenopus embryos at different stages has been documented
before (Myers et al., 2012; Piper et al., 2006; Stein and Tessier-Lavigne, 2001). We monitored the
changes in growth cone behavior for 10 min prior and for 30 min after addition of Slit2. Growth
cones that show persistent growth were picked to be analyzed for their behavior after Slit2 addition.

Growth cones that had reduced lamellipodial area was considered as collapsed. We found that
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TACC3 OE growth cones had significantly fewer growth cone collapse and axon retraction events
(TACC3 OE, 21.28 + 7.24 n=76 versus control, 54.72 + 4.26 n=44, *p=0.0164) in response to
Slit2, when compared to wild type growth cones (Fig. 3.4D-E). This suggests that overexpressing

TACCS3 can counteract Slit2-induced growth cone collapse.
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Figure 3.4 TACC3 affects axon guidance in vivo and ex vivo

(A-B) Confocal images of laterally-viewed whole-mount Xenopus spinal cord fluorescently labeled for
acetylated tubulin, showing peripheral axon outgrowth in control (A) and TACC3 KD (B) embryos at 2
dpf. ¢, Quantitation of the embryos with motor neuron guidance defects (n =5 embryos). (D) Representative
neural tube growth cone images of control and TACC3 OE, before and after addition of 400 ng/ml Slit2.
(E) Quantification of the percentage of the growth cone collapse events in control (n = 48) and TACC3 OE
(n =82) growth cones show significant reduction in growth cone collapse in TACC3 overexpressing growth
cones. f, Cartoon model for the role of TACC3 at MT plus ends during axon outgrowth and guidance.
Microtubule (blue) plus-ends decorated by TACC3 (green) promotes axon outgrowth, reduces axon
retraction, dampens nocodazole induced reduction in MT dynamics parameters, rescues XMAP215 KD
induced axon length reduction and opposes repellent guidance signals effect. *p <0.05, **p<0.01,
*#%p < 0.001. ns not significant. n = growth cone number. Scale bar, 50 pm and 5 pm.

3.3 Discussion

Dynamic spatial and temporal regulation of MTs within the growth cone is considered to
be of key importance during axon outgrowth, guidance decisions and regeneration events (Buck
and Zheng, 2002; Challacombe et al., 1997; Chen et al., 2015; Sabry et al., 1991; Tanaka and
Kirschner, 1995; Williamson et al., 1996). Accordingly, MT plus-end tracking proteins (+TIPs)
likely play a critical role during axon guidance, as +TIPs dominate the dynamic portion of MTs
that reaches the growth cone periphery, where guidance cue receptors reside (Bearce et al., 2015).
However, few +TIPs have been examined within the context of the embryonic growth cone. We
previously characterized a MT plus-end tracking function for TACC3 and showed that it can
promote MT polymerization and is required for proper axonal development (Nwagbara et al.,
2014). Here, we sought to uncover new insights into the mechanism underlying axonal regulation
by TACC3.

First, we found that the shorter axons that result from reduced levels of TACC3 were due
to slower axon outgrowth velocity along with significantly increased retraction rate. Moreover,
TACC3 overexpression leads to longer axons, not because of fast axon outgrowth velocity (the
outgrowth rate was actually slower than in controls), but because of reduced axon retraction rate.

This suggests that TACC3-mediated MT dynamics may be required for opposing the normally-
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occurring retractive forces within axons. Another possible explanation is that the reduced axon
outgrowth velocity and reduced axonal retraction rates after TACC3 OE could be due to stronger
anchorage to the underlying substrate and adhesion turnover. While there are +TIPs that have been
implicated to mediate MT — FA interactions (Stehbens and Wittmann, 2012), TACC3 has not yet
been explored in focal adhesion (or point contacts, in the case of growth cone) regulation.
However, since TACC3 has been identified as an interactor of CLASP (Long et al., 2013), and
given that CLASP is known to function during focal adhesion turnover (Stehbens et al., 2014),
future studies should examine whether TACC3 also plays a role at focal adhesions/point contacts.

+TIPs modulate MT dynamic instability in various ways; for example, XMAP215
promotes MT growth by catalyzing addition of tubulin dimers (Brouhard et al., 2008), while
CLASP and APC rescue MT from catastrophe by increasing MT stability (Mimori-Kiyosue et al.,
2005; Wen et al., 2004; Zumbrunn et al., 2001). Here, we showed that TACC3 OE can dampen
nocodazole-induced reduction in MT growth speed, length and lifetime. However, this was not
achieved by increased MT lattice stability, as immunofluorescence analysis of dynamic versus
stable MTs revealed that TACC3 has no apparent impact on MT stability within the growth cone.
It is unclear how TACC3 is able to mitigate the reduction in MT growth speed, length and lifetime
as a result of nocodazole application. One possibility could be that TACC3 overexpression, which
enhances XMAP215 localization at MT plus ends (Nwagbara et al., 2014), may simply promote
more efficient and processive MT polymerization by XMAP215 to counteract the nocodazole-
induced effects.

Individual +TIPs comprise a network of proteins at MT plus-ends which can co-localize

and function together to modulate MT dynamics. We have previously shown such cooperation
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between TACC3 and XMAP215 in growth cones, as we demonstrated that TACC3 and XMAP215
co-localize at MT plus-ends in co-dependent manner (Nwagbara et al., 2014).

Here, we found that TACC3 and XMAP215 interact to promote axon outgrowth (Fig 3.3).
Partially knocking down both TACC3 and XMAP215 resulted in further reduction in axon
outgrowth length, which suggests a synergistic interaction between the two proteins. However,
overexpression of both +TIPs did not show further increase in axon length in comparison to
XMAP215 OE alone. This might be due to an upper threshold that is reached with overexpression
of XMAP215 alone. Conversely, rescue studies show that XMAP215 can fully restore TACC3
KD-mediated reduced axon length to control levels, whereas TACC3 OE fails to show the same
impact over XMAP215 KD. As XMAP215 is a processive MT polymerase, reduction in
XMAP215 levels may exert more dramatic effect than the reduction in the levels of TACC3, which
may play more of an accessory role. Considering that every TACC3 molecule is thought to interact
with two molecules of XMAP215 (Mortuza et al., 2014), reduced levels of XMAP215 could be a
limiting factor. Even though TACC3 OE functions to increase available XMAP215 at MT plus-
ends, the reduction in overall XMAP215 levels may result in poor axon outgrowth. While knock
down approaches provide supporting evidence regarding the combinatorial role of TACC3 and
XMAP215 during axon outgrowth, future studies should utilize mutations that disrupt their
interaction (Mortuza et al., 2014) in order to understand the dependence of these two proteins on
one another during axon outgrowth.

In addition to their role in axon outgrowth, several +TIPs have been implicated in
participating in growth cone steering decisions in response to extracellular cues. The first of which
is orbit/MAST, the fly ortholog of mammalian CLASP, that has been identified to cooperate with

Abelson kinase (Abl) downstream of Slit/Robo guidance pathway (Lee et al., 2004). In a parallel
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genetic and proteomic screen in fruit flies, minispindles (msps), a fly ortholog of Xenopus
XMAP215, was identified to function antagonistically against CLASP and Abl during embryonic
central nervous system development (Lowery et al., 2010), while another genetic interaction study
in flies identified d-tacc as an antagonist of CLASP (Long et al., 2013), reminiscent of the
interaction between CLASP and TACC partner, msps. Combining these previous works with our
findings on the role of TACC3 in axon outgrowth led us to ask whether TACC3 functions during
axon guidance. As demonstrated in Fig 3.4A, our initial observations revealed that reduction in
TACC3 levels impairs the normal organization of axons exiting the spinal cord in embryos at st
28. Stimulation of cultured Xenopus retinal neurons at stage 32 or beyond with bath-applied Slit2
has been shown to cause growth cone collapse (Piper et al., 2006). Additionally, spinal neurons
derived from st 28 Xenopus embryos have been previously shown to be repelled by Slit2 (Stein
and Tessier-Lavigne, 2001). Here, we found that Slit2-induced neural tube growth cone collapse
events can be reduced by 60% in TACC3 overexpressing growth cones in comparison to control,
suggesting an opposing role for TACC3 in Slit2-induced growth cone collapse. Based on its role
in MT polymerization (Nwagbara et al., 2014), its co-dependent localization at MT plus ends with
XMAP215 (Nwagbara et al., 2014) , and their interaction during axon outgrowth (Fig 3.3), we
propose that TACC3 OE will excessively occupy MT ends subsequently driving increased
recruitment of XMAP215, prompting enhanced MT polymerization in all directions. This global
increase in MT polymerization would disturb local MT modulation, which is the underlying
mechanism for growth cone steering events and it would result in an aberrant, non-obedient growth
cone advance (Fig. 3.4F).

It remains to be determined whether these effects are specific to Slit2 or if TACC3 could

exert similar opposing effects in response to other repellent signals, and/or if TACC3 mediates
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attractive signals as well. Finally, other TACC members, namely, TACC1 and TACC2, have
recently been characterized as +TIPs that can promote MT polymerization in Xenopus embryonic
cells (Lucaj et al., 2015; Rutherford et al., 2016). Although their expression and MT regulatory
function show cell type specificity, it would be intriguing to study whether other members of the

TACC family also play a role in axon outgrowth and guidance decisions.

3.4 Materials and Methods

3.4.1 Xenopus embryonic explants

Egg collection and culturing of Xenopus embryonic explants (from embryos of either sex) were
performed as described (Lowery et al., 2012; Nwagbara et al., 2014). All experiments were
approved by the Boston College Institutional Animal Care and Use Committee and were
performed according to national regulatory standards.

3.4.2 Constructs and RNA

Capped mRNA constructs were transcribed and purified as previously described (Lowery et al.,
2013; Nwagbara et al., 2014) Constructs used were GFP-TACC3 (TACC3 pET30a was gift from
the Richter lab, University of Massachusetts Medical School, Worcester, MA), GFP-TACC3-AN,
GFP-TACC3-AAN, GFP-TACC3-ATACC (see Figure 1E for amino acid residues for full length
and each deletion construct, based on GenBank accession number NP-001081964.1) all TACC3
constructs were subcloned into pSC2+ vector. GFP-MACF 43 (a gift from Hoogenraad Lab) in
pCS2+, XMAP215-GFP (a gift from the Hyman lab, Max Planck Institute of Molecular Cell
Biology and Genetics, Dresden, Germany; (Widlund et al., 2011)) subcloned into pT7TS. Embryos
either at 2 cell or 4 cell received injections 4 times total in 0.1X MMR containing 5% Ficoll with
the following total mRNA amount per embryo; 100pg of GFP-MACF43 as a control for TACC3

or XMAP215 overexpression, 2000 pg of GFP-TACC3 full-length and deletion constructs deletion
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constructs are expressed in wildtype embryos), 3000 pg of XMAP215. For double overexpression
1000 pg of TACC3 and XMAP215 were injected in total.

3.4.3 Morpholinos

Morpholinos (MOs) were previously described (Lowery et al., 2013; Nwagbara et al., 2014). In
knockdown (KD) experiments, TACC3 and control MOs were injected at 80 ng/embryo. For
TACC3 and XMAP215 double KD analysis, 20 ng/embryo for TACC3 and control MOs and 2
ng/embryo for XMAP215 MO were injected. In rescue experiments, MO (amounts used as in KD
which is 80 ng/ embryo) was injected with mRNA (same amount as in OE which is 2000 pg /
embryo for GFP-TACC3 and 3000pg/embryo for GFP-XMAP215) in the same injection solution.
The efficacy of MOs has been previously assessed by Western blot of 35-36 stage embryos, as
described (Lowery et al., 2013; Nwagbara et al., 2014).

3.4.4 Whole-mount immunohistochemistry

Two-day-old embryos were fixed as described (Lowery et al., 2013). Primary antibody (diluted in
blocking buffer made up by 1% DMSO, 1% Triton, 1% BSA, in PBS) to acetylated tubulin
(1:1000, monoclonal, clone 6-11B-1, Sigma, St. Louis, MO, USA) and goat anti-mouse Alexa-
Fluor 568 conjugate secondary antibody (1:1000, polyclonal, A-1100, Life Technologies) were
used. For imaging, the spinal cord was exposed by peeling off skin, and somites were kept intact.
Embryos were transferred in a drop of benzoate:benzyl alcohol (BB:BA) to the imaging chamber
(made by placing Gene Frame, sticky on both sides, onto a microscope slide). After the tissue was
cleared, it was covered with a 1.5x coverslip. Image acquisition and quantitation of fixed and
labeled explants were described previously (Lowery et al., 2013). TACC3 KD induced change is

scored based on the percentage of embryos with disorganized axons in each condition.
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3.4.5 Immunocytochemistry

Embryonic explant cultures were fixed and labelled (Challacombe et al., 1997) with primary
antibodies (1:1000 diluted in blocking buffer made up by 1% non-fat dry milk in calcium and
magnesium free PBS) to tyrosinated tubulin (rat monoclonal, ab6160, Abcam) and de-tyrosinated
tubulin (rabbit polyclonal, AB3201, Millipore), and with the secondary antibodies goat anti-rat
Alexa Fluor 568 (1:1000, ab175476, Abcam) and goat anti-rabbit Alexa Fluor 488 (1:1000, A-
11008, Life Technologies), respectively.

3.4.6 Growth cone response assay

Recombinant mouse Slit2 protein (R&D Systems) (400 ng/ml) was administered to cultured neural
tube explants derived from stage 28 Xenopus embryos in 400 pl culture media supplemented with
1% Penicillin/ Streptomycin and 0.1% BSA. A perfusion chamber was set up to exchange media
with Slit2-containing culture media. Time-lapse images of growth cones were acquired for 10 min
with 30 sec intervals before and immediately after Slit2 addition for 30 min with 30 sec intervals,
using a Zeiss Axio Observer inverted motorized microscope with a Zeiss 20x/0.8 Plan Apo phase
objective. Frame to frame axon growth was tracked manually and retraction or growth cone
collapse events were recorded over a movie. Ratio of the number of retracting frames over total
frames for each axon was scored. Images given in the figures show the image of growth cone right
before adding Slit2 and the image growth cone at collapse.

3.4.7 Nocodazole application

Nocodazole to final concentration of 50pM was administered in 400 ul culture media (Nwagbara
et al., 2014). Concentration of Nocodazole was determined after series of titrations and 50pM was
found to be the optimum to keep the MTs intact in order to perform MT dynamics analyses. Time-

lapse images of growth cones were acquired for 1 min with 2 sec intervals before and 5 min after
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Nocodazole administration, using Y okogawa CSU-X1M 5000 spinning disk confocal on a Zeiss
inverted motorized microscope with a Zeiss 63x Plan Apo 1.4 NA and a Hamamatsu ORCA R2
CCD camera. MT dynamics were assessed, as described (Nwagbara et al., 2014).

3.4.8 PlusTipTracker software analysis

MT dynamics were analyzed from GFP-MACF43 movies using plusTipTracker (Applegate et al.,
2011; Lowery et al., 2012). Imaging conditions and tracking parameters were previously validated
and same parameters were used: maximum gap length is 8 frames; minimum track length is 3
frames; search radius range 5-12 pixels; maximum forward angle, 50°, maximum backward angle,
10°; maximum shrinkage factor, 0.8; fluctuation radius, 2.5 pixels; time interval, 2s. MT growth
lifetime is the measure of persistent outgrowth till MT undergoes catastrophe. MT growth length
is the total growth over a movie and MT growth velocity is the average of each MT growth event.
MT dynamics parameters were compiled from multiple individual experiments and to avoid day-
to-day fluctuations the final complied data were normalized to the mean of the control data for
each experiment.

3.4.9 Image acquisition and analysis

For axon outgrowth imaging, phase contrast images of axons were collected on a Zeiss Axio
Observer inverted motorized microscope with a Zeiss 20x/0.5 Plan Apo phase objective and
analyzed using ImageJ (Nwagbara et al., 2014). Time-lapse images for axon outgrowth velocity
was collected for 4 hours with 20 min intervals and images were analyzed using plusTipTracker
QFSM plugin and velocity was measured as the average of instantaneous velocity per axon as
described (Lowery et al., 2013). Axon retraction events were analyzed from the same data set used

to assess axon growth velocity. Frame to frame axon growth was tracked manually and retraction
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events were recorded over a movie. Ratio of the number of retracting frames over total frames for
each axon was scored.

Axon outgrowth and MT dynamics data were normalized to controls, to account for day-to-day
fluctuations in room temperature. Image acquisition and quantitation of fluorescence intensity of
fixed and labeled explants were described previously (Nwagbara et al., 2014). Experiments were
performed multiple times to ensure reproducibility. Graphs were made in GraphPad Prism.
Statistical differences were determined using unpaired two tailed t-tests when comparing two
conditions and one-way analysis of variance with Tukey’s post-hoc analysis when multiple

conditions were compared.
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Chapter 4
Abelson induced phosphorylation of TACC3 modulates its interaction with microtubules

and affect its impact on axon outgrowth and guidance

The content in this chapter was adapted from the following unpublished manuscript:

Erdogan B., St-Clair R., Zaccaro T., Cammarata G.M., Ballif B., Lowery L.A. Abelson
induced phosphorylation of TACC3 modulates its interaction with microtubules and affect its
impact on axon outgrowth and guidance (in preparation)
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4.1 Introduction

Regulation of cytoskeletal dynamics within the growth cone is essential for growth cone
motility and navigation as the axon travels to its target. Guidance molecules that the growth cone
encounters during its trip can act as repellent or attractant depending on the time, location and the
signal composition of the environment that the growth cone passes. Integration and interpretation
ofthese signals relies on signaling cascades that are initiated downstream of guidance cue receptors
which will ultimately converge upon cytoskeletal elements for their rearrangements and initiation
of growth cone motility.

Guidance signals are not homogeneously presented to the growth cone in vivo. While the
growth cone might be exposed to repellent signals on one side, it can be exposed to attractant
signals on the other side, which necessitates the asymmetric reorganization of the underlying
cytoskeleton. In order to manage this asymmetric regulation, signals received by guidance cue
receptors must be processed locally and immediately downstream of the site that the signal is
received without necessarily leading to a global response. For example, repulsive guidance cues
can cause a global growth cone collapse when they are bath applied, whereas their local application
causes collapse on the side that the protein is received, which results in growth cone steering away
from the source of the signal.

The immediate interaction between guidance cue receptors and downstream effectors
required for asymmetrical remodeling make microtubule plus-end tracking proteins (+TIPs) a
great target for their close proximity within the growth cone periphery. Retaining their interaction
with microtubules at the plus-ends is important for regulating microtubule growth dynamics and

signal exchange between the growth cone periphery and the central domain.
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The interaction between +TIPs and microtubules can be modulated by guidance signals
and the intracellular signaling events initiated downstream. Phosphorylation of +TIPs is one such
event that has been shown to modulate +TIP affinity for microtubules. For example, affinity of
CLASP for microtubules has been shown to be regulated differentially in the growth cone
depending on its phosphorylation status by GSK3 kinase. Increased microtubule lattice binding
activity of CLASP, as a result of GSK3 inhibition, results in axon growth inhibition through
inhibition of MT advance into the growth cone periphery. On the other hand, plus-end binding of
CLASP, as a result of GSK3 activity, promotes axon outgrowth via stabilization of microtubules
(Hur et al., 2011).

In addition to GSK3, CLASP is also identified as a target for Abelson (Abl) tyrosine kinase.
Expression of Slit along the neural cord midline restricts axon fascicles to either side of the
midline. Ectopic midline crossing of axon fascicles, which is observed in Abl loss-of-function
mutants, is also phenocopied by orbit/MAST (fly ortholog of human CLASP) mutants in
Drosophila embryos, suggesting a genetic interaction between the two genes. This also positions
CLASP as a potential target downstream of the Slit2 pathway (Lee et al., 2004). Further
examination of the interaction between CLASP and Abl in Xenopus spinal neurons identified
CLASP as a target for Abl phosphorylation and showed that phosphorylation can affect CLASP
localization in neuronal growth cones (Lee et al., 2004).

Similar to CLASP, several +TIPs have been implicated to be involved in microtubule
dynamics regulation during directional movement of cells and growth cones (Bearce et al., 2015).
However, only a few of them have been studied and implicated as a target for guidance cue-
initiated intracellular signals (Bearce et al., 2015). We have previously characterized a microtubule

plus-end tracking function for TACC3 in neuronal growth cones and showed that TACC3
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overexpression enhances microtubule growth dynamics and promotes axon outgrowth (Nwagbara
et al.,, 2014). Additionally, we have proposed a function for TACC3 during axon guidance.
Reducing levels of TACC3 resulted in disorganized axon elongation of neural tube neurons in
Xenopus laevis embryos and its overexpression mitigated growth cone collapse induced by bath
applied Slit2 in cultured neural tube explants (Erdogan et al., 2017). To further investigate the
mechanism of how TACC3 overexpression exerts this opposing role against Slit2 activity, we
became interested in looking at potential phosphorylation events that might target TACC3.

In a genetic and proteomic screen performed in flies, CLASP was identified as an interactor
of microtubule polymerase XMAP215 as well as TACC3. The same study also identified
XMAP215 as a genetic interactor of Abelson kinase. XMAP215, which is a well-studied physical
interactor of TACC3, led us to question whether TACC3 might be an interactor of Abelson kinase
(Lowery et al., 2010).Thus, we become interested in testing whether TACC3 could be a target for
Abl phosphorylation downstream of Slit2 and whether its phosphorylation status would alter
TACC3’s interaction with microtubules and hence TACC3’s impact on axon outgrowth and
guidance.

4.2 Results

4.2.1 Abelson kinase induces phosphorylation of TACC3

To investigate whether Abelson kinase (Abl) induces phosphorylation of TACC3, we co-
expressed GFP-TACC3 and Abl in HEK293 cells. Tyrosine phosphorylation of TACC3, following
GFP immunoprecipitation of GFP-TACC3, was observed with 4G10, an antibody that specifically
labels phosphorylated tyrosine residues (Fig.4.1A, lane 4). Phosphorylation of TACC3 was only
observed when it is co-expressed with Abl (Fig.4.1A, lane 3 vs lane 4). Additionally, this

phosphorylation specifically happens with Abl, since Fyn, which is another
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Figure 4.1 Abelson kinase induces phosphorylation of TACC3

(A) Western blot performed with phospho-tyrosine specific antibody showing Abelson-induced
tyrosine phosphorylation of full-length TACC3 (lane 4). Phosphorylation signal is not present when
TACC3 is expressed alone (lane 2) or with another tyrosine kinase Fyn (lane 6). (B) Cartoon showing
mass-spec-identified tyrosine residues of TACC3 targeted by Abl phosphorylation. (C-G) Confocal
images of growth cones expressing MACF-43 (magenta) and TACC3 (green) with phospho-null
mutations at identified residues showing localization of TACC3 phospho-null mutants to microtubules.
(H) Western blot performed with phospho-tyrosine specific antibody showing no change in Abelson
induced tyrosine phosphorylation levels between wild-type TACC3 (lane 4) and phospho-null mutant
TACC3 (lane 5) with all four mass-spec identified tyrosine residues mutated to alanine (Y4A).
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tyrosine kinase, does not induce TACC3 tyrosine phosphorylation (Fig.4.1A, lane
6). Although it is not determined whether this induced tyrosine phosphorylation is a result of direct
interaction between Abl and TACC3 or not, these data show that Abl is involved in inducing
TACC3 tyrosine phosphorylation.

In order to study the role of TACC3 phosphorylation, we next wanted to identify the
tyrosine residues that are targeted by Abl. Mass - spec analysis of full-length TACC3 identified 4
tyrosine residues: two (Y759, Y762) in the conserved TACC domain, the domain that is
responsible for microtubule plus-end binding, and two (Y608, Y628) outside of the TACC domain
(Fig. 4.1B).

To assess the importance of these tyrosine residues, we generated single and combinatorial
phospho-null mutants by substituting tyrosine with alanine or phenylalanine. However, neither
single nor combinatorial phospho-null mutations caused a reduction in tyrosine phosphorylation
levels, determined by Western blot analysis (Fig.4.2 A-D). Moreover, all of the single and
combinatorial mutants were still able to track microtubule plus-ends (Fig. 4.1 C-H Supplemental
Movie 12-17). This initial examination suggests that other tyrosine residues might also be getting

phosphorylated and contributing to the overall phospho-tyrosine signal detected by Western blot.
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Figure 4.2 Phospho-null mutations at Mass-spec identified Abelson targeting tyrosine residues do
not show reduction in phosphor-tyrosine signal levels detected by western blot.

(A-C) Schematic representation of TACC3 full-length protein showing potential tyrosine residues (Y608,
Y628, Y759, Y762) targeted for Abelson induced phosphorylation. Combinatorial phospho-null mutants
were created for sites Y608 and Y628 (Y2A) (A) or for sites Y608A, Y628A andY759A (Y3A) or for all
Y4A (C), by substituting tyrosine residues with alanine (indicated by red circle with cross). (B-D) Western
blot performed with phospho-tyrosine specific antibody (p-Ty) showing Abelson induced tyrosine
phosphorylation of immunoprecipitated full-length wild-type and phospho-null mutant GFP-TACC3 in the
presence of Abelson kinase (top blot). a-GFP shows the expression level of GFP-TACC3 (middle blot) and
a-Abl shows the expression of Abelson kinase (bottom blot). Phosphorylation signal is still present to
similar extent as compared to wild type (lane 4) when mass-spec identified tyrosine residues are substituted
with alanine Y2A, lane 5 (B) Y4A, lane 5; Y3A, lane 6 (D).
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4.2.2 Tyrosine phospho-null mutations in the TACC domain impairs the localization of
TACC3 at microtubule plus-ends in growth cones and mesenchymal cells

Since none of the phospho-null mutants of mass-spec identified tyrosine residues showed
a reduction in phosphorylation signal and they were still able to localize to microtubules, we
decided to examine other tyrosine residues. The full-length TACC3 possesses a total of 11 tyrosine
residues throughout the entire protein. Six of these tyrosine residues (Y725, Y759, Y762, Y832,
Y846, Y857) are in the TACC domain (aa715-aa931), one (Y130) is in the N-terminal domain
(aal-aal33), and four (Y320, Y428, Y608, Y628) are in the middle domain (aal34-aa634) (Fig.

4.3).
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Figure 4.3 Cartoon depicting the tyrosine residues (Y) found in full length TACC3 and in the
truncated TACC domain, which are mutated into phenylalanine to block phosphorylation.

The TACC domain of the TACC3 protein shows high sequence similarity among
vertebrates as well as among other TACC family members (Peset and Vernos, 2008). Moreover,
the TACC domain is the portion of the TACC3 protein that is responsible for its microtubule plus-
end tracking behavior (Nwagbara et al, 2014) and also for interacting with microtubule

polymerase XMAP215 (Mortuza et al., 2014). Therefore, we decided to investigate the importance
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of tyrosine residues within the TACC domain to see whether they might be contributing to the
Abl-induced phosphorylation we observed earlier. To investigate this, we mutated all of the
tyrosine residues to phenylalanine within the TACC domain and tested these mutants for their
phosphorylation status. Interestingly, despite lacking a phosphorylatable tyrosine with the TACC
sequence, GFP-TACC phospho null (p-null) mutants showed similar phospho-tyrosine signals
compared to the wild-type TACC domain, as verified with Western blot (Fig.4.4 B). Since there
are no tyrosines left in the TACC domain. the only other source that might contribute to that signal
could be GFP. Therefore, we performed a Western blot for the GFP tag alone with a phospho-
tyrosine specific antibody, and we found that GFP was indeed getting phosphorylated in the
presence of Abelson (Fig.4.4 D). Thus, GFP itself was probably contributing to the overall signal
that we obtained with the GFP-tagged TACC constructs previously.

While we do not know the exact mechanism of how TACC3 gets phosphorylated by
Abelson, we found that both full length TACC3 (data not shown) and TACC domain-only
constructs showed changes in their microtubule localization behavior when they had tyrosine
phospho-null (p-null) mutations (Fig. 4.5 A-B, Supplemental Movie 18-19). In both neuronal
growth cones and mesenchymal cells isolated from Xenopus embryos, TACC p-null mutants
showed less localization along microtubules, determined by line-scan averages of fluorescent
intensities obtained from microtubule plus-ends (Fig. 4.5 C-D, G). TACC p-null mutant remained
cytoplasmic in 80% of the growth cones and showed microtubule localization in 20% of the growth
cones examined while wild-type TACC localized at microtubule plus-ends in 92.5% of growth
cones examined (Fig. 4.5 F). We also confirmed the expression by Western blot and showed that

the GFP-TACC mutant expression was comparable to GFP-TACC (Fig. 4.5E). These data suggest
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that retaining phosphorylatable tyrosines within the TACC domain is important for TACC

localization along microtubules.
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Figure 4.4 GFP gets phosphorylated in the presence of Abelson kinase and contributes to p-Ty
signal obtained with TACC domain tyrosine phospho-null mutant

(A) Schematic representation of GFP-TACC domain showing potential tyrosine residues (Y725, Y759,
Y762, Y832, Y846 and Y857) targeted for Abelson induced phosphorylation. Red circle with cross
indicates that these residues are substituted with non-phosphorylatable phenylalanine. (B) Western blot
performed with phospho-tyrosine specific antibody (apY, top blot) showing tyrosine phosphorylation
levels of immunoprecipitated wild-type full-length GFP-TACC3 with (lane 4, arrow) and without (lane 3,
arrow) Abelson kinase and GFP-TACC domain wild-type (lane 5, arrow head) and phospho-null mutant
(Y6F, lane6, arrow head) with Abelson kinase. Phosphorylation signal is still present in GFP-TACC
phospho null mutant (lane6) to a similar extent as compared to wild type TACC domain (lane 5). 2™ blot
from top targeted with o-GFP shows the expression level of GFP-TACC3 and GFP-TACC domain. 3™ blot
from top targeted with a-pY shows the phosphorylation levels of Abelson kinase and bottom blot targeted
with a-Abl shows the expression of Abelson kinase. IP-aGFP; indicate immunoprecipitation is performed
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with anti GFP antibody. (C) Amino acid sequence of GFP, tyrosine residues (Y) are indicated in red. (D)
Western blot performed with phospho-tyrosine specific antibody (opY, top blot) showing tyrosine
phosphorylation levels of immunoprecipitated wild-type full-length GFP-TACC3 with (lane 3) and without
(lane 2) Abelson kinase and GFP with (lane 4) and without (lane 5) Abelson kinase. Bands on lane 4 pointed
with arrowheads demonstrating phosphorylated GFP in the presence of Abelson. 2™ blot from top targeted
with o-GFP shows the expression of GFP-TACC3 (arrow) and GFP (arrow head). 3™ blot from top targeted
with o-pY shows the phosphorylation levels of Abelson kinase and bottom blot targeted with o-Abl shows

the expression of Abelson kinase. IP-aGFP; indicates immunoprecipitation is performed with anti GFP
antibody.
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Figure 4.5 Tyrosine phospho-null mutations impairs the localization of TACC domain at
microtubule plus-ends in growth cones and mesenchymal cells

(A-B) Confocal images of neuronal growth cones, obtained from time-lapse recordings expressing tubulin
(magenta) (A’, B’) and TACC (green) wild-type (A”) or tyrosine phospho-null mutant (B”). (C-D)
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Magnified montages of time-lapse sequences of the boxed regions in B-C respectively. TACC wild-type
(green) localizes to microtubule (magenta) plus-ends (C) while TACC tyrosine phospho-null mutant (green)
is absent from microtubule (magenta) plus-ends and remains mostly cytoplasmic (D). (E) Western blot
performed with GFP antibody showing the expression of GFP-TACC wild-type and GFP-TACC p-null
mutant. (F) Plot showing the quantification of microtubule plus-end versus cytoplasmic localization of
TACC constructs within the growth cones as percentage of total growth cones examined. On average,
TACC wild-type shows microtubule plus-end binding in 92.5% of the growth cones examined while TACC
tyrosine p-null mutant showed plus-end localization in 20% of the growth cones and remained mostly
cytoplasmic in 80% of the growth cones examined. (G) Fluorescent intensity profile (y-axis) along
microtubules (x-axis) determined by line-scan analysis showing green fluorescent intensity (TACC wt or
TACC p-null mutant) relative to background. Line is drawn starting from the beginning of the microtubule
plus-end. Scale bar, 2um.

4.2.3 Tyrosine phospho-null mutations in the TACC domain affect microtubule dynamics

regulation

We next wanted to investigate the impact of the reduced interaction between the phospho-
null TACC mutant and microtubules, as pertaining to microtubule dynamics parameters such as
microtubule growth speed, lifetime and length. Interestingly, despite lacking an interaction with
microtubules, over-expression of the TACC p-null mutant significantly increased microtubule
growth speed by 10% and microtubule growth length by 17% compared to control growth cones
(Fig. 4.6A-C), while over-expression of wild-type TACC domain increased microtubule growth
speed by 4% and growth length by 17%. Microtubule growth lifetime, on the other hand, was not
affected by the mutant TACC while wild-type TACC increased it by 11%. None of the microtubule
dynamics parameters, however, differed significantly between the wild-type and mutant TACC
conditions. GFP-MACF43 comet morphology and linearity of microtubule growth track seemed
to be similar in control, TACC wild-type and TACC phospho-null mutants (Fig. 4.6 D-F,
Supplemental Movie 20-22). Given that the TACC mutant cannot bind well to microtubules, these
observations raise the possibility that the TACC mutant might be contributing to changes in
microtubule dynamics via a mechanism that is independent of a requirement for an interaction with

microtubules.
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Figure 4.6 TACC phospho- null mutant increases microtubule growth speed and length compared
to control while do not show difference compared to TACC wild-type

(A-C) Quantification of MT growth parameters in cultured neuronal growth cones (GC) isolated from
embryonic spinal cord expressing TACC wt and TACC phospho-null mutant. Automated plusTipTracker
based tracking of GFP-MACF-43 comets (D-F) calculate MT growth speed (A), lifetime (B) and length
(C) from time-lapse videos taken for 1 min with 2 sec intervals. Mean values of parameters obtained from
three independent experiments: GC MT growth speed, control (MACF-43 only), 9.0 microns/min; TACC
wt, 10 microns/min; TACC p-null, 10.5 microns/min. GC MT growth lifetime, control, 10.2 s; TACC wt,
10.7 s; TACC p-null, 10.2 s. GC MT growth length, control, 1.4 microns, TACC wt 1.7 microns, TACC p-
null 1.7 microns. TACC phospho-null mutant increased microtubule growth speed and length by 10% (**p)
and 17%(***p) respectively compared to control growth cones while doesn’t differ significantly from
TACC wt. TACC wt expressing growth cones on the other hand increases speed by 4% (n.s.) and length by
17% (***p). Microtubule growth lifetime on the other hand is not affected by TACC p-null while TACC
wt increases it by 10% (***p). Control data represents 53; TACC wt represents 57 and TACC p-null mutant
represents 46 growth cones combined from three independent experiments. The asterisk (*) indicates
statistical significance with o < 0.05 * P <0.05, ** P <0.01, **** P <(0.0001, ns: not significant, from an
ANOVA analysis comparing multiple conditions with Tukey’s post hoc analysis. Scale bar, Sum.

Since microtubule growth dynamics are critical for axon elongation, we next wanted to
examine whether the increased microtubule growth speed and length seen with overexpression of

the TACC domains might be translated into increased axon elongation.

4.2.4 TACC tyrosine phospho-null mutant-expressing axons grow less persistently, thereby

resulting in shorter axons compared to TACC wild-type-expressing axons

We have previously shown that TACC3 is important for promoting axon outgrowth
(Nwagbara et al., 2014). To test whether phosphorylation is important in regulating axon
outgrowth parameters, we measured the length of axons in cultured Xenopus laevis neural tube
explants of TACC wt and TACC p-null mutant. While expression of TACC wt led to formation of
longer axons, expression of the TACC p-null mutant (0.8563 + 0.04222 N=155) showed a 16.8%
reduction in axon length compared to control (1.000 + 0.03446 N=277) and 34% reduction
compared to TACC wt (1.147 £ 0.05667 N=199) (Fig. 4.7A).

To further assess the difference in axon length between the TACC wt and p-null mutant,

we measured the axon growth velocity. We found that the average normalized axon forward
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movement velocity was 8% faster in TACC p-null mutant conditions (1.089 £ 0.02725 N=172,
*p) compared to control (1.000 +0.02020 N=198) and 3.5% slower, compared to TACC wt (1.127
+0.02517 N=217, not significant). Average growth velocity in TACC wt-expressing axons on the
other hand was 10% faster compared to control axons (Fig. 4.7B). Our data suggests that TACC
p-null mutant-expressing axons grow with similar rates, as compared to TACC wt, while they
grow faster compared to controls, suggesting that the reduced axon length could be due to another
parameter of axon growth than simply growth velocity.

To further investigate this, we also tracked the growth behavior of axons and recorded the
number of frames that they moved forward, paused and/or retracted over the course of 4h long
time lapse imaging with 5 min intervals (Fig 4.7C, Supplemental Movie 23-24). We found that
TACC p-null mutant-expressing axons (69.61 = 1.686 N=168) spent 18% less time moving
forward compared to controls (82.30 + 1.538 N=183, ***p) and 12% less compared to TACC wt
(78.20 £ 1.373 N=218, ***p) (Fig 4.7D, green dots). Additionally, TACC p-null mutant axons
(20.20 = 1.150 N=168) spent 42% more time pausing compared to controls (11.67 £ 1.002 N=183,
*#%*p) and 27% more compared to TACC wt 14.67 £0.9787 N=218, ***p) (Fig 4.7D, orange dots).
They also tended to retract more frequently: 39% compared to controls (6.125 + 0.8957 N=183)
and 30% compared to TACC wt (7.098 + 0.6700 N=218) (Fig 4.7D, red dots, Supplemental Movie
25). TACC wt expressing axons also demonstrated less forward movement compared to control
(by 5%) but it was not statistically significant. TACC wt also showed slightly more pausing (by
21%) and retraction (by 13%) but, again, the difference was not significant with those parameters

either (Fig. 4.7D).
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Figure 4.7 TACC tyrosine p-null mutant expressing axons grow less persistently thereby grow
shorter axons compared to TACC wt axons

(A) Quantification of axon length in cultured neural tube explants shows TACC p-null mutant expressing
neurons grow axons shorter by 16.8% compared to control and 34% compared to TACC wt, while TACC
wt expressing explants grow axons longer by 12.8% compared to control. (B) Measurement of axon forward
movement velocity showing TACC wt increases axon forward movement velocity by 10% compared to
control while TACC p-null mutant increases by 8%. (C) Representative phase contrast image montage of
an axon depicting phases of forward movement, retraction and pause. (D) Plot showing the percentage of
forward movement (green), pause (orange) and retraction (red) of axon growth. TACC p-null mutant
expressing axons spend 18% less time moving forward compared to control and 12% compared to TACC

90



wt (green dots). TACC p-null mutant axons (20.20 £ 1.150 N=168) spent 42% more time pausing compared
to control and 27% compared to TACC wt (orange dots). They also tend to retract more frequently; 39%
compared to control and 30% compared to TACC wt. (E) Representative image of an axon growth track
depicting displacement and distance traveled between t=0 and t=1h 25min (F) Plot showing the directness
of axon growth. TACC p-null mutant axons grow 12% less directly compared to TACC wt) and 17%
compared to control axons. TACC wt axons also grow 5% less directly compared to control but it was not
significant. The asterisk (*) indicates statistical significance with a < 0.05 * P <0.05, ** P < (.01, **** p
< 0.0001, ns: not significant, from an ANOVA analysis comparing multiple conditions with Tukey’s post
hoc analysis. Values given are mean of normalized data pooled from independent experiments.

In addition to pause and frequency rates, we also examined the directness of axon
outgrowth. The still images of neural tube explants that were used to measure axon length shows
the displacement of an axon. However, axons do not necessarily follow a linear trajectory as they
grow. In fact, they often spend time wandering, which is part of their exploratory behavior.
Therefore, the directness of growth can be determined by dividing the displacement distance by
the total distance traveled (Fig. 4.7E). We found that TACC p-null mutant axons (0.5353 = 0.01649
N=179) grow 12% less directly compared to TACC wt (0.6012 £ 0.01575 N=195) and 17% less
compared to control (0.6313 £0.01813 N=192) axons. TACC wt axons also grow 5% less directly
compared to controls but it was not significant (Fig. 4.7F).

These data suggest that while axon growth speed is not affected by TACC tyrosine
phospho-null mutations, growth persistency, which is determined by pause and retraction
frequency, and growth directionality, seemed to be impaired in TACC p-null mutant expressing
axons. Thus, this could explain the shorter axon length that we observed in TACC p-null mutant-

expressing neural tube explants.

4.2.5 TACC tyrosine phospho-null mutants increase the number of filopodia that contain

microtubules

Dynamic regulation of microtubules is key to growth cone protrusion and, thus, axon

outgrowth. It is intriguing that while the TACC p-null mutant is able to increase microtubule
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growth speed and length, it fails to promote axon growth. Moreover, axons of neurons expressing
TACC p-null mutant tend to stop and retract more frequently compared to those expressing wild-
type TACC. Additionally, we observe that their growth is less directed compared to TACC wt and
controls. An inverse correlation between growth cone advance rate and growth cone size has been
reported previously (Ren and Suter, 2016). Enlarged growth cones are often associated with slowly
protruding and less dynamic growth cones. Therefore, we became interested in examining the
growth cone size, along with other morphological features, to see whether increased pause and
retraction rates in TACC p-null mutant-expressing growth cones might exhibit changes in growth
cone morphology. We initially examined the growth cone area (Fig, 4.8a), filopodia length (Fig,
4.8b), and filopodia number (Fig, 4.8c) in cultured neural tube explants that are fixed and stained
for microtubules (tubulin) and actin (phalloidin) followed by high resolution Structured

[llumination Microscopy (SIM) imaging

Figure 4.8 Representative
a. SIM image of a fixed growth

cone.
Growth

The growth cone stained with
tubulin for labeling
microtubules (magenta) and
phalloidin for labeling actin
(green) showing the
morphological features;
growth cone area (a), filopodia
length (b) and filopodia
number (¢) examined.

Filopodia
number

Actin
Microtubule
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We found no significant difference in any of the morphological features examined (Fig. 4.9 A-C).
The average growth cone area of TACC mutant (406.5 + 37.17 um, N=88) expressing growth
cones was 13% smaller than control (432.6 + 39.62 um, N=77) and 6% larger than TACC wt
(382.5 = 30.17 um, N=94) (Fig. 4.9A). The average filopodia number did not differ across
conditions either. TACC p-null mutant growth cones had an average of 6.9 + 0.4130 N=93
filopodia which was 10% less than control growth cones (7.6 + 0.4510 N=89) while TACC wt had
9% fewer filopodia than control (7.0 + 0.3812 N=101) (Fig. 4.9B). The average filopodia length
in TACC p-null mutant growth cones was 17.03 + 0.8448um, N=113, while it was 16.07 + 0.7707
pm, N=119 in control growth cones, and 15.96 = 0.5079 um, N=126 in TACC wt expressing
growth cones (Fig. 4.9C). While average filopodia number was similar among conditions, the
number of filopodia that contained microtubules was found to be significantly higher in the TACC
p-null mutant expressing growth cones. Almost 30% of the filopodia had microtubules in the
TACC p-null mutant growth cones (29.13 + 2.932 percent of total filopodia examined, N=82),
which is 63% more than control growth cones (10.92 + 2.011 percent of total filopodia examined,
N=90), that had only 11% of their filopodia invaded by microtubules. TACC wt-expressing growth
cones also had a greater number of filopodia with microtubules (25.82 + 2.446 N=92) compared
to controls. While not significant, TACC p-null growth cones had 11% more filopodia with
microtubules compared to TACC wt (Fig. 4.9F). Although we observed increased pausing with
TACC mutant-expressing axons, our data on growth cone morphology do not suggest any
correlation between growth cone morphology and axon growth. However, the increased number
of filopodia with microtubules could relate to the increased rates of microtubule growth tracks that

we identified earlier.
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Figure 4.9 TACC tyrosine phospho-null mutants increase number of filopodia with microtubules

(A-C) The average growth cone area of TACC mutant (406.5 £ 37.17 um, N=88) expressing growth
cones was 13% smaller than control (432.6 &+ 39.62 um, N=77) and 6% larger than TACC wt (382.5 £
30.17 um, N=94) (A). TACC p-null mutant growth cones had an average of 6.9 + 0.4130 N=93 filopodia
which was 10% less than control growth cones (7.6 + 0.4510 N=89) while TACC wt had 9% fewer
filopodia than control (7.0 + 0.3812 N=101) (B). The average filopodia length in TACC p-null mutant
growth cones was 17.03 £ 0.8448um, N=113, while it was 16.07 + 0.7707 um, N=119 in control growth
cones, and 15.96 + 0.5079 um, N=126 in TACC wt expressing growth cones (C). Almost 30% of the
filopodia had microtubules in the TACC p-null mutant growth cones (29.13 + 2.932 percent of total
filopodia examined, N=82, E), which is 63% more than control growth cones (10.92 +2.011 percent of
total filopodia examined, N=90, D), that had only 11% of their filopodia invaded by microtubules. TACC
wt-expressing growth cones also had a greater number of filopodia with microtubules (25.82 + 2.446
N=92) compared to controls. While not significant, TACC p-null growth cones had 11% more filopodia
with microtubules compared to TACC wt (F).
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4.2.6 TACC tyrosine phospho-null mutant expressing-axons are more responsive to

repellent guidance signals

We have previously tested TACC3 downstream of Slit2 and found that growth cones
overexpressing TACC3 were more resilient to bath-applied Slit2-induced growth cone collapse
compared to control growth cones (Erdogan et al., 2017).While bath application of guidance
proteins is useful to test how manipulation of protein levels would alter the growth cone’s reaction
(read out as morphological changes) to an applied guidance molecule, it does not convey
information regarding the ability of the growth cone to make guidance choices such as steering. In
order to test that, we utilized an approach where the repellent guidance protein Ephrin-AS5 is coated
on a glass coverslip in zigzag patterns and neural tube explants are cultured on top of these cue-
coated coverslips. After 12-18 h of culturing, explants are fixed and stained for tubulin and actin
to examine axon responsiveness to Ephrin-A5. The responsiveness is scored based on how many
of the axons that grow out from the given explant preferred to stay on the Ephrin-AS free (growth
permissive) surface versus how many of them cross that barrier and grow on the Ephrin-AS (non-
permissive) surface.

We found that control neural tube explants (Fig. 4.10A), composed of a heterogeneous
population of neurons, do not show a preference towards a particular surface and grow axons on
both permissive (Ephrin-AS5 free) and non-permissive (Ephrin-AS5) surfaces equally (Fig. 4.10D;
Control - off, 50.01 £2.930 N=55; Control- on, 49.99 + 2.930, respectively). However, TACC wt
over-expressing neural tube explants (Fig. 4.10B) show a preference for the permissive surfaces,
as they grow 25% more axons on permissive surfaces (Fig. 4.10D; 57.18 +£2.683 N=62, TACC wt
- off) compared to the Ephrin-AS5 coated surface (TACC wt - on, 42.82 + 2.683 N=62). TACC p-

null mutant (Fig. 4.10C), on the other hand, how an even stronger preference for the permissive
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surface, as they grow 41.3% more axons on the permissive surface (Fig. 4.10D; TACC mut -
off,63.02 = 3.036 N=42) compared to the Ephrin-AS5 coated non-permissive surface (TACC mut -
on, 36.98 + 3.036 N=42). Together, these data suggest that expression of the TACC domain with
the non-phosphorylatable tyrosine residues are less able to grow on the Ephrin surface and are thus

more responsive to the Ephrin-AS5 repellent guidance cue activity.

Control

Tubulin

per explant
S
g

204

percentage of growth cones on / off stripes

Phalloidin S & & &

Tubulin

Figure 4.10 TACC tyrosine phospho-null mutants are more resistant to repellent guidance signals

(A-C) Immunofluorescence images of control (A). TACC wt (B) and TACC p-null mut (C) labelled with phalloidin
(green) to label growth cones and tubulin (red) to label axons showing axon responsiveness to Ephrin-AS coated
zigzag surfaces (green). (D) Quantification of the number of axons on permissive (Ephrin-A5 free) versus non-
permissive (Ephrin-AS5) surfaces. Control neural tube explants does not show a preference between permissive versus
non-permissive surfaces and grow axons on both surfaces equally (Control - off, 50.01 &+ 2.930 N=55; Control- on,
49.99 +2.930, respectively). TACC wt expressing neural tube explants grow 25% more axons on permissive surfaces
(57.18 £2.683 N=62, TACC wt - off) compared to Ephrin-AS5 coated surface (TACC wt - on, 42.82 + 2.683 N=62).
TACC p-null mutants grow 41.3% more axons on permissive surface (TACC mut - off,63.02 + 3.036 N=42) compared
to Ephrin-AS5 coated non-permissive surface (TACC mut - on, 36.98 + 3.036 N=42).

96



4.3 Discussion

4.3.1 Abelson kinase induces phosphorylation of TACC3

In this study, we sought to examine the impact of TACC3 tyrosine phosphorylation on its
interaction with microtubules and regulation of axon outgrowth and guidance. We showed that co-
expressing TACC3 with Abelson kinase in HEK293 cells induces TACC3 tyrosine
phosphorylation, as evident by the phospho-tyrosine signal we obtained by Western blot. Our
Western blot analysis also shows that phosphorylation of TACC3 happens only in the presence of
Abelson, as we do not observe any phospho-tyrosine signal when TACC3 is expressed alone or
with Fyn, which is another tyrosine kinase (Fig. 4.1).

Interestingly, creating single or combinatorial phospho-null mutations at tyrosine residues
that we identified as potential targets for Abelson did not show any changes in phospho-tyrosine
signal levels (Fig. 4.2) observed with Western blot. In an attempt to identify the source of tyrosine
phosphorylation, we tested other tyrosine residues and focused specifically on the ones in the
TACC domain (Fig. 4.3), positioned at the C-terminal of TACC3 and which is responsible for
microtubule plus-end tracking and interaction with its well-studied partner, microtubule
polymerase XMAP215. The TACC domain possesses 6 tyrosine residues with two of them (Y759
and Y762, aa location given based on full length protein) identified as Abelson targets from the
mass-spec analysis and three of them (Y832, Y846 and Y857) predicted as putative targets for Abl
via in silico analysis. Intriguingly, mutating all these tyrosines into non-phosphorylatable
phenylalanine did not cause any reduction in the phospho-tyrosine signal level as evident by the
Western blot (Fig. 4.4A-B). In spite of the lack of any tyrosines in the TACC domain, it was
intriguing to use that there was still a phospho-tyrosine signal in the Western blot. The only

possible source of phosphorylatable tyrosine was GFP that is tagged to the TACC domain.
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Tyrosine phosphorylation of GFP has not been reported previously, to our knowledge, nor does in
silico phosphorylation prediction identify any sites by which kinases might target GFP. However,
expression of GFP with Abelson clearly showed a strong phospho-tyrosine signal (Fig. 4.4 C-D)
suggesting that GFP might be contributing to the phospho-tyrosine signal that we have been

observing in GFP-TACC.

4.3.2 Tyrosine residues within the TACC domain are important for TACC localization to

microtubules

The impact of phosphorylation on the interaction between +TIPs and microtubules has
been studied for several +TIPs, such as CLASP (Hur et al., 2011; Kumar et al., 2012; Kumar et
al., 2009; Watanabe et al., 2009), APC (Zhou et al., 2004), ACF7 (Wu et al., 2011), EB1 (Zhang
et al., 2016). Here, we demonstrated that tyrosine residues within the TACC domain of TACC3
are important for maintaining the interaction between TACC3 and microtubules. The TACC
domain with all tyrosine residues mutated into phenylalanine remains mostly cytoplasmic, while
TACC wild-type localizes to microtubules. It should be noted that the wild-type TACC domain,
in contrast to full-length TACC3 (which shows primarily plus-end binding), shows strong lattice
binding in addition to plus-end localization. Consistent with our previous observations (Nwagbara
et al., 2014), this suggest that N-terminus of TACC3 is important for restricting TACC3
localization to the microtubule plus-ends.

+TIPs track microtubule plus-ends either autonomously, through recognition of the
growing microtubule structure, or non-autonomously, through an interaction with another plus-
end tracking protein such as end-binding (EB) proteins. Although the mechanism of how TACC3
tracks plus-ends is not fully resolved, EB-dependent plus-end tracking can be ruled out as TACC3

does not contain a SxIP motif (serine- any amino acid- isoleucine-proline) that is required for EB
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binding. It is believed that TACC3 tracks microtubule plus-ends through its interaction with
XMAP215, which is mediated by the TACC domain (Kinoshita et al., 2005; Mortuza et al., 2014;
Peset et al., 2005). Therefore, it is possible that the impaired interaction between microtubules and
TACC p-null mutant could be arising due to a change in TACC3’s ability to interact with
XMAP215.

The TACC domain consists of two coiled-coil domains which means that the sequence
follows heptad repeats. Presence of these coiled-coil domains are responsible for TACC3’s
oligomerization, which is important for TACC3’s function and its interaction with XMAP215
(Mortuza et al., 2014; Thakur et al., 2014). Using Multicoil, a coiled-coil prediction program, we
looked at whether tyrosine-to-phenylalanine mutations might have altered coiled-coil formation or
dimerization of TACC domain. Based on this prediction, it seemed as though the TACC phospho-
null mutant is still able to dimerize and form a coiled-coil (Fig. 4.11), suggesting that the

interaction between XMAP215 and TACC phospho-null mutant might be retained.

Although in silico analysis suggests that switching from phosphorylatable tyrosine to non-
phosphorylatable phenylalanine does not impact TACC3’s coiled-coil structure, reduced
interaction between phospho-null TACC mutants and microtubules might be explained by a
change in electrostatic interactions between the two. While this could be a possibility, negative
charges introduced via phosphorylation often cause dissociation of proteins off the microtubule
(Hur et al., 2011; Iimori et al., 2012) which is already loaded with negative charges due to
negatively charged residues at the C-terminus of tubulin. While our findings suggest that the
tyrosine residues of TACC domain are important for mediating TACC3’s interaction with
microtubules, the exact mechanism of how they are involved in this interaction remain to be

determined.
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Figure 4.11 In silico prediction of oligomerization of TACC domain wild-type and
TACC p-null mutant

(A-B) TACC wt and p-null mutant aminoacid sequence were subjected to coiled-coil and oligomerization
prediction using MultiCoil software. Oligomerization probability (score is given on the y-axis) of TACC
wild-type is shown at the top panel (A) and TACC p-null mutant is shown at the bottom panel (B). Red
line; probability of timerization, dashed line; probability of dimerization, black line; total probability
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4.3.3 TACC p-null mutant impairs microtubule localization yet enhances microtubule

growth parameters

In spite of an absence of an interaction between TACC domain phospho-null mutants and
microtubules, TACC p-null mutants are intriguingly still able to influence microtubule dynamics
behavior by increasing microtubule growth velocity by 10% and growth length by 17% compared
to controls (Fig. 4.6 A-C), although the effects do not differ significantly from TACC wild-type,
suggesting that TACC might be able to regulate microtubule dynamics independent of its plus-end
tracking activity.

The software (plusTipTracker) that we use to assess microtubule dynamics extracts
information regarding microtubule growth parameters by tracking the exogenously expressed
fluorescently tagged MACF-43 that only binds growing microtubule ends. Therefore, only forward
microtubule movement would be tracked. However, microtubules advance forward due to
microtubule polymerization as well as due to reduced retrograde flow. Since TACC p-null mutant
does not interact with microtubules as well as TACC wild-type does, we initially thought that
increased microtubule growth speed and length could be due to reduced retrograde flow.
Microtubules in the growth cone periphery can track along F-actin bundles by transiently coupling
to them. As a result of this coupling, microtubules also experience retrograde flow as actin
filaments are pulled backwards through myosin-II activity in the transition zone. This actin
coupling-mediated retrograde flow will restrain microtubule advance in the growth cone, hence, it
will slow down the forward movement speed of the fluorescent marker at the MT plus-end.
Therefore, more frequent transient de-coupling of microtubules from actin retrograde flow will

increase microtubule advance rate.
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In light of this study, we hypothesize that the TACC phospho-null mutant might be
interfering with MT/ F-actin coupling, thereby promoting frequent MT/F-actin decoupling and,
hence, reduced MT rearward movement. The distribution of the MT tracks within the growth cone
can be a predictor of the level of coupling between microtubules and F-actin. MACF-43 comets
that mark the growing microtubule ends often follow a trajectory which can also coincide with the
location of F-actin bundles. The linearity and persistence of these trajectories can indicate whether
microtubules are tracking along F-actin bundles or not. However, by examining maximum
projection of MACF-43 comets from control, TACC wild-type and phospho-null mutants, we note
that the tracks do not seem to differ from each other (Fig. 4.6 D-F), suggesting that microtubules
in TACC p-null mutant-expressing growth cones might still be able to track along F-actin bundles.

Nevertheless, in order to explain increased MT growth speed and length induced by TACC
p-null mutants, this hypothesis should be further tested by performing quantitative speckle

microscopy to see whether microtubule movement correlates with actin retrograde flow rates.

4.3.4 TACC p-null mutant axons are shorter due to increased pausing and retraction

Microtubule advance within the growth cone is important for consolidating and driving
growth cone forward movement (Lowery and Van Vactor, 2009). Intriguingly, despite increasing
microtubule growth speed and length, our data shows that TACC p-null mutant-expressing axons
of cultured neural tube explants grow shorter in spite of slightly higher axon forward velocity rates
compared to control. When we further examined other axon outgrowth parameters, we found that
TACC phospho-null mutants tend to pause and retract more frequently compared to TACC wild-
type and controls (Fig. 4.7 D). Additionally, mutant axons tend to grow with less directionality

(Fig. 4.7F).
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In an attempt to seek further explanation to axon outgrowth behavior, we examined growth
cone morphology, since growth cone morphology can often predict the growth behavior of axon
(Ren and Suter, 2016). For example, increased growth cone size is often associated with frequently
pausing or slow growing axons. Although we did not see a significant difference in growth cone
size, filopodia length, or number among conditions (Fig. 4.9 A-C), there was a significant increase
in the number of filopodia with microtubules in the TACC p-null mutant-expressing growth cones
(Fig. 4.10F).

We know that microtubule can play an instructive role in growth cone directional motility.
Having more filopodia with microtubules might generate more alternative routes for the growth
cone to extend, which could result in more pausing for decision making and could also cause the
growth cone to wander more, which would result in less directed movement. Additionally, contrary
to what we speculated earlier, there might be an increased microtubule/ F-actin coupling which
would enable microtubules to track along F-actin into the filopodia. In fact, increased coupling
could also explain increased retraction rates. As noted earlier, actin filaments in the growth cone
are subjected to rearward translocation also known as retrograde flow, due to myosin II activity.
The retrograde flow of actin filaments can be attenuated when the F-actin cytoskeleton engages
with receptors at point contact sites. This interaction acts as a molecular clutch that will restrain
actin retrograde flow, while continuing actin polymerization will generate the force to allow
membrane protrusion, thereby growth cone advance. The growth cone retracts when actin
retrograde flow fails to be attenuated, which is also an indication of poor surface adhesion. It is
known that dynamic microtubules play an important role in facilitating focal adhesion dynamics
by transporting molecules that are involved in of focal adhesion turnover (Stehbens and Wittmann,

2012). Several MT plus-end binding proteins have been studied for their association with adhesion
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sites (Stehbens et al., 2014; Zhang et al., 2016). Therefore, by facilitating microtubule protrusion
into the filopodia, the TACC p-null mutant domain might be playing an indirect a role in adhesion
dynamics.

A potential role in point contact regulation can also explain avoidance of EphrinA5-coated
repellent substrates. Filopodia with microtubules could be more sensitive to cues, due to the
microtubule-mediated signal trafficking, thereby affecting the interaction with the underlying
substrate. Moreover, as speculated earlier, having more filopodia with MTs could generate more
alternative routes; thus, when the growth cone encounters a non-permissive substrate, it could pick
one of these alternative routes and steer away from the repellent source.

In conclusion, we have demonstrated that tyrosine residues within the TACC domain,
which is the domain important for mediating microtubule plus-end tracking behavior, are
important for localizing the protein to microtubules, regulating axon outgrowth parameters and
making guidance decisions. Given the increased number of microtubules in the filopodia when the
TACC domain is over-expressed, we hypothesize that the tyrosine residues in the TACC domain
might be involved in regulating a potential TACC-mediated interaction between microtubules and
F-actin. Such an interaction has not been proposed for TACC3 before, however, there are studies
that might offer a potential interaction between TACC3 and the actin cytoskeleton. A proteomic
screen previously identified an interaction between TACC3 and actin regulator proteins Ena/VASP
(Hubner et al., 2010). Additionally, the close interactor of TACC3, XMAP215, has recently been
shown to interact with actin and mediate microtubule/F-actin coupling in growth cones (Slater et
al., 2019), which makes TACC3 a candidate to be involved in actin cytoskeleton interaction either

direct or indirectly.
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Although we initially hypothesized that the increased microtubule growth speed and length
which we observed with TACC p-null mutants could be due to reduced MT rearward movement
induced by frequent MT/F-actin decoupling, this hypothesis may not fully align with the increased
number of filopodia with microtubules. Therefore, while reduced MT rearward movement may
still be happening, increased microtubule growth speed and length could also be due to increased
microtubule polymerization, which we previously disregarded due to TACC p-null mutant’s
cytoplasmic localization. However, it is possible that the TACC p-null mutant could increase MT
growth by opposing a negative regulator of microtubule polymerization, thereby increasing
microtubule growth parameters in an indirect fashion. In fact, such a function for TACC3 has been
previously identified. Kinoshita et al. suggests that presence of TACC3 is important for targeting
TACC3- XMAP215 to the centrosome to overcome microtubule depolymerizing activity of
MCAK at that location.

Finally, in addition to tyrosine phosphorylation, serine/threonine phosphorylation sites
would be worthwhile to explore, given that there are several S/T kinases that operate under
guidance cues, such as GSK3, which is a well-studied S/T kinase that is already shown to
phosphorylate various +TIPs and modulate MT dynamics. Future work can further explore
whether TACC3 is targeted by S/T kinases and whether S/T phosphorylation would affect
TACC3’s function in a similar way, which could shed light on differential and asymmetric
regulation of microtubule dynamics under different guidance signals.

4.4 Materials and Methods

4.4.1 Embryos
Eggs collected from Xenopus laevis were fertilized in vitro and kept between at 13-22°C in 0.1X

Marc’s Modified Ringer’s (MMR). All experiments were approved by the Boston College
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Institutional Animal Care and Use Committee and were performed according to national
regulatory standards.

4.4.2 Culture of embryonic explants

Neural tubes of embryos staged according to Nieuwkoop and Faber were dissected at stages
between 20-21 as described previously (Lowery et al., 2012). Neural tube explants were cultured
on MatTek glass bottom dishes coated with poly-L-lysine (100 pg/ml) and laminin (20 pg/ml).
Culture media prepared by mixing L-15 Leibovitz medium and Ringer’s solution supplemented
with antibiotics NT3 and BDNF to promote neurite outgrowth.

4.4.3 Constructs and RNA

Capped mRNAs were transcribed and purified as previously described (Lowery et al., 2013;
Nwagbara et al.,, 2014). TACC3 pET30a was a gift from the Richter lab, University of
Massachusetts Medical School, Worcester, MA and sub-cloned into GFP pCS2+. Tyrosine
phospho-null mutations were introduced into wild-type GFP-TACC3 by using overlapping
extension PCR method with appropriate primers designed to substitute tyrosine residues with
phenylalanine to generate GFP-TACC3 6xYF. Wild-type and phospho-null mutants of TACC
domain were cloned from their full-length counterparts. MACF 43 (a gift from Hoogenraad Lab)
was sub-cloned into mKate2 pCS2+. Embryos either at the 2-cell or 4-cell stage were injected with
the following total mRNA amount per embryo; 100 pg of GFP-MACF43 as a control for GFP-
TACC3 and to analyze microtubule dynamics parameters. GFP-TACC3 full-length wild-type or
phospho-null mutant injected at 1000 pg. GFP-TACC wild-type or phospho-null mutant were

injected at 400pg.
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4.4.4 Immunocytochemistry

Embryonic explant cultures were fixed with 0.2% Glutaraldehyde as described (Challacombe et
al., 1997) and labelled with primary antibody (1:1000 diluted in blocking buffer made up by 1%
non-fat dry milk in calcium and magnesium free PBS) to tyrosinated tubulin [YL1/2] (rat
monoclonal, ab6160, Abcam) for 45 min at room temperature which is followed by PBS washes
repeated three times and 10 min of blocking. Goat anti-rat AlexaFluor568 (1:500, ab175476,
Abcam Technologies) was used as a secondary to tubulin and Phalloidin 488 (1:500, Molecular
Probes) was used to label actin. Both reagents are diluted in blocking solution and applied for 45
min at room temperature followed by PBS washes several times. 90% glycerol stock was used as
a mounting media for imaging.

4.4.5 Stripe Assay

The stripe assay is performed as described in Knoll et al 2007 (Kndll et al., 2007). 10 ug/ml of
Ephrin-A5/Fc (chimera human, Sigma, E0628) and 10ug/ml of Fc are mixed with 2.5 ug/ ml of
Anti-human IgG (Fc specific) FITC (Sigma, F9512) and Anti-human IgG (Fc specific)
respectively in PBS. Solutions are incubated at room temperature for 30 min to allow for
oligomerization. To coat coverslips with Ephrin-AS, a coverslip is attached to a zig-zag patterned
silicon matrix and Ephrin-AS5 solution is injected with a micropipet through the channel in the
silicon. Injected matrices are incubated at 37°C for 30 min and then rinsed with PBS several times
using the same injection method. After rinsing, coverslips are detached from the matrix and placed
in a culture dish and 100ul of second stripe solution (Fc only) is applied directly on the coverslip
and incubated at 37°C for 30 min. After incubation is over coverslips are rinsed with PBS and 20
ug / ml of 100ul laminin in PBS is applied on coverslips and incubated for 1h. After laminin

incubation coverslips are rinsed with PBS several times. 400ul of culture media is applied on
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coverslips and neural tube explants are placed on protein coated area and cultured for 24 h prior to
imaging.

4.4.6 Image acquisition and analysis

To assess axon outgrowth parameters, phase contrast images of axons were collected on a Zeiss
Axio Observer inverted motorized microscope with a Zeiss 20%/0.5 Plan Apo phase objective. For
axon outgrowth length, snap-shots of neural tube explants were taken 12-18h post culturing. Time-
lapse images were collected for 4 h with 5 min intervals and axon growth was manually tracked
frame by frame using Fiji Manual Tracking plugin. Axon growth velocity information is provided
by the Manual Tracking plugin but only the forward movement velocity was included in the
analysis. Axon outgrowth forward movement, pause and retraction frequencies (as a percentage of
total frames tracked) are scored manually tracking axons frame by frame.

High-resolution images of cultured spinal cord explants were obtained with a CSU-X1M 5000
spinning-disk confocal (Yokogawa) on a Zeiss Axio Observer inverted motorized microscope with
a Zeiss Plan-Apochromat 63x/1.40 numerical aperture lens. Images were acquired with an ORCA
R2 charge-coupled device camera (Hamamatsu) controlled with Zen software. For microtubule
dynamics and TACC localization experiments, images are time lapse images are acquired for 1
min with 2 s intervals.

Structured illumination super-resolution images were collected on a Zeiss Axio Observer.Z1 for
super-resolution microscope with Elyra S.1 system, utilizing an Objective Plan-Apochromat
63x%/1.40 oil (DIC). Images were acquired with a PCO-Tech Inc.pco.edge 4.2 sCMOS camera. The
images were obtained in a chamber at approximately 28°C and utilizing the immersion oil
Immersol 518F 30°. Channel alignment and structured illumination processing were applied to the

super-resolution images using the Zeiss Black program. Experiments were performed multiple
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times to ensure reproducibility. Graphs were made in GraphPad Prism. Statistical differences were
determined using unpaired two tailed t-tests when comparing two conditions and one-way analysis

of variance (ANOVA) with Tukey’s post-hoc analysis when multiple conditions were compared.
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Chapter 5

Discussion
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5.1 TACC3 is a microtubule plus-end tracking protein and regulates microtubule dynamics
in the growth cone

The dynamically unstable nature of microtubules poses great importance in regulation of
microtubule growth and shrinkage during cellular events which rely on instantaneous control of
their growth dynamics. Plus-ends of microtubules, in that regard, where growth and shrinkage
events are more pronounced, are critical for controlling the growth dynamics of microtubules. In
conjunction with this, proteins that localize at plus-ends bear great potential to regulate
microtubule growth dynamics.

In the second chapter, we identified a role for TACC3 as a microtubule plus-end tracking
protein in interphase vertebrate cells for the first time. Although a plus-end tracking behavior has
previously been proposed, based on studies performed in Drosophila and Dictyostelium, a deeper
characterization of its role in regulating the dynamicity of microtubules was lacking in vertebrate
cells. Moreover, while the majority of previous studies focused on identifying a role for TACC3
in the control of mitotic spindles during cell division, other cellular processes that demand high
microtubule activity remained largely unexplored. In this work, not only did we characterize a
microtubule plus-end function for TACC3, but also, we studied its role in regulation of growth
cone microtubule dynamics, which requires rapid changes in growth and shrinkage in order to
modulate the growth cone’s response to environmental signals to control growth cone motility.

One of the significant finding of this work was that, unlike other +TIPs, TACC3 localizes
to the outermost tip of the microtubule plus-ends, which overlaps with XMAP215 localization and
precedes EB1 localization. The mechanism of how TACC3 tracks plus-ends is still not fully
known, however, as it lacks EB binding motifs SxIP and CAP-Gly, this suggests that TACC3 plus-

end tracking is independent of EB proteins. Additionally, unlike EB proteins, which only track
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growing microtubule ends, we found that TACC3 tracks microtubule ends at all states; including
growth, shrinkage and pause, with increased preference for growing microtubules, which further
suggests that TACC3 localization is independent of EB. Given that TACC3 localization overlaps
with XMAP215, it is possible that TACC3 is recruited to microtubule plus-ends through its
interaction with XMAP215. This co-localization at the microtubule plus-ends seemed to happen
in a co-dependent manner; meaning that levels of TACC3 affected the level of XMAP215 at
microtubule plus ends, and vice versa. Since we still do not know how TACC3 tracks plus-ends,
the increased XMAP215 levels at the plus-ends could be due to increased protein stability or
affinity of XMAP215 for microtubules mediated by the interaction between XMAP215 and
TACCS3, rather than direct recruitment of XMAP215 to the plus-ends by TACC3.

In addition to characterizing its localization, we showed that reducing TACC3 levels by
50% resulted in an 11% reduction in microtubule growth speed, while its ectopic expression
resulted in significantly faster growing microtubules in the growth cones. Taken together, our
findings suggest that the association of TACC3 and XMAP215 at microtubule plus-ends in a co-
dependent manner could correlate with changes we observe in microtubule dynamics.

In addition to microtubule growth dynamics, we have also observed a correlation between
TACC3 levels and axon growth length in cultured spinal neurons. Although axon growth is more
complicated to be explained than simply by increased microtubule growth, TACC3 as a regulator
of microtubule growth offers a great venue to further explore its role in axon growth, which is

explored in Chapter 3.
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5.2 TACC3 is a potential regulator of axon outgrowth and guidance

Characterization of TACC3 as a microtubule plus-end tracking protein and discovering
that it promotes microtubule growth and axon elongation in developing Xenopus neurons led us to
then further investigate the mechanisms behind these functions. In Chapter 3, we began with
examining the mechanism of axon growth length controlled by the levels of TACC3. Surprisingly,
axon growth velocity was reduced in both TACC3 knockdown (KD) and TACC3 over-expressing
axons; however, axon retraction rates were significantly lower in TACC3 over-expressing axons
while it was increased with TACC3 KD. Together, these data suggested that TACC3 induces axon
growth by promoting more persistent growth rather than increasing the growth speed. Axon
retraction events involve regulation of actin cytoskeleton dynamics and surface adhesion
turnovers. The reduced retraction rates we observed with TACC3 overexpression further raised
the possibility that TACC3 might participate in regulating actin dynamics in the growth cone.
Since TACC3 has been identified as an interactor of CLASP, which is a well-studied actin-
interacting +TIP and shown to participate in focal adhesion turnover during cell migration, the
function of TACC3 should be explored in these areas, as well.

In Chapter 3, we also sought to further understand the increased microtubule growth rates
that we observed with TACC3 overexpression. Microtubule stability is one way to control
microtubule growth. While increased microtubule stability perturbs the dynamic nature of
microtubules and halts the growth, moderate stabilization can ensure persistent microtubule
growth. Combining TACC3 protein level manipulations with low levels of the microtubule
depolymerizing agent nocodazole, we aimed to test the resistance of microtubules to the growth
ceasing impacts of nocodazole. We found that TACC3 overexpressing growth cones are more

resistant to reductions in microtubule growth parameters induced by nocodazole application.
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Nocodazole exerts its microtubule growth-reducing effect by sequestering tubulin dimers and
reducing free tubulin levels necessary for microtubule polymerization. We propose that the
increased XMAP215 levels at plus-ends that occur with TACC3 overexpression (that we identified
previously) could compete with nocodazole for free tubulin, thereby continuing microtubule
polymerization more efficiently compared to control growth cones.

We also tested the impact of the cooperation between TACC3 and XMAP215 on axon
growth parameters and found that TACC3 and XMAP215 interact to promote axon outgrowth.
Partial knockdown of both proteins resulted in further reduction in axon outgrowth, suggesting a
synergistic interaction between the two proteins. Overexpression of both proteins, however, did
not show any further enhancement compared to XMAP215 overexpression alone, suggesting that
an upper threshold might have been achieved with XMAP215 overexpression. As a microtubule
polymerase, XMAP215 can play a more critical role while TACC3 might be supporting
XMAP215. We found a superior role for XMAP215 in our rescue experiment where we observed
that XMAP215 overexpression was able to rescue reduced axon growth length caused by TACC3
KD. However, TACC3 overexpression was not sufficient to rescue XMAP215 KD to the control
levels, further suggesting that XMAP215 levels play a more critical role while TACC3 plays a
more accessory role.

In this chapter, in addition to seeking further explanation for TACC3’s role in microtubule
dynamics regulation and axon outgrowth, we examined a role for TACC3 in axon guidance. Slit2
is a repellent guidance protein that acts along the neural tube midline during embryonic
development to ensure that axons that cross the neural tube midline can extend on the contralateral
side without crossing back. Slit2 has been tested with Xenopus laevis spinal neurons before and

has been shown to induce growth cone collapse (Stein and Tessier-Lavigne, 2001). In our
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experiments, we found that TACC3 overexpression can reduce the number of collapse events
compared to control growth cones. While in some cases, growth cone collapse involves filopodia
and lamellipodia retraction with microtubules remaining intact prior to the collapse event, in other
more severe cases, microtubules can undergo catastrophe as well, resulting in axon retraction prior
to the growth cone collapse. One possibility is that TACC3 counteracts Slit2-induced collapse due
to increased microtubule stability that TACC3 provides as a result of its interaction with
XMAP215. As discussed previously, XMAP215 levels increased with TACC3 could provide more
sustained and efficient microtubule growth rates while the actin cytoskeleton undergoes
depolymerization. Microtubules are known to traffic actin associated proteins involved in actin
polymerization, such as RACI1, CDC42 Arp2/3 (Tojima et al, 2011). Moreover, actin
polymerization from microtubule plus-ends has been studied in plants and yeast and more recently
defined in in vitro reconstitution systems (Henty-Ridilla et al., 2016). Presence of more resistant
microtubules, therefore, might provide support by both transporting actin associated proteins and
also by promoting localized actin polymerization from microtubule plus-ends, all of which require
dynamic microtubules capable of growing and extending into the growth cone periphery.
Therefore, by ensuring microtubule stability and growth, TACC3 can provide resistance for
microtubules and perhaps recovery from the devastating effect of repellent cue activity on the actin
cytoskeleton.

As a microtubule plus-end tracking protein, TACC3’s association with microtubules,
therefore, is important to exert these functions. Thus, Chapter 4 is devoted to exploring the impact
of phosphorylation, induced by guidance signals, on TACC3’s ability to interact with

microtubules.
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5.3 TACC domain phosphorylation as an important regulator of TACC3’s function

Phosphorylation is one of the well-studied post-translational modifications that +TIPs
experience. As discussed earlier, phosphorylation of +TIPs can happen in a spatially-controlled
manner in cells to modulate microtubule dynamics locally and asymmetrically during cell
migration or in the growth cone in response to growth factors to ensure directed axon growth. The
impact of phosphorylation can be experienced by a change in a protein’s capacity to interact with
its partners, which could be due to a change in its electrostatic status or a change in conformation
that blocks the interacting sites. Phosphorylation increases the overall negative charge of the
protein, which can interfere with the interaction between the protein and the negatively charged
microtubule. In our case, mutating tyrosine residues in the TACC domain into non-
phosphorylatable phenylalanines resulted in loss of interaction between the TACC domain and the
microtubules, leaving the mutant TACC protein mostly cytoplasmic. Although we don’t know the
exact mechanism of how TACC3 tracks microtubule plus-ends, it has been suggested that it
happens through its interaction with XMAP215 and minimal domains necessary for this interaction
has been studied by Mortuza et al. (Mortuza et al., 2014). These minimal XMAP215-interacting
domains of TACC3 reside in the TACC domain and spans a 220 aa region that falls in between aa
711 and aa 931, which includes the tyrosine residues Y725, Y759, Y762, Y832 and Y846 that we
tested. Therefore, we speculate that the failure in plus-end tracking could be due to a failure in the
interaction between the TACC domain and XMAP215, which is currently being investigated by
co-immunoprecipitation assays.

Additionally, we looked at whether the structure of the TACC domain, which forms a
coiled-coil and often dimerizes, might have been disturbed by the mutations that we introduced.

In silico analysis performed with coiled-coil and dimerization prediction sites (MultiCoil) revealed
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that the TACC domain with tyrosine mutations seemed to be able to form dimers and, in fact, the
sites that we have mutated mostly remain outside of the heptad repeats that promote the coiled-
coil formation. Although we don’t know the mechanism of how tyrosine mutations leads to
disruption of the interaction with microtubules, we found that these mutations have some
consequences on TACC3’s role in microtubule dynamics and axon outgrowth. Our data suggested
that, despite not being able to interact with microtubules, TACC phospho-null mutants increase
microtubule growth rates to a similar extent as compared to the wild-type TACC domain. More
interestingly, even though the microtubule growth rates were increased, axon outgrowth length
was reduced when the TACC phospho-null mutant was over-expressed. Our data suggests that
shorter axons could be due to increased pause and retraction events that TACC phospho-null-
expressing axons experience, in addition to increased wandering that results in less directed
movement. These observations, along with our finding of increased numbers of filopodia invaded
by microtubules, led us to propose a role for the tyrosine mutations in the regulation of
microtubule-actin crosstalk. At first, it was plausible to think that the increased microtubule growth
rates could be due to a reduction in microtubule rearward movement. Microtubules experience
rearward movement when they are coupled to actin that undergoes retrograde flow. Therefore, we
thought that overexpression of the TACC phospho-null mutant somehow might be reducing the
coupling between the two polymers, thereby freeing microtubules from the actin retrograde
moving forces. However, this idea was later challenged with the observation that TACC phospho-
null mutant expressing growth cones were found to possess more filopodia with microtubules,
suggesting that, on the contrary, there might be an increase in coupling between the two polymers.
This hypothesis could also explain the increased pause and retraction rates we found with TACC

phospho null mutants.
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Although tracking along F-actin bundles can guide growing microtubules into the growth
cone periphery, extensive retrograde flow employed on F-actin can also halt microtubule advance
unless F-actin bundles are coupled to the extracellular matrix via integrin receptors and point
contact (focal adhesion) adaptor proteins, which altogether attenuate actin retrograde flow. The
retrograde flow mechanism therefore offers two potential roles for the TACC phospho-null mutant.
One is that the TACC phospho-null mutant might be increasing the coupling between microtubule
and F-actin bundles, therefore exposing microtubules to more retrograde flow that results in more
frequent pause and retraction. The second role could be an indirect one, where the TACC phospho-
null mutant could play a role in point contact turnover by either reducing the number of contacts
or affecting their turnover rates, which at the end may impair the F-actin clutching to the
extracellular matrix and attenuate retrograde flow. A role in point contact formation may also help
to explain the increased avoidance of Ephrin repellent-coated substrates we observed with TACC
phospho-null mutant axons. Surface attachment is better when the growth cone travels through a
permissive surface. The TACC phospho-null mutant-expressing condition has significantly more
axons on Ephrin-free (permissive) surfaces, whereas in control conditions, there was no preference
towards one surface and axons tend to grow on both Ephrin (non-permissive) and Ephrin-free
(permissive) surfaces equally. TACC phospho-null mutant expressing growth cones may not be as
good at point contact formation overall as control growth cones, which could be advantageous
when encountering a non-permissive surface. Poor adhesion could result in increased avoidance
of the ephrin repellent cue.

Considering that its partner, XMAP215, has recently been shown to interact with actin and
involved in aligning microtubules along F-actin bundles (Slater et al., 2019), it is plausible to

suggest a role for TACC3 in microtubule/F-actin crosstalk as well. Moreover, in addition to
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XMAP215, TACC3 has also been identified to genetically interact with another microtubule-actin
crosslinker, CLASP. In fact, a more direct interaction has been demonstrated through a proteomic
screen, where TACC3 is identified to interact with Ena/VASP (Hubner et al., 2010), which is an
actin barbed end anti-capping protein that blocks the action of capping protein in order to allow
actin polymerization.

Overall, we have attempted to identify a role for Abl kinase-induced phosphorylation of
TACC3 in regulating microtubule dynamics, axon growth and guidance. Although, we have
demonstrated that Abelson kinase induces phosphorylation of TACC3 and identified tyrosine
residues targeted by Abelson, mutations at those identified residues did not seem to impede
TACC3’s interaction with microtubules. However, examination of other tyrosine residues in the
TACC domain, which might be targeted by other tyrosine kinases, suggested an important role for
these residues in regulating TACC3’s interaction with microtubules and its impact on axon

outgrowth and guidance.

5.4 Future Directions

We have characterized a microtubule plus-end tracking function for TACC3 for the first
time in vertebrate neuronal growth cones and identified roles for TACC3 in axon outgrowth and
guidance during Xenopus laevis embryonic development. However, there are still questions that

remain, and the following section will discuss some of these questions briefly.

5.4.1 Could TACC3 regulate microtubule dynamics locally under different signaling

pathways?

A major focus of this thesis was to identify a role for TACC3 during axon guidance under
guidance signals. We showed that TACC3 overexpression mitigated bath applied Slit2 repellent

guidance protein-induced growth cone collapse. However, the mechanism of how TACC3 exerts
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this function remains to be elucidated. Examining TACC3 phosphorylation and its impact on
TACC3’s function was an initial attempt to answer this question. However, to gain better insight,
localized changes should be examined since, in reality, growth cones will encounter and respond
to multiple signals at different levels at the same time. Therefore, stimulating growth cones with
different guidance signals asymmetrically and determining whether the localization of TACC3 in
the growth cone and the behavior of microtubules would be affected in response to those signals
would be interesting to pursue. This local and asymmetric modulation will be useful to test with
both attractant and repellent guidance proteins to see if TACC3 would have any preference for
mediating certain signals and how microtubules would accompany these changes.

Moreover, in addition to tyrosine kinase signaling pathways, serine/threonine kinases that
are known to operate downstream of guidance signals are worthwhile to explore. GSK3 kinase is
one candidate that is known to be an important factor to establish neuronal polarity and
asymmetrical axonal extension (Kim et al., 2011). Moreover, it has been studied under guidance
signals, such as Slit2 , sema3A, netrin and NGF (Kim et al., 2011) and shown to target several
+TIPs, including CLASP, which has been identified to interact with TACC3 genetically (Lowery
et al., 2010). The phosphorylation prediction site (NetPhos 3.1 server) also identifies putative
GSK3pB consensus sites in full-length TACC3, although with low scores remaining under the
threshold except for S638, which is located outside of the TACC domain and has a score above
the 0.5 threshold.

Identifying a role for TACC3 under different signaling cascades is not only important for
understanding its interaction with microtubules, but also with other +TIPs. Although wild-type
TACC3 localization is distinct compared to other +TIPs (TACC3 localization precedes EB1 and

co-localizes with XMAP215), some forms of phosphorylated TACC3 could localize differently
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and may compete with other +TIPs for microtubule binding. Additionally, phosphorylation could
induce a conformational change and promote novel interaction events. For example, although
TACC phospho-null mutants do not interact with microtubules, we observed an increase in
microtubule growth dynamics compared to control growth cones. It is possible that phospho-null
mutations may induce an interaction between the TACC mutant and another protein that would
impede microtubule growth. Therefore, it is possible that the TACC phospho-null mutant might
be promoting microtubule growth by sequestering anti-growth factors.

Overall, interaction of TACC3 with microtubules and other +TIPs should be identified

under different guidance and kinase signaling pathways for a more detailed understanding.

5.4.2 Could TACC3 regulate microtubule-actin crosstalk and point contact turnover?

This thesis started off with a focus on identifying TACC3’s impact on microtubule
dynamics regulation during axon growth and guidance. However, findings from Chapter 4 raised
the question of whether TACC3 could be involved in regulating the actin cytoskeleton in addition
to microtubules. This question has emerged with the finding of increased number of filopodia
within microtubules that we observed in TACC phospho-null mutant-expressing growth cones.
Since TACC phospho-null mutants do not interact with microtubules, it could play an indirect role
in this microtubule / F-actin crosstalk, perhaps by sequestering another factor that would impede
the interaction between microtubule and actin bundles. It is also possible that this indirect role
could be exerted through a potential role in point contact formation. This idea becomes prominent
with the finding of increased pause and retraction rates that we observed after expressing the
TACC phospho-null mutant, as pause and retraction rates are dependent on the contact made
between the growth cone and the extracellular matrix. Through a mechanism yet to be defined,

increased coupling between microtubules and F-actin, perhaps mediated by TACC phospho-null
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mutants, along with reduced point contact formation or turnover, the molecular clutch might not
engage, therefore actin retrograde flow and microtubule rearward movement would increase
resulting in increased retraction. The fluorescent speckle microscopy technique can be applied to
test the actin and microtubule flow rates in the growth cone in order to assess whether microtubule
movement is coupled to F-actin flow and whether it can explain the change in microtubule growth
rates. Additionally, point contact markers can be examined in immunostained growth cones to
assess whether TACC phospho-null mutants impact the number and the size of these contacts,

which could help us to understand the axon growth dynamics further.

5.4.3 Could TACC3’s interacting partners be a target downstream of guidance signals?

In addition to these questions that mostly focus on TACC3, it will be intriguing to study
other members of the TACC family, TACC1 and TACC2. Like TACC3, TACC1 and TACC?2 also
localize to the distal most ends of the microtubule and interact with XMAP215 and promote
microtubule growth. Although we didn’t see any synergistic effect among the TACC members on
microtubule growth (Lucaj et al., 2015; Rutherford et al., 2016), it will be intriguing to test whether
they were all subjected to phosphorylation downstream of guidance signals and, if so, would the
extent differ among the members. Another intriguing question would be whether their
phosphorylation would alter their localization and cause them to fill the spot emptied by another.

Another interesting question to test would be whether XMAP215 gets phosphorylated in
response to guidance signals. Since XMAP215 and its interaction with microtubules is better
characterized, and sites that mediate this interaction are known, it will be intriguing to study
whether XMAP215 is subjected to any phosphorylation events under any guidance signals and
whether this phosphorylation affects its polymerase activity or its interaction with microtubules or

with other +TIPs, particularly with TACC3.
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While all these questions are very exciting to test, one last critical point to consider is to
perform all these proposed experiments by adding back the mutant in the background where the
endogenous protein levels are reduced. In the experiments we performed so far, the phospho-null
mutants were ectopically expressed. However, the true impact of the mutants can be better assessed
if we first deplete the endogenous wild-type protein and then add back the mutant to see if the
mutant can rescue or worsen the phenotype. While we attempted to perform these experiments, we
have encountered some survivability issues which precluded our analysis. Further efforts should

be put to optimize and perform these experiments for a better assessment.

5.5 Concluding remarks

Axon guidance is a highly critical developmental event that underlies the formation of
precise connections for building a properly functioning nervous system. Ever since the first attempt
was put towards understanding the mechanism of axon guidance by Cajal and others, we now
know many elements of this process, from the cues guiding axons to their targets, to more intricate
intracellular effectors generating this directional movement. The aim of this thesis in that regard
was to identify and explore a potential component of this machinery.

In this thesis, we characterized an unexplored function for microtubule associated protein
TACC3 in neuronal growth cones during embryonic development. We, for the first time, showed
that TACC3 tracks plus-ends of microtubules and regulates its growth dynamics in the vertebrate
growth cone. Plus-end tracking proteins are becoming increasingly important to understand the
growth dynamics of microtubules in various contexts. The hub that they create at the tip of the
microtubule needs to become better understood, both in terms of +TIP interaction with

microtubules but also with one another.
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The easily accessible Xenopus laevis nervous system and the large growth cones of its
neurons, combined with high resolution imaging techniques, allow us to monitor cytoskeletal
dynamics. With the advent of high-resolution imaging techniques and reconstitution assays,
additional novel functions are being identified for individual +TIPs, other than their conventional
roles and here, we have defined new roles for a +TIP not only in regulating microtubule dynamics

but also highlight a possible role for it in the crosstalk between microtubules and actin.
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Appendix

A.1 Chapter 2 — Supplemental Movie Figure Legends

Supplemental Movie 1

Time lapse live images of cultured Xenopus laevis growth cones of control, TACC3 KD and
TACC3 OE expressing mKate2-EB1. Images were acquired for Imin with 2 sec intervals. Scale
bar, Sum.

Supplemental Movie 2

Time lapse live images of cultured Xenopus laevis growth cone expressing mKate2-tubulin (red)
and GFP-TACC3 (green). Images were acquired for 1min with 2 sec intervals. Scale bar, 1pum.

Supplemental Movie 3 - 4

Time lapse live images of cultured Xenopus laevis neural crest cell expressing mKate2-tubulin
(red) and GFP-TACC3 (green). (Movie 3). Magnified time-lapse montage of boxed regions in
G’-I’ (Movie 4). Images were acquired for Imin with 2 sec intervals. Scale bar, 1um.

Supplemental movie 5-6

Time lapse live images of cultured Xenopus laevis nonneuronal embryonic cell expressing
mKate2-tubulin (red) and GFP-TACC3 (green) (Movie 5). Magnified time-lapse image of boxed
regions in C (Movie 6). Images were acquired for 1 min with 2 sec intervals. Scale bar, 1pm.

Supplemental Movie 7 - 11

Time lapse live images of cultured Xenopus laevis growth cones of GFP-TACC3 full-length
(Movie 7), GFP-TACC3 N-term deletion (Movie 8), GFP-TACC3 C-terminal deletion (Movie
9), GFP-TACC3 TACC domain only (CC1/2) (Movie 10), TACC3-GFP (Movie 11). Growth
cones are expressing mKate2-EB1 (red) and GFP-TACC3 (green). Images were acquired for
Imin with 2 sec intervals. Scale bar, Sum

A.2 Chapter 4 — Supplemental Movie Figure Legends

Supplemental Movie 12 — 17

Time lapse live images of cultured Xenopus laevis growth cones of GFP-TACC3 wild-type
(Movie 12), GFP-TACC3 phospho-null mutants with tyrosine to alanine mutation of tyrosine
residues; 608 (Movie 13), 628 (Movie 14), 759 (Movie 15), 762 (Movie 16) and combination of
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all four tyrosine residues (Y4A, Movie 17). Growth cones are expressing mKate2-MACF43
(magenta) and GFP-TACC3 (green). Images were acquired for Imin with 2 sec intervals. Scale
bar, 2um.

Supplemental Movie 18 -19

Time lapse live images of cultured Xenopus laevis growth cones of GFP-TACC domain only
wild-type (Movie 18) and GFP-TACC domain phospho-null mutant with all tyrosine residues are
mutated into phenylalanine (6xYF, Movie 19). Growth cones are expressing mKate2-tubulin
(magenta) and GFP-TACC3 (green). Images were acquired for Imin with 2 sec intervals. Scale
bar, 2um.

Supplemental Movie 20 -22

Time lapse live images of cultured Xenopus laevis growth cones of control (Movie 20), TACC
domain only wild-type (Movie 21) and TACC domain phospho-null mutant (6xYF, Movie 22).
Montages showing GFP-MACF43 on the left and microtubule growth tracks generated by
plusTipTracker (shown in red) on the right panel. Growth cones are expressing GFP-MACF and
Flag-TACC domain constructs. Images were acquired for 1min with 2 sec intervals. Scale bar,
Sum.

Supplemental Movie 23

Representative phase contrast time-lapse image of a neural tube explant recorded for 4 h with 5
min intervals. Scale bar, 10um.

Supplemental Movie 24

Representative phase contrast time-lapse image of a single axon showing the growth track
generated by Fiji, Manual Tracking plugin. Tracking data is used to calculate the growth velocity
and directionality shown in Figures 4.7 B and F. Image is acquired for 4 h with 5 min intervals.
Scale bar, 10um.

Supplemental Movie 25

Representative phase contrast time-lapse image of a single axon showing axon pause and
retraction. Time-lapse montage of this video is shown in Figure 4.7 C and quantification of the
frequency of axon pause and retraction is shown in Figure 4.7 D. Image is acquired for 4 h with
5 min intervals. Scale bar, 10um.
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