Drosophila Dunc-115 Mediates Axon Projection Through Actin
Binding

by

Christopher Roblodowski

A Dissertation Submitted to the Graduate Faculty in Biology in Partial
Fulfillment of the Requirementsfor the Degree of Doctor of Philosophy
The City University of New York

2011



This manuscript has been read and accepted for the Graduate faculty
in Biology in satisfaction of the dissertation requirement for the
degree of Doctor of Philosophy.

Chair of Examining Committee
Dr. He Qi, Brooklyn College

Executive Officer
Dr. Laurel A. Eckhardt

Dr. Rafael Ovalle, Brooklyn College

Dr. Weigang Qiu, Hunter College

Dr. Chang-Hui Shen, College of Staten Island

Dr. Sujin Bao, Mount Sinai School of Medicine

Supervisory Committee

THE CITY UNIVERSITY OF NEW YORK



iii
Abstract

Drosophila Dunc-115 M ediates Axon Projection Through Actin
Binding
by
Christopher Roblodowski

Advisor: Professor Qi He

Axon pathfinding, the process of how neurons reach their correct tahgng
early neural development, is a critical area in neurosciessaarch. Though significant
progress has been made in identifying the extracellular gwedaomes and their
membrane receptors, and possible downstream effectors includinghtheGTPases
family, little is known regarding how guidance signals areyeglao the actin filaments
that are central to the mobility of the growth cone. Our laboratasy identified and
characterizedDrosophila genedunc-115as a possible downstream target in relaying
guidance cues further down to the cytoskeleton. Specificalljpave shown that Dunc-
115 regulates neural connections in both the eye and the central neysbeis in
Drosophila In this thesis, | have identified that (1) the surface recdptmmdabout
(Robo) is an upstream regulator of guidance signals relayed thiwge-115, (2) Dunc-
115 receives signals from the Rho GTPases, and (3) Dunc-115 biradds taiaits VHD
(Villin Head Piece) domain, suggesting a mechanism for Duncll®lag guidance
signals. Finally, I have analyzed the genomic structure ofdtme-115gene in 12
Drosophila genomes, which has generated further insights into how this gene has

evolved.
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Chapter 1 I ntroduction

1.1 Main stepsduring neural development

The task of connecting neurons to their targets is a huge undertizkthg.adult human
brain, for example, each of its almost4feurons connects to an average of 1000 target
cells, thereby forming a specific circuit whose particulaaragement is critical for the
correct function of the system (Barallobre et al., 2005). Suchtarpatquires a very
precise and reliable process. Such precision is achieved througlov@rtapping
processes: early neural activity-independent mechanisms ancdiéy dependent

refinement mechanisms (Song and Poo, 2001).

These processes are carried out over three main steps of mEwalbpment:
Neurogenesis and migration, growth of axons, and finally synaptogdfégire 1). The

first two steps involve activity-independent pathways. Step one, neusigeaed
migration, involves the formation of neurons and their positioning intondistegions.

Step two involves the communication of these neurons via axon pathwayssté@piis
mediated by a specialized, motile hand-like structure atiphef tgrowing axons called

the growth cone. It detects directional information from guidanceecntds and
identifies it as attractive or repulsive. The signals providethbygrowth cone are then
translated via receptors and second messengers into the redrganiaé the
cytoskeleton, resulting in movement (Song and Poo, 2001; Stoeckli and Zou, 2009;

Geraldo and Gordon-Weeks, 2009; O’'Donnell et al., 2009).



Synaptogenesis and refinement
of connections

Meurogenesis and migration  Growth of axons and dendrites

Figure 1. Schematic Representation of the Main Stepsin Nervous System Development.

The left panel shows a picture illustrating a region with tlaee/e neurogenetic areas. Newly
generated neuroblasts migrate towards their final destinaticetted by their leading process.
Next (middle panel), axons grow toward their specific targeonsg Finally (right panel), axons
reach their target and establish specific synapses, some ol whe refined at later stages
(Barallobre et al., 2005).

Growth cones are partitioned into subcellular domains P (peripheréter@al) and T
(transition) (Barallobre et al., 2005; Geraldo and Gordon-Weeks, 2009y awd Van

Vactor, 2009) (Figure 2). In the P domain, actin filaments, whicm filopodia and
lamellipodia, predominate. The thin, finger-like filopodia act as @msnsaltering the
trajectory of the developing axon upon contact with an extracetiaiget (Chien et al.,
1993). They are formed from the bundling together of actin filamértactin).

Meanwhile, the large, web-like lamellipodia within filopodia, provide thstrate
adhesion and tension necessary for movement and extension. They posedrof a
tightly packed branched network of F-actin. When growth cones rativeg paths
established by other axons, they maintain a stable organization.velowehen a
growing axon reaches a region where a choice must be made about whiaindiogteke,

filopodia and lamellipodia expand and retract in order to lead the g to a new



location (Korey and Van Vactor, 2000; Geraldo and Gordon-Weeks,2008ry and
Van Vactor, 2009). Such movements occur through interactions between tithe ac
network and receptors that grasp the extracellular environmerahisth and Kirschner,
1988). In the C domain, microtubules predominate along with vesiclesiamdbranous
organelles like mitochondria and endoplasmic reticulum. The T zanatlighe junction
between the C domain and the P domain (Geraldo and Gordon-Weeks, 2069hdtter

cytoskeletal components coexist and membrane rufflings set it apart
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Figure 2. lllustration Summarizing the Organization of the Cytoskeleton at the Growth
Cone. Actin filaments are organized into parallel filaments iodddia and into networks in
lamellipodia. Microtubules form stable bundles in the axon shaigl&idynamic microtubule
filaments also emerge into the body and filopodia of the growth ectending and retracting in
response to several signals at the peripheral region ofrtdvethgcone. P-domain, peripheral
domain with filopodia and lamellipodia; C-domain, central domain tbatains microtubules;
and T-zone, transition zone in which distinct components of the @fatsk interact (Barallobre
et al., 2005).



The final step, synaptogenesis involves activity-dependent pathwapecuits once the
growth cone finds its target. At this point, the terminal regibthe axon branches and

establishes synapses.

1.2 Guidance Molecules

During axonal pathfinding, the movement of growth cones in a partiduktion relies
on the presence of specific cues. In addition, the growth cone itseHim® specific
receptors and transduction mechanisms to respond to these cuedeidtity df these
cues and the signaling mechanisms that result from the detettibese, have been the
subject of much research. These cues can be classifiedaativadtand repulsive as well
as long and short range (Figure 3). Attractive cues are sighat promote axon
outgrowth and growth cone expansion whereas negative cues promottioreteand
collapse of the growth cone. Diffusible guidance molecules act lovgy distances

whereas non-diffusible (membrane-bound) cues operate over short distances.

1.2aTransmembrane: NCAM S
Neural cell-adhesion molecules (CAMs) are powerful initiatorsedfrite outgrowth
during neural differentiation (Nagaraj and Hortsch, 2006).Theseipsosee typically
transmembrane receptors and are composed of three domains: anlufdrademain
that interacts with the cytoskeleton, a transmembrane domain arektaatellular
domain. Depending on where this extracellular domain binds, CAMsnailiate either
cell-cell or cell-extracellular matrix (ECM) adhesion. CAMan be subdivided into 4

protein classes: immunoglobulin superfamily (IgSF) CAMs, cadhesakectins, and



integrins. Cell-cell adhesion involving cadherins and selectins degend3&” ions,
whereas interactions involving integrin and Ig-superfamily CAMsialo Many cells use
several different CAMs to mediate cell-cell adhesion. The rimtegnediate cell-ECM

interactions whereas the other types of CAMs patrticipate in celldiediszon.

Chemoattraction
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+ ++
+++++++"'
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+ & Target
trophic support
Contact-mediated
Contact-mediated requsmn

attraction

++++++++++++++++++--- : *

Chemoarepulsion

Figure 3. Guidance Cues Can Influence Axonsin Different Ways. Guidance cues work on
contact or diffuse and function from long distances. Once they interacheitixons, these can
either retract or extend depending on whether these molecules are repuidivactive,
respectively (Barallobre, 2005).

1.2b Diffusible

Another major class of guidance cues consists of those thaeemeted by target cells,
diffusing from the cells of origin to the growing axons. Early e fpast century,
Santiago Ramon y Cajal proposed that target-derived sigrialgigely influenced the
movement of axonal growth cones, thereby attracting them to appeogesatinations.

Experiments bothin vivo and in vitro have confirmed the existence of these



chemoattractast as well as that of chemorepellents. The probldth finding these
molecules had been for a long time, the fact they fare produced in such small amot
in the developing embryo. It took the brain poweMarc Tessie-Levine along with the
manual foce and patience of his relatives to extract andfypithese molecules froi

extracts o0, 000 chick embryos over the course of one wekkBarafini et al., 199¢

Another problem was that of distinguishiitropic molecules-which guide growing
axons toward a soureefrom trophic molecules-which support the survival and grow
of neurons and their processes once an approfdeget has been contacted. Th
problems were solved by intensive biochemical pratfon and analysis of attractive
repulsive activities from chick ebryos, and genetic analysis of axon growth in |
DrosophilaandC. elegan. This work eventually led to the cloning of seveyanes tha
code for chemotropic factors. Remarkably, the idgm@nd function of chemoattractar
and chemorepellents acroshyla is highly conserved. There are 4 major famibéthese¢
chemotrophic molecules and their receptors: SemaphoEphrins, Slits and Netr

(Farrar and Spencer, 20! (Figure 4).
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Figure 4. Conserved Families of Four Extracellular Guidance Cues.

A) Structure of ligands B) Structure of receptors. Ct60CC3, and SP1 and SP2 indic
conserved regions in the cytoplasmic domains of PONC-5, Robo, and Plexin recepto
respectively (Dickson, 200:

1.2b.1 Semaphorin pathway

Semaphorins, also known c¢ollapsins, are a family of membr~associated and
secreted proteins that are active during neura¢ldpment, where they generally act

chemorepellents (Guan and Rao, 2003; Govek €2@05 Hall and Lalli,2010). They ar

defined by the presence a ~500 amino acid NH&rminal domain, containing 1



highly conserved cysteines, called the Sema domain (Mueller, 199%r,R2000;
Nakamoto et al., 2004). Additionally, they contain a PSI (plexins, semaghand
integrins) domain, a C-terminal domain that can either be a @2 ilgmunoglobulin-
like domain in classes 2-4,7 or contain seven thrombospondin repeatssitb,clasd a

short, unconserved, C-terminal end (Mark et al.,1997; Mueller,1999; Kruger et al., 2005).

There are more than 30 semaphorins, which are divided into 8 classesdliag to

sequence and structural similarity (Figure 5). The first wlasses are found in
invertebrates while classes 3 to 7 are found in vertebratestentaning class (V) is
found in viruses (Semaphorin Nomenclature Committee, 1999). The meaoflasses
1, 4-7 are membrane-associated while those in classes 2, 3, and&teeted (Kruger et

al., 2005).

€ ' € )

#

1 2 3 4 5 6 Y}
Class

| |signal peptide .thrombospondm
sema domain " type-1repeat

Mg domain sisedopsh
|basic domain SIGP! Linkage

Figure5. The Semaphorin Family.

Semaphorins exist as secreted, glycosylphosphatidylinositol -éBEhored, or membrane-
spanning proteins. Subclasses 1 and 2 represent invertebratphseims, subclasses 3-7 are
vertebrate semaphorins, and subclass V compose viral semapl8aimaphorin nomenclature
committee, 1999)



Semaphorins are known primarily for their repulsive roles in axodagce of a diverse
group of neuron# vitro: motor (Shepperd et al., 1996; Valera-Echavarria et al., 1997,
Huber et al., 2005), sensory (Luo et al., 1993; Luo et al., 1995; Messee$ralith1995;
Fan & Raper, 1995), cortical (Bagnard et al., 1998) and hippocampalp(&t al., 1999;

Pascual et al., 2005), to name a few.

Fasciclin IV (Sema I) was the first semaphorin to be ideutifit was found to be
expressed in distinct bands of epithelial cells in developing grasshdipye buds
(Kolodkin et al., 1992). Here, it inhibits growth cones of tibial pioneanaxfrom
moving forward. To this day, the role of grasshopper Sema | agkergpr attractant of
tibial axons remains unclear. However, grasshopper Sema 2a haglbegired as a
repellent of tibial pioneer axons (Isbister et al., 1999). It ressed in a high distal to
low promixal gradient in developing limb buds. When Sema 2a is disrujiied axons
extend distally in organ culture instead of projecting proxim&liizen both Sema 2a and

Sema | are disrupted, phenotypes show a synergistic effect (Isbiaterl&99).

Collapsin-1(Sema3A) was the first vertebrate semaphorin to In¢ifide and the first
semaphorin to clearly illustrate a role as a repellent ohsxIt was isolated from
membrane fractions of chick brains and found to induce collapse and ARG
growth cones, ergo the name collapsin (Luo et al., 1993). Around the tgame
semaphorins were also identified Brosophila (D-Sema [&Il) and humans (human

Sema lll) (Kolodkin et al., 1993).
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Drosophila Sema 1a, through its receptor Plex A, clearly acts asalaepof axons
(Hung-Hsiang Yu et al.,, 1998; Winberg et al., 1998). Motor axons avoid @suscl
expressing Sema la ectopically. Moreover,s@malamutants, motor axons stall at
specific choice points, failing to defasciculate and reach thegets.semalamutants
also reveal CNS defects as the lateralmost Fas II- posuinggtudinal fascicle appears
discontinuous, wavy, and projects abnormally (Hung-Hsiang Yu et al., 1998). Rettent
has been shown that Cyc76& receptor guanylyl cyclase, is required for the repulsive
effects of Sema 1la on PNS and CNS axons (Ayoob et al., 2004). drieer@éma la is
required for the precise arrangement of neuromuscular conneativitg PNS as well as
longitudinal connective formation in the CNS of tBeosophila embryo. Moreover,
cGMP production within the growth cone is essential for thesetsftelung-Hsiang Yu

et al., 1998; Ayoob et al., 2004).

The first proteins to be identified as receptors for semaphoriretive plexins (Comeau
et al., 1998) and neuropilins (Chen et al., 1997; He and Tessier-Lat@@& Kolodkin

et al., 1997).

In contrast to neuropilins, which have only been found in vertebrates, plexiambers
of the immunoglobulin superfamily of molecules— are distributed widel both
vertebrates and invertebrates (Fujisawa, 2004). Nine plexins haveidmdified in
vertebrates and these are subdivided into four classes (A to By loas degree of

evolutionary conservation. Like semaphorins, they contain a Semardaintie NH2
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terminal. The Sema domain is believed to interact with the akedhe cytoplasmic
domain to silence the receptor when it is unbound to the ligand (T&kahad
Strittmatter, 2001). In addition, plexins have three PSI (plexins, g®onas, and
integrins) domains, three IPT (Ig-like, plexins, and transcriptamtofs) domains, and a

large conserved intracellular GTPase-binding domain (Kruger et al., 2005).

In Drosophila melanogasteonly two plexins have been identified (PlexA and PlexB).
These are able to physically interastvivo and signal through common downstream
components such as MICAL (molecule associated with CasL), &choatiain cytosolic
protein essential for semaphorin-mediated repulsion (Terman €0@R; Ayoob et al.,
2006). PlexA and PlexB serve both unique and common neuronal functions. Both are
essential for intersegmental motor axons to defasciculatarahtheir targets (Ayoob et
al., 2006). However, PlexA and PlexB are independently responsible flarthation of
two distinct axon bundles within the embryonic CNS: PlexA, for theeroutst
longitudinal fascicle on either side of the midline, while PlesBneeded for the
formation of the medial longitudinal fascicle (Ayoob et al., 2006 distinct roles for
these receptors in the CNS can be linked to their functional asgsosiavith different
classes of semaphorins: PlexA functionally interacts with é&Sgan and Sema-1b
(Winberg et al., 1998; Yu et al., 1998), while Plex B functionally imtisravith Sema-2a

(Ayoob et al., 2006).

Neuropilins are transmembrane proteins of ~900 amino acids with gtaptasmic tails
that lack intrinsic enzymatic activity. Additionally, they contaihree extracellular

domains (al/a2 or CUB, b1/b2 or CF V/VIII, and c, containing the MAM doj{ale &
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Tessier-Lavigne, 1997, Kolodkin et al., 1997). The al/a2 and MAM domains bawe b

implicated in protein-protein interactions (Bork & Beckmann, 1993).

Two neuropilins have been identified so far in vertebrates, NapelNrp-2 (Takagi et
al., 1987; Chen et al., 1997). These interact with class 3 semaphorinsk—hith
Sema3a and Nrp-2 with Sema3b, ¢, and f— to regulate PNS nerveytilolence and
neural cell migration and accumulation into ganglia (Fujisawa, 2004)1 mutant mice
have a similar phenotype tesema3a mutants. Specifically, they display marked
defasciculation of maxillary, mandibular, facial, and vagus nerve bsindte well as
abnormal projections of DRG nerves and specific cranial motor ai¢kressukawa et al.,
1995; Kitsukawa et al., 1997; Taniguchi et al., 198m)-2 mutant mice display a similar
PNS phenotype to Sema3F mutants but differ in some waypib mutants. They lack
trochlear nerve projections and display excessive defasciculatidhei oculomotor,
trigeminal and facial nerves, but show normal spinal nerve artionsa(Chen et al.,
2000; Giger et al., 2000; Sahay et al., 2003). The difference in PNfdtghe between
the neuropilin-1 and neuropilin-2 mutants suggests the cell-typeifisiecin
chemorepulsive functions of neuropilin-mediated class 3 semaphorins (Fujisawa, 2004)
Furthermore, it has been demonstrated that the association of fesropith
semaphorins necessitates the formation of a co-receptor complexlass A plexins

(Takahashi et al., 1999; Tamagnone et al., 1999).

Semaphorins and their receptors have also been implicated in thepdeset of various

other tissues outside of the NS. They manifest important rolds inmmune response,
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particularly in lymphocyte activation via CD100/Sema4D (Halblet 1996; Comeau et

al., 1998; Shi et al., 2000; Billard et al., 2000; Elhabazi et al., 2001;Watanabe et al., 2001,
Ishida et al., 2003) as well as in the development of the vascutanmsyga competitive
binding on NP/PlexD1 by VEGF and Sema3A,C (Miao et al., 1999;Brameéillal.,

2000; Feiner et al., 2001;Gitler et al., 2004) and having both stimulatory (Sema 3C,F) and
inhibitory (Sema A) effects via different class 3 semaphonns branching

morphogenesis during lung development (Ito et al., 2000; Kagoshima and Ito, 2001).

1.2b.2 Slit Pathway

Slit is another important family of chemorepellents (Guan arm R@03; Govek et al.,
2007). Slit is a large extracellular matrix protein(~190-kDapressed primarily by
ventral midline cells, where it promotes crossing of commissarains and their
projection onto the contralateral side of the CNS while preventimgsicry of
ipsilaterally projecting axons (Dickson, 2002; Huber et al., 2003). Aloitg its
receptor (Roundabout) Robo, it was named for the phenotyd@sosbphilamutants in
which these genes were first identified (Seeger et al., 198R] & al., 1999). Slit
homologues have since been foundGn elegansand many vertebrate species, from
amphibians, fishes, birds to mammals. A single Slit has beenedatdDrosophilg and
C. elegans,whereas there are three slit genes (slitl-slit3) and Rulvo receptors

(Robol, Robo2, Robo3/Rig-1, and Robo4/magic Roundabout) in mammals (Figure 6B).
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Figure 6. Conserved Slit Family.

A) Structure of the slit proteins. B) Diagrammatic congxan of the structure of Robo receptors
in invertebrate and vertebrate species. v: vertebraterasophila; z: zebrafish. ALPS: domain
found in Agrin, Laminin, Perlecan and Slit.

(Eurekah Bioscience Collection Chapters taken from the BhbreRioscience database.
Eurekah.com and Landes Bioscience. 2003)

Robo was first identified as part of a screen for mutantsteffemidline crossing of
commissural axons in the developiBgosophilaembryo (Seeger et al., 1993). Robo
proteins are expressed on the surface of growing axons (Morlbt 20@7). They have
five 1g-like domains followed by three fibronectin type Il (RNIrepeats, a single-pass
transmembrane domain and a long intracellular tail containing upuio donserved

cytoplasmic motifs, CC0-CC3, with no obvious catalytic domains{&and Bashaw,
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2004). The first two Ig domains are the most highly conserved portioaranequired
for Slit binding. Inrobo mutants, commissures fuse together, become fuzzy, and thicken
while the longitudinal fiber tracts are reduced. Additionally, axtbas normally do not

cross or recross the midline, do so.

Three Robo proteins have been identified Dnosophila. Here, Robol and Robo2
cooperate during early stages of axon outgrowth to transmit therahge-signal of Slit
mediating midline crossing while Robo2 and Robo3 participate during dtdges to
communicate the long-range signal of Slit specifying theerdh distribution of
longitudinal axons with respect to the midline (Rajagopalan 2@00Qb; Simpson et al.,
2000a/b). In situ hybridization has provided insight into when Robo resepier
expressed (Simpson et al., 200@)bo1l begins to be expressed at embryonic stagelO.
robo2first appears at stage 11 and becomes restricted to a rssuddet of neurons by

stage 15robog3is first spotted late in stage 13 and is limited to fewer neurons.

Along the midline, Robol mediates repulsion of axon crossing. Robo pleteis are
low in the growth cones of commissural axons crossing the midlinenarehse once
they have crossed over (Kidd et al., 1998) The specific role of Robol ventire
midline crossing can be attributed to two major factors. Firgtlis attributed to its
unique pattern of expression as neither Robo2 nor Robo3 can substitute for iRtm1 i
repulsion of axons at the midline. For example, expressing2 or robo3 at therobol
locus via ends-in-homologous recombination results rafbol null-type mutant
phenotypes: pCC (ipsilateral) axons incorrectly cross the midqBptzweck et al.,

2010). Secondly, it is attributed to particular structural featuregtsoprotein. For
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instance, CC1 and CC2 motifs are responsible for the midline reputde of Robol as

a Robol construct with a Robo3 CC2 domain was not able to resicog excessive
crossing mutant phenotype but a Robo3 construct bearing a Robol CC2 or (f@iidmot
(Spitzweck et al., 2010). In addition, the cleavage of Robol ectodomain by
transmembrane metalloprotease kuzbananian (Kuz) is also necews#ng repulsive
signaling activity of Robol at the midline (Coleman et al., 2010).ifksiance, ectopic
expression of an uncleavable form of the Robol receptor(Robol-Undbe$fectively
rescuerobol mutants as medial-most fascicles still cross the midlimaany segments

(Coleman et al., 2010).

Most recently, evidence points to an attractive role for the Robo2 receptor adline m
Moderate levels of Robo2 overexpression lead to thickened commissutesctapic
midline crossing (Evans and Bashaw, 2010). Moreover, Robo2 proteins that promote
midline crossing are expressed strongly on crossing axons (EmdnBashaw, 2010).
Furthermore, inNetAB, robo2double mutants, there is a significant increase in
commissural disruption versidetABsingle mutants (Spitzweck et al., 2010). This ability

of Robo2 is dependent on its ectodomain (Spitzweck et al., 2010; Evans simaivBa
2010). It can be pinpointed to its 1g2 domain, as a Robo2 construct thatchds g2
domain swapped for that of Robol is unable to promote midline crossing.r€elgya
Robol construct that has its Ig2 domain replaced with that of Robo2teitenmnidline

crossing activity. (Evans and Bashaw, 2010)
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Figure 7. Rabo and Slit Production at the Midline. Robo proteins are expressed at the axonal
surface. For commissural axons, Robo protein expression is downeegufan crossing the
midline and upregulated once crossing has occurred to preventsiagrdor ipsilateral axons,
Robo protein expression is not downregulated. Slit is produced at theergalild is activated
upon Robo binding (Thomas, 1998).

But how is Robo downregulated in commissural axons once they crossidhee?
Commwas discovered during the same large-scale screen for muttteinmfluence
CNS development in Drosophila (Seeger et al., 1993) and it encodes a 3it0azdi
long transmembrane protein (Tear et al., 1996). Fluorescent irhyidization has
shown thatcommis spatially confined to commissural axons and temporally ledece
with midline crossing agsommexpression is turned off once axons cross the midline
(Keleman et al., 2002). In mutations @dmm,growth cones that normally extend across
the midline fail to do so (Seeger et al., 1993).comm robodouble mutants, the
phenotype is robo mutant-like as ipsilateral axons cross and counahiag&ons recross.

Thus, comm serves to suppress Robo-mediated repulsion (Seeger et al., 1993).
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Furthermore, icommgain-of-function mutants, Robo protein expression drops to low or

undetectable levels (Kidd et al., 1998b).

Then how does Comm downregulate Robo? It has been shown that Comm zedocali
with Robo and recruits it to late endosomes and lysosomes by sodingctly from the
trans-Golgi network (Keleman et al., 2002). In fact, direct vizaabn of Robo-GFP
trafficking in vivo shows that Comm blocks Robo from traveling down the axon and

reaching the growth cone (Keleman et al., 2005).

Once Comm was established as the switch that controls midéissirtg (Keleman et al.,
2002), it remained to be seen hoemmexpression is turned off and on during midline
axon crossing. Most recently, it has been showndbaimis transcriptionally activated
by frazzled inneurons as they cross the midline (Yang et al., 2009).Firstly, raphowie
copy of comm in hypomorphicfra mutants (fr&fra®; comnt3J+) exacerbates the
commissural defects as shown by thin or missing commissureany segments as well
as increased instances of failure to cross in eagle comniisgueons (Yang et al.,
2009). Secondlycomm mRNA expression, measured in individual eagle neurons as
relative fluorescent intensity af situ probes, is reduced between 1.7-2.4Xrarzled
mutants. Thirdly, overexpressifgazzled via UASFra-myc in a subset of apterous
(ipsilateral) neurons, which normally do not expressnm induced ectopiccomm
MRNA expression. What's more, it caused these ipsilateral netoramess the midline
often. Lastly, expressing UASComm in eagle neurondrafzled mutants partially

rescues guidance defects. In summé&zzledis both necessary and sufficient for
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commmRNA expression in commissural neurons and elucidates how crasgngured

and premature repulsive responses are prevented at the midline (Yang et al., 2009).

Along longitudinal tracks, it has been the belief for over a dedamteRobo receptors
form a combinatorial code: Robo 1 is distributed across the entdth,wRobo 3 is
expressed in the lateral 2/3's, and Robo2 is expressed in the outérg@Rajagopalan
et al.,, 2000b) (Figure 8). lImbo 2 and 3 loss-of-function mutants, there is a shift of
axons closer to the midline: hobo 2 null mutants, the outermost fascicle merges with
the middle one while imobo3 nulls, the middle fascicle merges with the innermost
fascicle with thinning of the outermost fascicle. The conversehalfds as eithetobo2

or robo3 gain-of-function mutant axons follow a more lateral path. Moreowedpuble
gain-of-function mutants, axons shift even further laterally. i5the Robo Code, the
differential distribution of Robo receptors determines how axons lvallpatterned

longitudinally.

Most recently, new findings have raised some doubt into the corabalaRobo code
that controls longitudinal pathways. For instance, witdno2 and robo3are separately
misexpressed in apterous neurons, these follow a more lateralayafimther from the
midline. Ectopically expressingpbo?2 in robol, robo3 androbo3/roboldouble mutant
backgrounds orobo3in robol androbo2 mutant backgrounds, still results in the lateral
redirection (Evans and Bashaw, 2010). Similarly, targeting the cadgign ofrobo2
androbolinto therobo3locus by ends-in-homologous recombination, resulted in normal

formation of longitudinal fascicles (Spitzweck et al.,2010) Thesalte show that it is
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the individual expression of each protein rather than the combinatapaession that

determines longitudinal positioning of axons at the midline (Evans and Bashaw,2010).

If this is the case, then what determines the roles the differexeptors play in
positioning axons along longitudinal pathways? Recent evidence points Rotie
family immunoglobulin domains as being the essential factors. Irroasteneurons
ectopically expressing a Robo 2 construct, whose Igl-3 domains smegped with
those of Robol, disrupts its lateral positioning activity. ConverseBola1l construct
whose Igl or Ig3 domains were replaced by those of Robo2, shows datela

positioning activity to that of full-length Robo2 (Evans and Bashaw, 2010).
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Figure 8. The Robo Code at the Drosophila Ventral Midline. Robol alone guides axons along
longitudinal axons in the medial fascicle. Robol and Robo3 control thenediate fascicle.
Finally, all three Robos help guide axons along the lateral-most fas¢ickEn@ Bargman, 2001)
In C.elegansRobo function depends largely on its regulation of transport to theglas

membrane. A case for its positive regulation by a downstreanpawnt has been

shown VAB-8L, a kinesin-related Rac GTPase, is responsible pfm@moting the
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posterior migration of growth cones during CNS development (Wolf,et298). During
this process, it is able to enhance the Robo response to Slit (Watari-Goshimaag?7).
This finding is surprising as RacGTPases are normally assdcisith downstream
signaling of guidance receptors. VAB-8L most likely increabkesactivity of SAX-3 by
positively regulating its concentration at the cell surfaces Ty be achieved directly,
by promoting its transport to the cell surface or indirectlyjribybiting its endocytosis.
Additionally, this increase in SAX3 levels necessitates direct proteiragtiens between
the cytoplasmic domains of VAB-8L and SAX-3 and spectrin repeatise N-terminal

domain RhoGEF-1 of UNC73/Trio (Watari-Goshima et al., 2007).

In contrast to VAB-8L'’s ability to positively regulate its artation, RPM-1 negatively
regulates SAX-3-mediated axon outgrowthdnelegangLi et al., 2008). For instance,
when rpm-1 is ectopically expressed in PLM axons, their extension isifgigntly
shorter—a phenotype which is also observed sax-3 loss-of-function mutants.
Conversely,rpm-1 loss-of-function mutants display a PLM overextension phenotype.
Notably, this phenotype is reduced ipm-1; sax-3double mutants. RPM-1 likely
regulates axon guidance and termination by controlling the #adfjcof SAX-3
receptors to cell membranes. For examplergm-1 loss of function mutants, the
expression of a SAX-3::GFP fusion protein becomes restrictdtetplasma membrane
as opposed to being concentrated in the cytoplasm of the wild( tipet al., 2008).
Furthermore, it has been shown that when regulating axon guidance ofakRhms,
RPM-1 functions through the GLO-4 pathwaygln-4 mutants, the Sax-3::GFP signal is

more widely detected, just like npm-1 mutants. This is important as it has been shown
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that through the GLO-4 pathway, RPM-1 promotes vesicular tkaftic(Grill et al.,
2007). So in summary, RPM-1 likely regulates axon outgrowth that affects axon guidance
and termination by controlling the trafficking of SAX-3 receptrsell membranes (Li

et al., 2008).

Subsequent experiments Drosophila proved that Slit was the midline ligand for the
Robo receptor (Kidd et al., 1999). It is a large extracellular pratentaining four N-
terminal leucine rich repeats (LRRs)— which are flanked by ceedeamino and
carboxy-terminal sequences— a stretch of seven to nine EGFsepeagrin-Laminin-
Perlecan-Slit (ALPS) conserved spacer motif, and a C- telroysteine knot (Brose et
al., 1999;Dickson and Gilestro, 2006) (figure 6A).0rosophilg a single Slit protein
(Slit1), which is secreted by neuronal cells in the midline be@s identified. Islit loss-
of-function mutant embryos, pCC (ipsilateral) and SP1 (commi3saxans freely enter
the midline like inrobo loss-of-function mutants. However, they never leave it, instead
choosing to fasciculate into a single tract (Kidd et al., 1999). Morgslieandrobol
transheterozygotes display a dosage-dependent genetic interacabhslasig that they
are in a common molecular pathway (Kidd et al., 1999). Lastly, eeltlayy binding
assays show tha&lit binds Robo directly with a high degree of specificity (Brosalet
1999). These interactions are evolutionarily conserved— further cemeslit as the

Robo ligand.

The Slit-Robo interaction is mediated by the second LRR doméatitaind the first two

lg domains of Robo. Althougim vitro pull down assays have shown that Slit-Robo
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binding requires both domains (Liu et al., 2004), it has recently beeond¢rated that

the Igl domain is responsible for the primary interaction with(Slorlot et al., 2007).
Firstly, in vitro surface plasmon resonance spectroscopy (SPR) has shown that when
compared to the binding ability of both domains together, Igl hasa@veebinding

ability that is 10 times that of Ig2. The crystal structurégd shows that this binding
involves electrostatic and hydrophobic regions within Igl and the eerstaface of Slit.
Secondly, sequence alignment of metazoan homologues revealstthatdshg residues

in Igl are highly conserved in other family members while thasé&y2 show high

divergence.

Three Slits have been identified in mammals (Slitl, -2, -3) wkiltlre a common
domain structure as well a high sequence similarity Witbsophila Slit (Brose et al.,
1999). Like inDrosophilg mammalian Slit isoforms selectively bind to Robo receptors
(Brose et al., 1999; Long et al., 2004), which is necessary fopiiésree axon guidance
effects at the floor plate. They differ frodrosophilaby an additional LRR in the LRR-
3 and two additional EGF repeats. LiReosophilaSlit, they are all expressed by cells at
the ventral midline. Slitl is expressed broadly throughout the filade while Slit 2 is
restricted to the medial and basal-most region of the floor.phi3 is expressed at
levels significantly lower than both Slitl and Slit2 (Brose gtl#199). The importance of
having all three isoforms present at the floor plate is evidengatebhighly penetrant
phenotypes olit triple mutants: Commissural axons stall at the floor plateecnoss it
(Long et al., 2004). On the other hamstlt double mutants (i.e. Slitl; Slit2) display no

obvious commissural axon guidance defects (Plump et al., 2002). Mestlyedat has
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been shown that deubiquinating enzyme USP33 is required for Sian®seness of
commissural axons at the floor plate as siUSP33 knockdown abolishesdGded
growth cone collapsen vitro (Yuasa-Kawada et al., 2009). Moreover, siUSP33 -
electroporated spinal cords show commissural axons stalling atmitene— a

phenotype similar tglit triple mutants (Yuasa-Kawada et al., 2009).

An additional receptor has been identified for Slit (Fujisawal.et2007). Enhancer of
ventral-axon guidance defects of unc40 mutants (Eva-1) is a tranisarge protein 461
amino acids long, that most likely acts as a co-receptor wiXrZRobo for SLT-1/Slit
to repel AVM and PVM pioneer axons toward the ventral nerve corevdnl mutants,
AVM (anterior ventral microtubule) axons—which normally extend toMN& (ventral
nerve cord) before following a path toward the head—travel flencell body toward

the head without the turn toward the VNC (Fujisawa et al., 2007).

The debate over whether Slit/Robo signaling inhibits axon guidaneetlglior indirectly
has been mired in controversy. In the case of direct repulsion,margrrole would be
to repel axons at the midline. It would suggest that guidance alexiare determined by
a balance of attractive versus repulsive signals at the gammi In the case of indirect
repulsion, the major role of Slit/Robo signaling is to inhibit Netrrediated attraction
(Bhat 2005; Hiramoto 2006). It would suggest that the activation ofem@ptor inhibits
another. The initial study by the Bhat laboratory supported the indipgebach: It was
shown that Slit-Robo signaling specifies lateral positioningoofyitudinal axons by

inhibiting Netrin-frazzled mediated attraction (Bhat, 20@&)/robo; fra double mutants



25

had afra-like appearance anmbo; net double mutants lookedetlike. A Robo/Fra
chimeric protein caused midline crossing of longitudinal tractd &ecrossing of
commissural tracts. When this chimeric protein was expresse@d net mutant
background (UAS-RohkeFra/elav-GAL4; UAS-RobgFra/+; net/Y), the embryos had a
netrin mutantphenotype. This led to the conclusion that the inhibition of Netrin attraction

is epistatic to Robo repulsion (Bhat, 2005).

However, the work of the Bashaw laboratory contradicted the findingkheofBhat
laboratory and supported the direct approach (Garbe and Bashaw, 200d).BUat’s
stocks, Bashaw and coworkers repeated Bhat's experiment methRobo/Frazzled
chimera (RobgFrg-Myc). In embryos carrying this protein, many Fas Il axons
ectopically attracted across the midline in response to SlitimMimutants overexpressing
Roba-Fra-Myc still displayed inappropriate crossing. Additionally, expieg Robo in
fra, robo doublemutants not only repelled axons at the midline in absence of €dazzl
but further intensified the loss of attraction associated ¥ahmutants (Grabe and
Bashaw, 2007). Furthermore in apterous (ipsilateral) and eaglespro@eurons, axons
of fra,robo double mutants still crossed and recrossed—indicating that Robatetedi
midline repulsion is independent of whether Frazzled is there or not, Rbbs plays a
direct role in axonal repulsion. Even if Robo silencing of Frazdedurs at the
Drosophilamidline, these results indicate that Robo repulsion on its ownfisienf to
prevent recrossing. Nevertheless, one cannot discount the posdilaiithe silencing of

other attractive guidance cue pathways may be essential (Grabe aaWB2G607).
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Upon a repeat of their original experiments, the Bhat labordabey rescinded their
initial claims. They indicated they had incorrectly recordedreegbat was calledfra-
like” as frazzledand that their use of balancers may have caused a variety imaoeeet
(Bhat, 2007). When redoing the experiments, tbbo; fra double mutants were
predominantlyrobo-like but results were mixed in other cases, leading tleeprdclaim
that the picture in Slit-Robo signaling is so complicated thatcan# decisively say one
way or another whether the repulsive nature of Robo signaling estdor indirect.
Taking these studies together, one can conclude that the Robo-Sllingigrethway

does repel axons independent of silencing of Frazzled.

1.2b.3 Ephrin Pathway

Ephrins and Eph receptors comprise a family of guidance molecules most knowairfor th
axon-repulsive role in establishing topographic maps in the visu@nsy€utforth and
Harrison, 2002; Guan and Rao, 2003). Eph receptors and Ephrins are abtat® ini
bidirectional signaling, meaning that the signal is initiatesinfithe ligand or receptor-
expressing cell (Holland et al., 1996; Kullander and Klein 2002; Dany $oriano,
2005).The Ephrins are distributed in a graded fashion in the optic téotusuperior
colliculus) and the lateral geniculate nucleus, while the Eph @septre found in a

complementary gradient in the retina.

Eph receptors belong to the single transmembrane domain tyrosine receptor kimigse fa
which is comprised of 16 identified members in mammals (ten Eplfsix EphB), and

directly transduces a signal from Ephrins. The Ephrins, of which 9 have beenedeantifi
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mammals, are cell adhesion-like molecules that can be eitmesntembrane or GPI-
anchored proteins. IBrosophilamelanogasterpnly one Eph receptor and one Ephrin
have been identified while one Eph receptor and 4 Ephrins have been diddov@re
elegans(Davy and Soriano, 2005). Ephrins can be further subdivided into Ephrin A
(GPl-anchored) or Ephrin B (transmembrane) and Eph receptorsbeafurther
subdivided into Eph-A or Eph-B (Huber et al., 2003; Nakamoto et al., 2G34uBle,
2005; Chilton, 2006). Disruption of the genes for the Ephrins or their resapsults in
subtle disruptions in the topographic organization of the retino-colticadaretino-

thalamic projection.

The optic chiasm is the choice point where retinal ganglionR&IC) axons cross from
the eye to the ventral midline of the brain (Mann et al., 2004)di& inXenopusand

mice have shown that Ephrin-B is localized at the optic chiadmaremt repels Eph B-
expressing optical nerves to route ipsilateraly (Nakagawhk, @080; Mann et al., 2002;
Williams et al, 2003). This mechanism seems to also be applitablertebrates as
Ephrin B cannot be detected at the ventral midline of the dienlogpbfchick embryos,
which lack permanent ipsilateral connections (Nakawaga et al.).26@th and loss-of-
function experiments in mice have indicated that zinc-finger trgatm factor Zic 2, is

expressed exclusively in RGCs and is required for axons to béecepéthe chiasm and

to project ipsilaterally (Herrera et al., 2003).

In the optic tectum, retinal ganglion cell (RGC) axon termiraie arrayed in a

topographic order. The nasal-temporal axis of the retina mapg #ie anterior-posterior
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axis of the optic tectum, where it is mediated through EphrinA/EphA repulsive
manner (Mann et al., 2004; Chilton, 2006) (Figure 9A). Both Ephrin-A2 and ri=pbri
are maximally expressed in the posterior tectum while Epis A%aximally expressed in
the temporal retina (Nakamura, 2001). Therefore, RGC tempavakaxith a high level
of Eph-A3 receptors are repelled by Ephrin-A2 and Ephrin-A5, whelR€a€ nasal
axons with low Eph-A3 receptor levels are permitted to crodsranervate the posterior
tectum. Temporal axons terminate normallyeiphrin-A2 or ephrin-A5 single mutant
mice and in half of the mice, an additional more posterior arbmmzatan be seen
(Frisen et al., 1998; Feldheim et al., 2000). In one study (Frisai, 4998),ephrin A5
single mutants actually overshoot the tectum into the inferiorcobls. Nasal axons
terminate normally irephrinA2 single mutants while presenting an additional anterior
arborization in mos¢phrin A5single mutant mice (Feldheim et al., 20®phrin A2/A5
double mutant mice show a synergistic phenotype with A-P ordamzbeing almost
but not completely lost (Feldheim et al., 2000). The phenotypplain A2/A3/ASriply
mutant mice is even more severe than that ephrin A2/A5 double mutants
(Pfeiffenberger et al., 2006), showing that all three ligandscaitical for the proper

organization of the target region.
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A EPHRIN-A/EphA in anterior-posterior mapping

Q@Eﬂ

Figure 9. Summary of Distribution and Role of A- and B-Type Ephrins and Receptors in
the Developing Visual Pathway.

Eye: dorsoventral axis is top to bottom, nasotemporal axis left to righttum: mediolateral
(mammals) and dorsoventral (frogs) is tofptatom, anterior-posterior axis is left to right (Mann
et al., 2004).

Some recent experiments point to a possible attractive rolgforrEA ligands.In vitro

studies have shown that Ephrin-A2 can actually promote retinal axgrowat at low
concentrations (Hansen et al., 2004) while Ephrin- A5 induces an axongtuesponse
that is substratum-dependent: repulsive on a fibronectin substrae attractive on
laminin (Weinl et al., 2003). So Ephrin-A ligands might not regulkaiographic

mapping in the visual system exclusively via repulsive mechanisms (Pasquale, 2005).

The dorsal-ventral retinal axis maps along the ventral-dorstdl texis where it is
mediated by Ephrin B/ EphB receptors in an attractive mannenr(Ms al., 2004)

(Figure 9B). The EphB receptor is expressed in a high-vewtriamt-dorsal gradient in
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the retina while Ephrin-B is expressed in a high-dorsal to lowrakegtadient in the
tectum. Ephrin-B is not expressed at the chiasm until metamospivsch coincides
with the initiation of the ipsilateral projection (Mann et al., 2004he Tytoplasmic tail of
Ephrin-B is necessary for this regulation (Mann et al., 2002). Auxbdiliy, in situ
hybridization studies oXenopusembryos have indicated that translational regulation
might control the levels of EphB and Ephrin-B protein expressioheagtowth cone

(Brittis et al., 2002).

Eph receptors and Ephrins have been found to regulate integrin fun@iskemoto et

al., 2004). For example, the binding of Ephrin B1 to Eph B1 and expression of EphA8
activates integrins while the activation of EphB2 by Ephrin B1 hashabitory effect on
integrins (Kullander and Klein, 2002). Some differing reports haggested that Eph-
Ephrin signaling can depend on the expression level of a protein.epad mdicates

that activation of EphA2 by Ephrin Al suppresses integrin signalinth subsequently
promotes dephosphorylation of FAK (Kullander and Klein, 2002) while anotherssihow

stimulates integrin signaling and promotes FAK phosphorylation (Caraér, 2002).

1.2b.4 Netrin Pathway

The word Netrin comes from the Sanskrit language, where it maangufde”. In
actuality, Netrins are bifunctional: chemoattractive for somgares and chemorepellent
for others, as well as being able act at long or short range. Netrins iagt diewvelopment

and control a wide range of outgrowing axons and migrating neurons.
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The secondary structure of the family is highly conserved igpaties. All Netrins are
structurally related to the short arms of the ECM protein Lamand contain the
Laminin VI and V domains (Barallobre et al., 2005) (Figure 10).yTalso contain
positively charged C-terminal domains, termed NTR modules. Thesaim®ishow the
greatest variation between species and serve as bindingositesrfponents of the ECM
or cell surface. In vertebrates, four secreted Netrins hase kkentified: Netrin-1 in
chickens, mice, zebrafish and humans; Netrin-2 in chickens; N&etim-mice and
humans; and Netrin-4 in mice and humans. In invertebrates, thneteskenetrins have

been identified: UNC-6 €. elegansand Netrin-A and B ibrosophila

f-netrin/ netrin-1
netrin-4 netrin-3
M.musculus M.musculus
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Figure 10. Scheme Illustrating the Structure of Laminin and Netrins and the Homology
Between Them. Classic Netrins (Netrin-1, -2 and -3) and Netrins-G presagiome with high
similarity with the V and VI domains of the Laminin gamma ohdn contrast, Netrin-4/h is
closely related to domains V and VI of the Laminin Beta Chain.
(http://bio.research.ucsc.edu/people/hinck/netrinoverview.html)

Netrins act at a variety of sites in the developing vertebrateous system where axons

must choose whether to cross the midline or remain ipsilatenal.fifst evidence of
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Netrin’s chemotropic ability came from cell culture expemtsein the developing spinal
cord (Serafini et al.,, 1994). When dorsal spinal cord explants fronk ennbryos are
plated onto collagen gels, the presence of floor plate cells hear promotes the
outgrowth of commissural axons. Serafini and his co-workers tookidingac of

embryonic chick brain homogenate and tested them to see iffdhg proteins therein

mimicked this activity. This process resulted in the identification of Netrins

Subsequent experiments confirmed the role of Netrins in dire¢hieggrowth of
commissural axons crossing the floor plate at the midline. WhennNgeénes are
inactivated in mice by homologous recombination, the midline crosgicgmmissural
axons is disrupted. Netrins and their receptors have also been tegplicamidline
crossing at a variety of other sites in the central nervougmysncluding the optic
chiasm, the corpus callosum, and the decussation of the trochlear rnargethese and

other chemoattractant signals help organize the major crossed pathways imthe brai

The attraction and repulsion responses produced by Netrin-1 aselteofats interaction
with two receptor families: Deleted in Colorectal CanceC@ and UNC-5. Both
families belong to the immunoglobulin (Ig) superfamily of receptand cross the

membrane only once.

In vertebrates, the DCC family has two members, DCC and nendlkat consist of four
Ilg domains, six extracellular fibronectin type Ill repeats, anéetluytoplasmic domains

(P1, P2 and P3) that mediate interactions with other receptordJNG&H family has
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four members, UNC5H1-H4, that contain two Ig and two thrombospondin tyf®R) (
domains extracellularly and ZU-5, DCC binding and C-terminalhdeaimains (DD)
intracellularly (Barallobre et al., 2005). When DCC homodimerizegjmgansmits an
attractive signal (Stein et al., 2001; Keleman and Dickson, 2001;rHaibal., 2003;
Govek et al., 2005; Hall and Lalli, 2010). With UNC5H alone or bound to agstified
receptor X, Netrin transmits short range repulsive signale(kan and Dickson, 2001,
Round and Stein, 2007). When DCC and UNC5H form a heterodimer, Netrin ifiiaasm
long range repulsive signal (Hong et al., 1999; Keleman and Dickson, 2004 ;aBda
Rao, 2003; Govek et al., 2007; Hall and Lalli, 2010). So it is believed DRC

strengthens the UNC5 response (Figure 11).
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Figure 11. Netrin and its Receptors.

Netrin transmits an attractive signal through DCC homodiraed short range repulsive signals
through UNC5 homodimers or an interaction between UNC5 and a yetiidrenined receptor.
When the two receptors form a complex, Netrin transmits a langer repulsive signal (Round
and Stein, 2007).
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In Drosophila,Netrin-A and Netrin-B are expressed by midline cellshef CNS and by
specific muscles in the periphery. The DCC family receptat interacts with Netrin is
Frazzled(Kolodziej et al. 1996). Netrins attract commissural and motor aexmessing
frazzled. Frazzledis expressed on axons in the embryonic CNS, on motor axons in the
periphery, and on the epidermis and gut epithelium. The phenotydeszoted null
mutants strongly resemble those of a deletioDrimsophilaNetrin-A and Netrin-B, with
defects in CNS and motor axon guidance (Kolodziej et al. 1996). In pheptoe@xons,
frazzledis not required in photoreceptor neurons but in their targets (IaGoag et al.,
1999). However, it has been shown thaizzledcan be expressed in dMP2 neurons,
where it captures Netrin and presents it for recognition byr sdoeptors (Hiramoto et
al., 2000). Its cytoplasmic domain is both necessary and sufficieptdper localization.
The UNCS5 receptor is a repulsive Netrin receptor that contribttemotor axon
guidance. Analogous to the situation in vertebrates, ectopic sigred UNC5 on CNS
axons can elicit short-range repulsion from the midline. Meanwhilg-range repulsion

requires Frazzled (Keleman and Dickson, 2001).

In C. elegansthe DCC family receptor that interacts with Netrin is UK It is
required primarily for ventral migrations directed toward UBIQNetrin homolog), but
also participates in many dorsal migrations away from UNC-6. 8N{ contrast, is

required only for dorsal migrations away from UNC-6 (Hamelin et al., 1993).
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1.3 Signal Transduction by Rho GT Pases

1.3a small GTPases

Small GTPases are small (20-25 kD) proteins that relag@dtular cues to cytoplasmic
signaling cascades by cycling between inactive GDP-bound amd &TP-bound
forms. They regulate a wide range of processes in the cwluding growth,
morphogenesis, membrane transport, cell motility and organization of/tibskeleton,

and cell polarity (Jaffe and Hall 2002).

1.3b Rho subfamily GT Pases

Rho(Ras- hanologous) GTPases form a subfamily of the Ras superfamilymadl s
GTPases (Negishi and Katoh, 2002; O’Donnell et al., 2009; Hall ang 2@1l0). This
subfamily consists of some 21 genes in humans, encoding at leaghalngi proteins.
They were originally found during a search for proteins homologous topRds-
oncoprotein (Satoh et al. 1992). Of these, only Rho (isoforms A, B, and &), R

(isoforms 1, 2, 3) and Cdc42 have been studied in detail.

Rho GTPase function is conserved in evolution, with members identifietammals,
yeast, plants, slime mold, worms, and fli€s.elegansand Drosophilahave homologues
of all three small GTPases, and downstream effector protenalsr conserved. Rac is

absent from yeast, but both the Cdc42 and RhoA (Rhol) homologues are present.

In neurons, Rho GTPases coordinate the spatial and temporal chandes antin

cytoskeleton that lead to cellular movement (Nobes and Hall, 1B@8ly work helped
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shape a model for the mode of action of Rho GTPases—that thetiantfaCdc42 and
Racl stimulates axonal growth while the activation of RhoA inhdpibsvth or induces
growth cone retraction and collapse (Negishi and Katoh, 2002; Govek.,et a
2007;0’Donnell et al., 2009) (Figure 12). In this model, each is thawgbontrol the
formation of a distinct cytoskeletal element. For example, Rhwkttes the bundling of
actin and myosin filaments into stress fibers and focal adhedtdigy and Hall, 1992;
Hall 1998). Rac reorganizes actin at the leading edge of thetlgrcone to form
lamellipodia (Ridley et al., 1992). Finally, Cdc42 is associated tighformation of

another group of actin-rich structures, filopodia (Nobes and Hall, 1995n&at al.,

1995).

filopodia lamellipodia stress fibers
Extension Retraction

Figure 12. Extracdlular Signals Cause Membrane Extension or Retraction by Regulating
the Activity of the Rho GTPases.

Rac and Cdc42 activity typically leads to filopodia/ laipellia formation and membrane
extension while Rho activity leads to stress fiber formation and nasralvetraction.

1.3b.1. Rac
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Rac small GTPases of the Rho subfamily control the structureyaramics of the actin
cytoskeleton (Hall, 1998). For example, microinjection of Racl recombinant prot@ns int
fibroblast cells promotes increased actin polymerization, whicmeisded for the
formation of lamellipodia and membrane ruffles (Ridley et al., 1998js increase is

inhibited in Racl mutants.

There are three Rac genes in the C. elegans gemehd0, mig-2 and rac-2t has been
shown that these serve redundant, non-cell autonomous functions in axon guidanc
outgrowth, fasciculation in CAN and PED neurons velal-10andmig-2 having greater
roles thanrac-2 (Lundquist et al., 2001). Increasing severity of defects in double and
triple mutants suggests that complete removal of Rac actastylts in complete failure
of axon outgrowth and cell migration. It has also been demordtthteg the Nck-
interacting kinase (NIK kinase) MIG-15 acts in pathways defingdhese three Rac

GTPases to control axon pathfinding (Shakir et al., 2006).

In bothC. elegansandDrosophila the differeniRacmutant defects appear independently
of one another (Lundquist, 2003). For exampleCirelegansdefects in axon guidance
and outgrowth can occur with or without branch formation defects whilwasophilg
branch formation defects occur without defects in axon guidance orowtig
(Lundquist, 2003). IrDrosophilg there are three Rac genes as waltl, rac2 and mtl
(Mig2-like). In the CNS, visual system, and in mushroom bodies, thesedvarlapping
functions in axon guidance and outgrowth (Hakeda-Suzuki et al., 2002; Ng2§02).
Unlike in C. elegansRac activity inDrosophilais dose-sensitive: different levels of Rac

proteins are needed to regulate distinct processes at the growmgh(cuo, 2002,
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Lundquist, 2003). For instance, removing Racs in the sequence Racl, Mtlaedd R
leads to progressive defects in axon branching, guidance, and outgrowth (Ng et al., 2002).
Moreover, axon branching and guidance require high levels of Rac&aP@aty while

axon outgrowth demands only modest amounts (Ng et al., 2002). This is whyg &dc
GTPase triple mutants does one observe severe axon stalltgrdal cluster sensory
neurons on their way to the CNS (Hakeda-Suzuki et al., 2002). Thisilit@d to the
latter's lack of reliance on CRIB-domain effector proteins fac Runction (Ng et al.,

2002).

Recently, a link between Racs and repulsive axon guidance drdsephila CNS
midline has been revealed (Fan et al., 2003). Slit mediatesdhatmeent of SH3-SH2
adaptor protein Dock to the Robo receptor cytoplasmic domain and leadacle R
mediated changes at the cytoskeleton. To start with, pan-neurassign of a dominant
negative form of Racl in glit-robo transheterozygous mutant background enhances the
defects induced bglit and robomutants. Additionally, loss-of-functioracl mutants
show a partial disruption of Slit-mediated axon repulsion. FinallyT @8ll-down
experiments show that Racl activity is increased upon Slit stifonl Although there is
an increase in Rac2 and Mtl activity upon Slit stimulation, theease of these Rho
GTPases is not as significant. Thus, although Rac has beensbsidlds a positive
regulator of axonal outgrowth (Luo, 2000), it is necessary for Sdiated axonal

repulsion at the CNS midline.
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1.3b.2. Cdc42

Cdc42 induces formation of filopodia in growth cones and significantheases neurite
outgrowth rates (Brown et al., 2000). Time lapse analysis shmatsrticroinjection of
Cdc42 recombinant proteins into fibroblast cells promotes increaacpatymerization
which leads to the formation of filopodia within minutes (Nobes and, #885; Kozma
et al., 1995). Furthermore, staining with fluorescently labeled gitbalhs reveals that
Cdc42 expression also redistributes actin into the growth conefthpeal domain and
depletes it from the central domain (Brown et al., 2002). In additiom wheroinjected
with a dominant negative form of Cdc42, fibroblast cells with engstilopodia show a
rapid loss of filopodia (Kozma et al., 1995). This result shows thatZdc not only
necessary for the formation, but also the maintenance of filapbdstly, live filopodial
studies inDrosophilahave shown that Cdc42 controls filopodial formation/ maintenance
and growth cone pathfinding via separate downstream events (Kim 2062). For
instance, expression of constitutively active Cdc42 causes a cignifincrease in
filopodial formation without causing defects in axonal pathfinding. Mdgew
mutations that affect interactions with CRIB-domain containinggmetsuppress defects

associated with constitutively active Cdc42 without affecting filopodiaviact

1.3b.3. Rho

Rho is responsible for the induction of stress fiber and focal adhesromatfon
associated with microtubule depolymerization (Liu et al., 1998). Migciion of Rho
recombinant proteins into fibroblast cells promotes increased bundliragtof and

myosin which leads to the formation of stress fibers associatid focal adhesion
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complexes (Ridley and Hall, 1992). Additionally, inhibition of Rho protein tioncvia
ADP-ribosylation prevents the increase in stress fiber foomatnd simultaneously, the
assembly of proteins into focal adhesions (Ridley and Hall, 1992; Enorh696).
Furthermore, the application of agents that disrupt actin-myosinaati@ns to cells
microinjected with Rho also disrupts the formation of these stest(€hrzanowska-
Wodnicka and Burridge, 1996). However, actin staining reveals thatpatymerization
is not inhibited in these cells. Thus, actin-myosin bundling and not palymerization

is necessary for stress fiber and focal adhesion assembly.

1.3b.4. Complexity of Rho GTPase signaling
Although painting a pathway in which the Rho GTPases act independémrthch other
with Racl and Cdc42 exclusively regulating axon extension whieARalways

regulates axon retraction is convenient, in reality, the picture is much mopdicaied.

To begin with, Rho GTPases can participate in both axon attratwmetraction. It all
depends on the partners they are signaling with. For instancdditioa to its widely
reported role in axon extension, Racl has been shown to participgtewth cone
retraction induced by two repulsive guidance cues: ephrin and senmaghisily, Rac-1
is required for ephrin-A2- induced growth cone collapse. For insfarstng an antisense
oligonucleotide, applying a Racl inhibitory peptide, or creating a dominantvegain
of Racl blocks ephrin-A2-induced retinal growth cone collapse as ly@wies become
immotile (Jurney et al.,, 2002). Additionally, reducing Racl protein seur@dlibits the

ephrin-A2 induced endocytosis to the plasma membrane of retinal B@l ddowth
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cones (Jurney et al.,, 2002). Secondly, expressing a dominant negativeffilRacl
nearly abolishes Semaphorin3A-induced DRG and spinal cord motor growth cone
collapse (Jin and Strittmatter, 1997; Kuhn et al., 1999). Similarlyjcatioin of a Racl
inhibitory peptide also negates semaphorin 3A-induced DRG and rgtmath cone
collapse and additionally, inhibits its endocytosis (Vastrik gt 2899, Jurney et al.,
2002).

Another detail that complicates our GTPase cascade pictutee ifatt that there is
considerable crosstalk between these pathways (O’Donnell et al., EO0@xample, in
Xenopus BDNF- induced growth cone repulsion requires basal levels of Georking
along with RhoA as dominant negative versions of either Cdc42 or Rbarert the
spinal growth cone repulsion to attraction (Yuan et al., 2003). Thaiaeship is
dependent on the regulation of myosin: higher levels of RhoA stimulgdsin activity
which leads to growth cone collapse while increased Cdc42 inhibitsirmfgosction

which leads to growth cone extension.

1.3c GEFsand GAPs

Signals originating from cell surface receptors control the activiBho family GTPases
by acting on two classes of regulatory molecules: Guanine nutdeetichange factors
(GEFs) activate Rho family GTPases by enhancing the excludrg®BP for GTP while
GTPase-activating proteins (GAPS) inhibit Rho family GTBakg stimulating their
hydrolysis of GTP to GDP (Luo 2002; Guan and Rao 2003; Govek et al., 200&ryLow

and Van Vactor;2009; Hall and Lalli, 2010) (Figure 13). Such upstreguoiaten
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allows these factors to direct Rho family GTPase signaling manner that is both

tissue-specific and temporal during axon guidance (O’ Donnell et al., 2009).
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Figure 13. The Rho GTPase Cycle.

Guanine exchange factors (RhoGEFs) facilitate the conversionthe GDP-bound to the GTP-
bound form and thus are activators. GTPase activating proteimsG@PS) enhance GTP
hydrolysis and are thus negative regulators. When bound to GTP, Rho €5TBiad to
downstream effectors that transduce signals to regulate the aokealgton (Luo, 2002).

In Drosophila melanogastetthere are 22 Rho-family GEFs and 20 GAPs (Hu et al.,
2005). Of these, eight GEFs (rtGEF, SOS, Sif, RhoGEF2, Pebble, Vay, arrd
GEF64C) and nine GAPs (Rotund, Rlip, P50GAP, CrGAP, CdGAPr, RhoGAP100F,
RhoGAPp190, RhoGAP19D, and Tumbleweed) show high embryonic CNS expression

(Hu et al., 2005).
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1.3c.1 GEFs

Trio is a GEF that has been shown to be the primary activatBaofproteins during
axon outgrowth (Hakeda-Suzuki et al., 2002). For examfle, elegans UNC-
73/Drosophila Trio is a GEF that activates Rac activity (Lundg@i303). In bothC.
elegans(UNC-73) andDrosophila (Trio), mutants have strong axon outgrowth and
guidance defects (Steven et al., 1998; Hakeda-Suzuki et al., 2002)xdple, in
C.elegansunc-73mutants show similar defects on axon outgrowth and guidariRaas
double mutants, indicating that UNC-73 regulates multiple Rac profeinsaxon
guidancein vivo (Lundquist et al., 2001). IBrosophilg racl andrac2 loss-of-function
mutations are able to suppres® gain-of-function visual system axon projection and
morphological defects (Hakeda-Suzuki et al., 2002). Thus, Trio does indgeal si

through Rac proteins.

First identified inDrosophila, SOS (son-of-sevenless) is mainly known for its role as a
GEF for Ras proteins during eye development. Here, it functimvenstream of
Sevenless and EGF receptor tyrosine kinases to activate th@gRabng cascade that
leads to the specification of R7 cells as photoreceptors (Rdggje €991). However,
SOS has also been shown to function as a Rac-specific GEF 8ltingediated midline
axon repulsion (Yang and Bashaw, 2006). Firstly, removing one copiit @i ansos
mutant background enhances the ectopic midline crossing phenotymess single
mutants. These defects are rescued oswild type overexpression. At the same time,
removing just one copy ofacl promotes a 5-fold increase in tlses single mutant

phenotype. Additionally, this function of SOS is mediated by its-itading domain as
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overexpression of asos missing this domain does not rescue axon guidance defects
caused by removal of one copy it in ansosmutant background. Furthermore, GST
pull-down and coimmunoprecipitation assays reveal that SOS, Robo, andradapgin
Dock form a triple complex, with Dock acting as the linker fobB-SOS signaling. This
recruitment of SOS to Robo via Dock is triggered by Slit aS,3Rbbo, and actin can be
seen colocalizing in membrane ruffings upon Slit stimulation. In aagithdam family
metalloprotease Kuzbanian(Kuz), which cleaves the Robol ectodomagguised for
this recruitment as expressing a dominant-negative form of Kuz btbekSlit-induced
localization of SOS to the plasma membrane in HEK293T celle(@at et al., 2010).
This presents a signaling cascade which begins when Kuz clRabed’s ectodomain
upon slit activation, and leads to the strengthening of Robol’s ihteraeith Dock,
recruitment of SOS to the plasma membrane, activation of Racl,ubsdgsient actin

cytoskeleton changes that lead to axonal repulsion and retraction (Coleman et al., 2010).

1.3c.2 GAPs

CrGAP (Cross GAP) is a GAP involved in downregulating Rac durobo-mediated
axon repulsion (Hu et al., 2005). Firstly, disrupt@gsAP function via RNAI in aslit-
robo transheterozyous mutant background enhanceslith®bo mutant phenotype (Hu

et al., 2005). MoreovelCrGAP overexpression results in both ectopic midline crossing
and axonal outgrowth defects, opposing Robo-mediated midline repulsionerfuote,
GST pull-down and coimmunoprecipitation assays prove that CrGAP and Relarint
directly. Likewise, CrGAP overexpression in a Rac dominant negative mutant

background causes increased ectopic midline crossing. Finallysskxge homozygous
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mutant of sos—a positive regulator of Robo-mediated repulsion—in CaGAP
heterozygous mutant background, enhances midline defects (Yang andvB2606).
These results validate the role of CrGAP as a downregulaRa®activity, indicative of

the highly sophisticated regulation in place during Robo-mediated midline mpulsi

1.4 Binding Proteins I nvolved in Remodeling the Actin Cytoskeleton

The final target of all the signaling cascades in the growtie ds the actin filament
network (Dent and Gertler, 2003). It is the constant remodelindnisfnetwork that
drives directional movement of the growth cone. Actin filaments hasstinct polarity
due to the fact that all subunits are oriented in the same direction. The end thatesderg
faster (five to ten times) subunit addition is labeled the pos#ne while the slower
growing end is labeled negative (Geraldo and Gordon-Weeks, 2009). didsdiave
been designated barbed and pointed, respectively, because of the atrapbearance

of myosin heads when bound to the actin filament.

A wide variety of proteins can bind to actin. The ABPs, actin-bingnogeins, facilitate
the association and dissociation of actin monomers that lead to ggomghmovement.
ABPs can be generally distinguished by their ability to eithempte actin filament

polymerization or depolymerization.
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1.4a. Actin filament polymerization

Actin filament polymerization at the barbed end is initiated whthformation of a small
aggregate consisting of three actin monomers, a process known aatioaclUpon
filament assembly, actin subunits undergo ATP hydrolysis and gahosphate
dissociation. ADP-bound monomers are less likely to undergo repolwatienz
Nucleation is triggered upon the activation of the Arp2/3 complexgiRodnd Borisy,
2003), a stable assembly of two actin related proteins (Arp2 go8) Along with five

smaller proteins (ArpC1-ArpC5).

1.4.b. Actin Binding proteinsinvolved in each step

1.4b.1.Arp2/3: nucleation

Real time microscopy has been helpful in showing the primaly of the Arp2/3
complex: It accelerates polymerization by increasing the rataaéation (Mullins et al.,
1998). As a result, a new filament is generated as a branch jomiesigointed side to
the side of a pre-existing filament (Amann and Pollard, 2001). In #ns flaments are
produced that elongate from their barbed ends (Kelleher et al., 1995). oAdtit)
biochemical and microscopic analysis has determined that the ArpRiBlex caps
pointed ends with high affinity, inhibiting the rate of elongation ofaéhesds (Mullins et

al., 1998). Thus, based on the above data, the Arp 2/3 complex promotes fowhation

actin filaments that elongate only at their barbed ends.

Since nucleation is the rate-limiting step of actin filamentypelrization, signaling

proteins that induce actin filament polymerization function primahly activating
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Apr2/3. For example, Rho-family GTPase Cdc42, can bind and turn on Neurona
homolog of Wiskott-Aldrich syndrome protein (N-WASP). It does so Hgucing a
conformational change that relieves the intramolecular bindingcthates N-WASP to

be inactive (Kim et al., 2000). Other SH3 domain proteins such as phdgphasitol 4,

5 bisphosphate (PIP2), NICK, and WISH also help to activate N-W@A&R and
Takenawa, 2003). Subsequently, N-WASP functionally and physicallyaaise with

Arp2/3 via its WA domain to induce nucleation of actin filaments.

1.4b.2 Villin: barbed end capping/actin bundling

As new branches grow, filament length is regulated by pret#iat cap barbed ends.
The importance of barbed-end capping is two-fold (Pollard and \B&#¥3). Firstly, it
ensures that the filaments are stiff enough to push on the men{p@leaed and Borisy,
2003). Secondly, it limits the number of free barbed ends in contdctheitcell surface,
avoiding the unnecessary utilization of actin subunits elsewhecelin(Pollard and
Borisy, 2003). An example of a protein involved in barbed-end cappingllig, \&

Gelsolin family protein. It serves this function via its Gelsolin-like domain.

Additionally, Villin is also involved in actin bundling via its headpiet@main. Actin
bundling is the process of assembling actin filaments into latgectsres by cross-
linking actin into bundles. The actin bundling activity of Villin promatfes formation of
special protrusions of the cell surface known as microvilli. Wheopezlly expressing
Villin, fibroblast cells become covered with microvilli containifgundled actin

(Friederich et al., 1999). In cells transfected with a formildh lacking the headpiece
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domain, villin is unable to bind to actin and therefore does not form &cindles

(Friederich et al., 1999).

1.4b.3. Treadmilling: cofilin

As the growth cone moves forward, turnover of actin filamentsecassary occurrence.
This process of continually balancing polymerization at the barbed weitid
depolymerization of the pointed end is referred to as treadmiHiggire 14). The rate at
which actin filaments depolymerize is the rate-dependent stépis process (Maciver
and Hussey, 2002). First isolated from chick brains (Bamburg et al.,, X0&8f)n is a
~160aa long actin filament side-binding protein which is largely redgengor
increasing actin-filament turnover. It has been shown to pronegelyimerizization of
actin in two ways. The first involves the severing of adtanfents into short segments
(Maciver et al., 1991), which generates more ends. Alternativelgcélerates the rate of
actin monomer release (22-fold) from the pointed ends without affethie rate of

assembly at the barbed ends (Carlier et al., 1997).
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Figure 14. Treadmilling.

The minus ends grow less rapidly than the plus ends of actmefits. There is a net
dissociation of monomers (bound to ADP) from the minus end, balanced @dditeon of
monomers (bound to ATP) to the plus end (Cooper, 2000).

The presence of Cofilin has been shown to be essential for thevatese of cell
motility. For example, mutations itwinstar, the gene that encod&osophila Cofilin,
induce an especially high accumulation of actin filaments in develawages (Chen et
al., 2001). This change in actin cytoskeleton composition leads to tiuptdia of cell
movements during ovary development and oogenesis. Additionallidtyostelium
discoideum cells overexpressing Cofilin move significantly faster than robntells

(Aizawa et al., 1996).

A guestion that remains is how are actin flaments markecetmygnition by Cofilin? As
actin subunits undergo ATP hydrolysis, Cofilin will preferentiddigd to actin flaments
with a higher concentration of ADP-bound monomers (Carlier et al., 18®fgover,

binding of Cofilin to these actin filaments, increases theirttwis quality that makes it
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unique among the ABPs (McGough et al., 1997). As a result, Cofiensathe binding
site of competing proteins such as Profilin. Profilin is the nuicleaxchange factor for
actin, catalyzing exchange of ADP for ATP and returning subuaithe pool of ATP-

actin bound to Profilin for assembly into filaments (Pollard and Borisy, 2003).

1.5AbLIM Family

The abLIM family of actin-binding proteins represents a distaytoskeletal signaling
mechanism downstream of Rac (Yang and Lundquist, 2005). Since the dyscbver
abLIM in humans (Roof et al., 1997), ortholoGselegansUNC-115(Lundquist et al.,
1998) anddrosophilaDunc-115 (Garcia et al., 2007) have been identified. They all share
N-terminal LIM domains, a UAD domain (d¢-115, ALIM, Dematin) and a C-terminal
villin headpiece domain (VHD). Additionally, both abLIM (Roof et al., 198@)l UNC-

115 (Struckoff and Lundquist, 2003) have been shown to bind to iactittro via its
VHD domain while the actin-binding ability of Dunc-115L has beencaidid fromin

silico studies (Garcia et al., 2007).

1.5a. Mammalian abLIMs

AbLIM1 was isolated from a screen for dermatin-like proteinshim vertebrate retina
(Roof et al., 1997). It is composed of N-terminal LIM domains, a Widain, and a C-
terminal villin headpiece. Three isoforms have been isolated inVdbLBbLIM-S
(small), abLIM-M, (medium), and abLIM-L (long) (Lu et al., 20a8jgure 15). abLIM-
L and abLIM-M each have four while abLIM-S lacks LIM domains. yiba# have a C-
terminal VHD domain. AbLIM-M and abLIM-S are widespread ané eelatively

constant through development. At the same time, abLIM-L is pidynexpressed in
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retinal ganglion cells. It is upregulated postnatally and tempocalirelates with the

period of retinal ganglion cell (RGC) axon remodeling (Lu et al., 2003).
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Figurelb. Characterization of Three Major Variants Transcribed from the Murine abLIM
Gene.

Gene structure of murine abLIM gene. There are 26 exons. The nlelmy each exon
indicates exon number and the number above indicates the startiegtitigcihumber of that
exon (numbering begins with the transcription start site of abLIM-L as 1). Tigtih®t start sites
are marked by arrows. Small arrowheads show oligonucleotiderpruised in PCR analyses.
Below the gene structure are schematic diagrams of the aptdidins. GenBank accession
numbers for these variants are: abLIM-L, AF404774; abLIM-M, AF404775;IMx4,
AF404776 (Lu et al., 2003).

In vitro andin vivo analyses have shown that abLIM1 binds actin via its VHD domain
(Roof et al., 1997). Additionally, expression of an abLIM construdt ihanissing its
VHD domain, results in pathfinding defects in chick retinal gangtielts. Unlike wild
type , these RGC axons turn away from the optic disc, follow a-Wevérajectory, and
undergo abnormally high levels of fasciculation (Erkman et al., 2000). Vwowe

disruption of abLIM-L in mice results in normally projecting RGCs (Lu gt24103).
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Most recently, a yeast two-hybrid screen for proteins thatactevith STARS(Striated
Muscle Activator of Rho Signaling)—a muscle-specific actin-binding pretamstriated
muscle tissue, has led to the isolation of two additional abLIM ipso{Barrientos et al.,
2007). Human abLIM-2 expression is relatively constant throughout devetdand is
strongest in skeletal muscle while expressed more modesthnatine On the other hand,
human and mouse abLIM-3 expression is downregulated in adulthood while being
strongest in the heart and somewhat in brain tissue. The arpre§shese two isoforms

in the brain is largely distinctln vitro andin vivoassays have shown that like abLIM-1,
both abLIM-2 and abLIM-3 bind to actin. The discovery of two additicaial|M
proteins may explain why phenotypic studies with abLIM1-L (Lul.e2803) resulted in

no obvious pathfinding defects.

1.5b. C. elegans UNC-115

UNC-115 was first reported as part a scree oélegansehavioral mutants for genes
involved in guiding axons along the ventral nerve cord (Wightman.,e1@97).1t has

been found to be involved in the pathfinding of later-extending as opposedrly
pioneering neurons (Wightman et al., 1997; Lundquist et al., 1998). Mutatior’d@r U
115 lead to uncoordinated locomotion and the fasciculation of axons at the VNC
(Wightman et al., 1997; Lundquist et al., 1998). For example, in adultstiomstanunc-

115 cause HSNL axons, hermaphrodite-specific motor axons that normaalgl in the

left fascicle of the VNC, to travel in the right side (\Mignan et al., 1997). Additionally,

axon guidance and locomotion defects have been proven rescuable upon transgenic
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expression ofunc-115full length cDNA (Lundquist et al., 1998; Yang and Lundquist,

2005).

UNC-115 has been shown to act as a cytoskeletal adaptor protginndtance,
molecular modeling and actin co-sedimentation assays have shotvhkéhabLIM,
UNC-115 indeed does bind with actin via its VHD domain (Struckhoff lamttiquist,
2003). Additionally, UNC-115 has been shown to act as a downstream cgtakkel
effector of Rho-family GTPase Rac-2 in axon pathfinding of both podtdensillum
(PDE) and excretory canal (CAN) axons (Struckhoff and LundqR@3) (Figure 16).
Furthermore, loss ofinc- 115 function suppresses the increase in lamellipodia and
filopodia-like structures caused by constitutively activatiRgc-2 (Struckhoff and

Lundquist, 2003).
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Figure 16. UNC-115 Acts Downstream of Rac Signaling in CAN and PDE Axon
Pathfinding.

The genetic relationships between the thmess, unc-73andunc-115are shown. Arrows indicate
that the genes act in the same pathway. Traegenesced-1Q mig-2 andrac-2/3, define three
parallel pathways with overlapping functiamc-73acts in all three pathways, andc-115acts
downstream ofac-2 andced-10 Arp2/3 acts downstream of Mig-2.

A functional link between UNC-115 and external guidance cue Netarbban reached
in axon pathfinding and neuronal morphogenesis (Gitai et al., 2003). Taemgen of a
gain-of-function UNC-40 mutant (MYR::UNC-40), causes axon guidadeéects,
accompanied by excessive axon and cell body outgrowth. Furtherimese, defects are
suppressed by expressing UNC-115 loss-of-function mutations in thiggroand—
proving that it acts downstream of UNC-40. Additionally, double mutan®aofprotein
CED-10 and UNC-115 result in no added suppression of MYR::UNC-40, indi¢hihg

they are all part of the same pathway. Lastly, guanine agehactor UNC-73 has been
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shown to bind to the cytoplasmic domain of UNC-40 (Watari-Goshim&,e2097). In

summary, UNC 40 recruits CED-10 via UNC-73, which signals t€CtN5 to promote

actin cytoskeleton rearrangements (Figure 17).

UNC-40/DC

—

Rac

UNC-115/ D
abLIM ) actin

- 2
~— “'%@@
3P

Figure17. Model for UNC-115 Mediated Actin Rearrangements via UNC-40 Signaling.
Shown here is a model for UNC-40 signaling in which UNC-6 induces -WBlCeceptor
dimerization. The P2 domain of UNC-40 recruits CED-10 and UNC-115 to gteomctin
rearrangements via UNC-73. UNC-115 acts downstream of CED- 1@ dhseability to directly
bind actin (Modified from Gitai et al., 2003).

/

Most recently, UNC-115 has also been shown to be crucial to growthnoomology
and dynamics during outgrowth (Norris et al., 2009). In Wothelegansneurons and
mouse fibroblast cells, UNC-115 overexpression has been shown to indpoeiél and
lamellipodial formation (Yang and Lundquist, 2005). Moreover, UNC-115 regguthe
filopodia initiation ratein viva In unc-115 loss-of-function mutants, filopodia are

generated 1 every 5.9 minutes per neurite in comparison to the pédwyere they are
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generated 1 every 4 minutes (Norris et al., 2009). This controbeitigrcone dynamics
most likely depends on the distinct guidance cue environment witnegsdifdrent
neurons (Norris et al., 2009). In PQR neurons, for example, UNC-115 redundantly
controls the number of filopodia that are formed per neurite alorfy seiten protein
member complex, Arp2/3. Conversely in VD neuromsic-115 mutants do have

significant drops in filopodia formed when compared to wild type.

Investigations from both invertebrates and vertebrates have bragyhtloser to
understanding how axons are directed to their targets in earlyodment. They have
brought to light the existence of secretable proteins that providetidimal information
to the cell by binding to receptors at the cell membranesy Hlave also brought to light
the existence of signaling proteins like Rho GTPases that tieleynformation to the
cytoplasm. Although we are learning more about actin-binding potiiat mediate
interactions between the actin cytoskeleton and cytoplasmicdafggher inquiries are
needed to complete this picture. For example, studies of mammadlldiM aand
C.elegandJNC-115 have shown that these proteins are necessary for pegpénding
decisions at the embryonic midline and elsewhere. By studyinfiytieetholog, Dunc-
115, we hope to fill in the gaps that still remain in our understandihgwfcytoskeletal

changes lead to directional movement of the growth cone during axon pathfinding.

1.5c. Drosophila Dunc-115

1.5c¢.1 Identification of Drosophila Dunc-115
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Thedunc-115gene (85E6) spans some 10.7 Kb and contains eleven exons that are
alternatively spliced to generate three isofodusc-115) m, ands (Garcia et al., 2007)
(Figure 18). Botldunc-115manddunc-115scontain the stop codon TAA, whitkinc-
115lhas TAG. All cDNAs contain a polyadenylation signal and a poly A tail (Garcia et

al., 2007).

KGO03651
11

| | | | | | | | | | | |
5 TAG 3

K/Hﬂ/mk/lﬁ? dunc-1151
—

500 bp ] ThA
TAA
dunc-115s
| ATG Start Codon

Stop Codon

Figure 18. Genomic Structure of Dunc-115 Isoforms. A total of eleven exons have been
identified. Black boxes are the sharesd exons while diffeiling$ represent isoform-specific
ones. The location of the P-element in mutant siainc-115°%*'is indicated (Garcia et al.,
2007).

There are three protein isoforms of Dunc-115 as a result of alternativagpDcinc-

115L (806 aa), Dunc-115M (769 aa), and Dunc-115S (766 aa) (Garcia et al., 2007)
(Figure 19). All three proteins have four N-terminal LIM domains asageh UAD

domain with Dunc-115L being the only one having a VHD domain. Moreover, molecular

modeling shows that the VHD domain of Dunc-115L is likely to bind to actin (Garcia et

al., 2007) (Figure 20).



HE W

EYLLIYINILE

KHPOTUETER
¥ELH

LIE B1

EXCESEVLRY

YT ECRND

VLCEQCWTCA

H LK KLY 2N

CEXOAVEFYCER

GITFFDGEE

L FLI e

CRFHEREDIER

ERARGEVRGEER

ATNEIFHEARCE

TVEGEYYWETH

FUEPEEQATE

A GELLEE

CYQRAPEEE

FLOGEATWHD

SR ALSICEY 11K

[YTYSYLTDH

FRERFHERTR

UAD domein

CHEFAREED]D

FaEsPE L ERL

e m_“

ETENVENGEFR

YEREARGHHLD

DEERFDEETEY

HEEVERIEED

FPRNASETPEA

SAS LEKELGH

LY PETLGTE
EGETHREEPF

QCCOTRESLA

T.TH #Z
FETTHQECET
COVEEPAFFA

LIM &3
COALRLIIRG

LI

IETELGETGOE
YFVIPFEMQTG
L

TEGFFTEDEHA

CEECERQEFEE

EFPTEATAHD

WHVECFRCEA

AYCERFIDGN VLOAODMHEF

RCCPMGTEESG

o ETRR MG

FHYLRXFPIDE

EREERLANTAL

D PAFFTEY]

ALRREREDL

SEEPLYELRY

AEETHAIIIEY

IIIRGEECTE

TESHFEEIYET

REEETTEIMEET

U EREER Y20

EFLHEIIGEM

ESPIGASPER

EFFFERSYGEF

KGELY
RIGETY
KQETYCRECT

Lod
YYCIPDYORL

Lol
GEEVINTGEEE

ich
CHEEVISHER

A50

AN LNGRYM

Gl
HETCARCTES

EETH

SINORRENEN

4100

Al LY

450

HRPEFYATTR

SO0
GHHHEETTEL
]
TRV PAELIL

&C0
IAFDLEEHMLE

£510
NLOBOEPEYE

T
ETTTLEY IR

58

750
CFEFDFEYID LODETHETDL ECCEFEAEVD EITECDRRAL BMOCODLEPAEET
00

L* {Dame=1155)

L* {Came—115M;
YEORLEYHYF WLIFRELE NMEHFIIECHK FRNIYEYHLL LITHYRLFPFED

LT )
WHD domain 245
WA L=

Figure 19. Protein Sequence Comparison of Dunc-115 Isoforms. All four isoforms share 4
LIM domains and a UAD domain. Dunc-115L is the only isoform to coréa/HD domain.
Note that Dunc-115S and M have different N-terminal sequencesanmhate before the VHD
domain as separately marked. Shaded areas are LIM domains and the VHD

domain and the UAD domain is in boldface. The stretch marked by [iewiiog the LIM
domains is deleted in Dunc-115S (Garcia et al., 2007).
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Figure 20. Model of Dunc-115L VHD Domain. There are four conserved residues in the human
villin headpiece domain involved in binding to actin and the correspondinggsidues in Dunc-
115 VHD have been found. Two of the four residues are Trp and Pha $teoevand the other
two are Arginines. Blue, red and white colors represent pesitiggative and neutral charges,
respectively (Garcia et al., 2007).

1.5c.2 Phenotypic Analysis

Drosophilavisual system is a well-studied model for retinal axon pathfinding where
axons from photoreceptor neurons project from the eye disc through the optic stalk to
their brain targets in a retinotopic fashion. Disruption of genes required for axon
projection results in defects ranging from stalled axons to the formation chgdps
crossovers. To determine the functions of Dunc-115, axon projections in the visual
system have been examined. Using the antibody 24B10 for the photoreceptor neuron
specific marker chaoptin, retinal axon projectiomlimc-115mutants has been analyzed

where abnormal gaps and crossovers are apparent (Figure 21) (Galgia@o7),

suggesting that Dunc-115 is involved in retinal axon navigation to the target.
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Figure 21. Dunc-115L Mediates Retinal Axon Projection. Dunc-115 mediates retinal axon
projection.

(A), (C) wild-type and (B), (Dpunc-115%%% (A), (B) were stained with the 24B10 antibodly.
Long arrows in B indicate some of the gaps formed by adjagentfzundles and the star points
to one crossover event, while the two short arrows indicate abnormalgfaltlihe axons.

(©), (D) were stained with a panneural FITC-conjugated anti-aiRbody and viewed from the
lamina plexus perspective where the targets of R1-6 celisefbra continuous crescent shape
(arrow in (C)) in the wildtype. I@lunc-115°%3°*'D, the lamina plexus was disrupted by frequent
gaps (arrowheads).

OS optic stalk; LP lamina plexus. Scale bars: 50 Im ina@j (B), 30 Im in ¢ and 38 Im in (D).
(Garcia et al., 2007).

The embryonic CNS is another intensively investigated target for axon tiamigaur

lab has also examined the involvement of Dunc-115 in this process. As one of the
markers for the CNS, fasciclin is an immunoglobulin superfamily cell adhestacute
that delineates the three longitudinal pathways on each side of the midline, media

intermediate, and lateral. CNS staining with the antibody for Fas¢idiD4 shows that
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in dunc-115mutants, the outermost fascicle experiences frequent breaks whileditie mi
and intermediate fascicles fuse together (Garcia et al., 2007) (Figure/Aiiitjonally,

axon bundle thickening occurs at each neuromere (Figure 22D, E). Together, these da
indicate that Dunc-115 is necessary for proper axonal projection of longitudoms ak

the midline.

Anti-Fas Il Anti-HRP Double

Bl il
i

Figure 22. Dunc-115 is Involved in Longitudinal Axon Fasciculation. (A) Fas |l staining in

the wild type reveals three continuous longitudinal bundles runnipgrallel in each of the two
longitudinal tracks. (B) Wild-type CNS is seen with thdi-&fRP staining. (C) Anti-Fas I
staining of thedunc-115°%%*CNS shows large breaks along the longitudinal bundles (stars) and
fasciculation defects of abnormal gaps (arrow). Arrowhead srtakcenter of the CNS. (D) The
large longitudinal breaks coincide with axon bundle thickening at each neunoherehedunc-
115¢%S%1CNS is seen with double labeling of anti-HRP and anti-Fas lleSwea: 25 Im for all
panels. (Garcia et al., 2007)

Wild-type

Dunc-115
Mutant

Given all of the above data, Dunc-115 functions in choice point decisions and influences

defasciculation at the midline.
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1.6 Drosophila melanogaster as model for studying axon pathfinding.

Drosophila melanogasteis a well-established genetic model for studyiimg vivo
functions of genes. Moreover, the wide range of molecular, celluldr genetic
techniques in fruit flies provides a unique system to investigateaxioe guidance
pathways. It is very easy to manipulate genetically sinbadtvery large chromosomes,
its entire genome has been mapped, and it has a life cycleakiest 9 days to reach
adulthood. Furthermore, the high level of conservation across speciestbaded the

understanding obtained froBrosophilato other systems including humans.

1.6a Drosophila motoneurons

In the embryos and larvae @rosophila the muscular system is organized into a
segmentally repeating pattern of 31 or fewer distinct muisicbss per hemisegment
(Figure 23A)—each of which is innervated by motoneurons (Johansen et al., 1889)
as is the case with vertebrates, Drosophila motor neurons lea@Nthen two major
axon bundles termed fascicles. These are the intersegmemgl r{i8ve roots and
segmental nerve (SN) roots. These bundles separate into fivehbsaas they enter the
periphery to reach their muscle targets, a process calledcarfiation. These five
pathways are the SNa, SNc, ISN, ISNb, and ISNd. (Figure 238)9N innervates the
dorsal muscle fibers while SN innervates the ventral mulsicts (Johansen et al.,

1989).

The SNa and SNc pathways derive from the segmental nerve cdedtimiilSN, ISNb

and ISNd separate from the intersegmental nerve cord. The SNehbsthe main
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branch and the first to appear of the SN (Johansen et al., 198@gntie past the ventral
muscle domain to the lateral muscle region. It then divides indbesal and a dorsal
branch, innervating muscle fibers 5 and 8 and then bifurcates agaimetvate muscle
fibers 21-24 (Johansen et al., 1989; Kauffmann et al., 1998; Winberg¥98), (Figure
23C) These set of six fibers are the most distant targebe @N (Johansen et al., 1989)
The SNc, ISNb, and ISNd branches emerge simultaneously—innervatingorognaal
targets. Of these, the ISNb branch has been most extensiveltigated (Kauffmann et
al., 1998). It separates from the ISN after exiting the CNSpaockeds into the ventral
domain forming three major branches, one between muscle fibers@ and one each

at the ventral edges of muscle 13 and 12 (Winberg et al., 1998)(Figure 23C).
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Figure 23.Connections of Motor Axons to Muscles (A) Muscle fibers of an abdominal
hemisegment labeled by rhodamine-conjugated phalloidin (Johansen ¥384l). (B) The ISN
and SN exit the CNS in ISN, ISNb, INSd, SNa, and SNc branchesj¢Aaad Tear, 2003).(C)
Schematic of a hemisegment in the wild-type stage 17 embugtrating the innervations of
individual muscle fibers by motoneuron axons. ISN, intersegmentat;n&Mb, the b branch of
ISN; SN, segmental nerve; SNa, the a branch of SN; TN, &eseswnerve; VNC, ventral nerve
cord. Anterior is to the right and dorsal up in all panels. Saliesmwere based on and inspired
by Ayoob et al. (2006).

1.6b Drosophila Ventral Nerve Cord

In both vertebrates and invertebrates, the midline of the developifgi<ah important
choice point for pathfinding axons. These project toward and acrossdlemforming
axon commissures (Tessier-Lavigne&Goodman, 1996).These commissonal @mxist
extend significant distances toward the midline and then must detieier or not to
cross over to the opposite side of the CNS (Garbe and Bashaw, 2004)eAdieing the
midline, axons execute right angle turns on the ipsilateral sand contralateral
(opposite) side of the midline, respectively. Subsequently, these axasts funther

decide whether to extend in the rostral or caudal direction parallel to theenidli
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Both classes of axons are barred from the midline once they begrténd in the
longitudinal direction. Specialized midline cells function as inteliate targets that
provide growth cones with long- and short-range guidance cues whiclivglgsdr

negatively influence axonal extension. Thus, proper axon guidancesiretiion relies
upon the growth cone’s ability to correctly integrate a varsétgxtracellular guidance

signals (Kaprielian et al., 2001).

The Drosophila melanogasterentral nerve cord (VNC) has been studied extensively and
provided significant findings in the field of neuroscience. It passea relatively simple
nervous system which makes it optimal for scientific resedioh.VNC develops from a
sheet of neuroectodermal cells within a 24 hour period (Skeath and 20G8). The
VNC has the appearance of a railroad track with two longitudio@hectives running
along the A-P axis and two commissures extending from one sithe ofidline to the
other, forming the ‘rungs’ of the track. A hemisegment is atdnal half of a segment
and is the unit of the VNC (Skeath and Thor, 2003).The VNC is subdividedLdnto
hemisegments with 300 neurons per hemisegment of ventral nervéVdt@j (Skeath

and Thor, 2003; Araujo and Tear, 2003).

One difference betweddrosophilaand vertebrates is that the axons crossing the midline
are subdivided into anterior and posterior commissures (Humrak] £099; Kaprielian
et al., 2001) The formation of these commissures takes place dotagg 12 (8.5-
10hours) of embryonic development (Klambt and Goodman.1991; Kaprielian et al.,

2001). They are formed in several steps: The pioneering of theriposand anterior
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commissures, the migration of posterior glia, and the resultingatepanof anterior and
commissures (Klambt and Goodman, 1991). Three pairs of glia arafpatsiee midline
and these are connected to the longitudinal and commissural bundiesb{ket al.,

1991).

Several proteins are involved in making sure all axons reachdiéngned destinations in
the Drosophila midline. Netrins A and B are attractive cuesatgainitially secreted by
midline glial cells during stage 12 of Drosophila development r{glaat al., 1996).
Removing bothNetrin-A and Netrin-B results in missing or thinning commissures and
frequent disruptions of the longitudinal connectives (Harris et al., 199@)presence of
one of the two is sufficient for the correct crossing of commn@gsaxons across the
midline. Reintroducing either Netrin-A or Netrin-B rescues letrin-A and B double
mutant non-crossing phenotype to a similar extent (Harrial.et1996). Moreover,
commissural axons in single mutants of Netrin-A and B project abrniBrankatschk
and Dickson, 2006). Netrins and B interact Witdizzledreceptors, which are expressed
in the surface of extending axons (Kolodziej et al., 1998azzlednull mutants strongly
resemble the phenotype pétrin-A and netrin-B mutants (Kolodziej et al., 1996). Also
controlling midline crossing are repulsive cue Slit and itsptceRobo-1. Robo-1 is
expressed on the surface of the developing embryo while Slit is secretearbyateells
at the midline. Robo-1 is upregulated at the surface of ipsilaggons to prevent them
from crossing the midline, downregulated to allow commissural akmnespond to
Netrin and cross the midline, and then upregulated again once thegrbased correctly

to prevent recrossing (Kidd et al., 1998).
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1.6¢ Drosophila visual system development

The Drosophilacompound eye is a stereotyped structure consisting of 750 repegpting
units called ommatidia, each consisting of 20 cells: Eight phapters(R1-R8),six
glial-like support cells, four cone cells, and two primary pignoatis (Bao et al., 2010)
(Figure 24). Of the 8 photoreceptors, R1-R6 respond to green ligle Rhiand R8 react
to blue and UV light (Harris et al., 1976). In early embryogesneX)-40 cells set up
imaginal discs. Imaginal discs are groups of larval cells fdmeh adult structures form.
The eye develops in the flat epithelial layer of the eyeginad disc of the larva. There
are no cells directly above or below this layer, so the interactare confined to

neighboring cells in the same plane.
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Figure 24. The Drosophila Eye (A) Scanning electronmicrograph of the eye of an adult fly
showing its repeating eye unit organization. (B) higher magtidicaimage showing the
hexagonal shape of each ommatidia, which are outlined by a lgristiéng every other vertex.
(C) Cellular organization of single ommatidieo, cornea; primary PC, primary pigment cell;
psC, pseudocone; secondary PC, secondary pigment cels, Rhotoreceptor cells 1-6; R7,
photoreceptor cell 7; R8, photoreceptor celA8B (Knust, 2007) C (Wang and Montel 2007)
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1.6¢.1. R cell fate specification

The differentiation of these randomly arranged epithelial cel® the retinal
photoreceptors and their surrounding lens tissue occurs during the tiadl itsstar
stage. An indentation forms at the posterior margin of the irabhglisc, and this
morphogenetic furrow sweeps across it over a 2 day period in a walevelbpment
from posterior to the anterior of the epithelium (Ready et al., 1&®tdgnant and
Treisman, 2009). This progression of the furrow is mediated by segolanity protein
Hedgehog (HH) and TGFB superfamily member Decapentapl&f®) (Heberlein et
al., 1993). HH is expressed in differentiating cells posterior torthighogenetic furrow
and diffuses anteriorly to mediate the expression of DPP inutihewf. In hh mosaic

mutants, a portion of the eye is missing and morphogenetic furrawgssion is arrested

early. Also, in bothhh single mutants and in mutations that stop the progression of the

morphogenetic furrowdpp expression is abolished. Moreovepp expression is restored
before morphogenetic furrow progression resumes. Thus HH and DRRtiaed to the

ability of the furrow to traverse the eye disc.

As the morphogenetic furrow passes through a region of cellg tedls behind it begin
to differentiate in a defined order. The first cell to diffeimtet is the central (R8)
photoreceptor. R8 cell is thought begin a cascade of induction #rét stith the
differentiation of the R2 and R5 photoreceptors. R3 and R4 follow, then R16addR
finally R7 is differentiated (Roignant and Teisman, 2009). The othlés around these

photoreceptors become the lens cells.
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Several proteins are involved in controlling the steps of this inductiscade. Firstly,
transcription factor Atonal (Ato) is responsible for triggeririge tonset of R cell
differentiation by specifying the R8 cell (Jarman et al., 19849 is initially expressed
anteriorly to the morphogenetic furrow as a stripe spanning theabgisc and is refined
to R8 cells as the furrow moves. dto mutants, the eye is devoid of any photoreceptors
and thereby reduced to a mass of pigment cells. As a conseaqigktomal activity, the
R8 cell begins to express serine proteases Rhomboid (Rho) 1-3 wlkmve and
subsequently activate EGFR ligand Spitz (Wasserman et al., 2008y ¥o@l., 2008).
The secretion of Spitz from the R8 cell sets off a cascade of difi@ientof R1-R7 cells
(Freeman et al., 1996; Roignant and Treisman, 2009). In the preseseeenfup (Svp)
and high activity of the Ras pathway, R precursor cells becom@6Rdélls. In the
absence of Svp, they become R7 cells at high levels of Rasisggaald cone cells at
low levels of Ras signaling (Begeman et al., 1995; Krame.et1995; Shi and Noll,

2009).

Receptor tyrosine kinase Sevenless, transmembrane proteins Bossebadaid
transmembrane receptor Notch work together to regulate R7 teelBv is expressed in
all presumptive R cells as well as cone cells (Banerje#.,e1987).Meanwhile, Boss is
first expressed in cells posterior to the morphogenetic furrowtheerdlater expressed in
R8 photoreceptors (Kramer et al., 1991). The ligand Boss binds to oedggsine
kinase Sev, which internalizes Boss to the R7 cell (Kramak.,e1991). In sev and boss
single mosaic mutants, R7 precursor cells are converted to cbmdTaamlinson and

Ready, 1986; Kramer and Van Vactor, 1990). Additionally, Delta andhNspiecify the
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R7 cell by providing a signal from the R1/R6 photoreceptor paaurfter et al., 1991). In
mosaic mutants in which at least one member of the R1/RA@gu&s Delta or Notch
activity, R7 presumptive cells become R1/R6. Moreover, ectopicgtigessing Notch in

R1/R6 cells causes them to develop as R7.

Transcription Factor Dpax-2, transcriptional repressor TTk88, and adppbtein
Phyllopod control cell fate specification of R1-R7 cells (Shi and,12009). Both Dpax-

2 and TTk88 function to promote cone cell development. Dpax-2 is expressied in
nuclei of cone cells, bristle cells, and in primary pigmentsc@iu and Noll, 1997).
TTk88 also localizes to cone cells. Additionally, it can be foundhm nuclei of
undetermined basal cells (Lai et al., 1996). In ommatiditkpD-Pax-2double mutants,
all cone cells are lost (Shi and Noll, 2009). Additionally, ectopraastexpressing Dpax-
2 and TTK88, results in the conversion of R precursor cell fate to aalle(Shi and
Noll, 2009). Independently, TTK88's role is to prevent inappropriate R cell
differentiation of cone precursor cells but not to promote cone a#&dl. fin fact,
ommatidia within the mutant patch contain extra R7 celttkimutants (Lai et al., 1996)
while there is increased cell death of R precursor cells imatidia where TTK88 is
being ectopically expressed. Moreover, in this overexpression, R pecetts are not
converted to cone cells. D-pax2, on other hand, does promote cone cédlcaiien

while suppressing cone precursor cell death (Shi and Noll, 2009).

Phyl promotes R cell fate by both targeting TTK88 for degradatia the formation of a
complex with other proteins (Tang et al., 1997) and blocking R feg¢d by

downregulating D-Pax (Shi and Noll, 2009). Phyllopod is expressed infenedifiated
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cells and R cells (Shi and Noll et al., 200®)st as in ectopic expression of Dpax-2, loss-
of-function Phyl mutants show transformation of R cell precursiis o@o cone cells.
Moreover, TTK88 (Li et al., 1997), and D-pax proteins (Shi and Noll, 2009) are
ectopically expressed in these cells. Conversely, when Pledtapically expressed,
cone precursor cells are transformed into R cells while TTK8&l{g et al., 1995;
Dickson et al., 1995) and D-pax levels are reduced relative to wplel. tThis is a
mechanism in which Phyl controls R cell fate by downregulatmg proteins which

promote cone cell fate in different ways.

1.6¢.2 R cell target selection

The projection of R cells to their final destinations in the bisaaiso highly coordinated.
These project through the optic stalk into the optic lobe, wherectiv@gct their targets.
The optic lobe is composed of four optical ganglia: The lamina, needolbula and
lobula plate (Figure 25). R cells make connections with neurons idathima and
medulla. R1-R6 photoreceptors terminate in the lamina, which liestlgibeneath the
retina (Figure 26). This process takes place in a single, mogbally defined step
(Choe et al.,, 2006). The medulla is subdivided into 10 layers (M1-M10).nB@7R&
extend through the lamina to terminate in the M6 and M3 layerecesply, of the
medulla (Lee et al., 2003; Araujo and Tear et al., 2003; Ting and Lee, POMAsi et
al., 2008) (Figure 26). R7 and R8 reach their targets in two staigststhey sequentially
extend to temporary layers. A later process of stabilizatsults in their concurrent
termination to the desired layers (Ting et al.,, 2005).These coangciire under the

control of several distinct molecular signals.
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Figure 25. Horizontal Section of a Drosophila Visual System from a Preparation Stained by
the Bodian Method. Up: direction of the animal’s anterior. Horizontal rowsaftridges parallel
to the equator in the lamina neuropile (L) connect to horizoates 10of columns in the medulla
(M) by means of sheets of fibres that traverse the externasrohi (EC). The medulla is
subdividedinto two parts, outer (distal, strata M1-M6) and inner (proxisiaata M7—M10), by
its middlestratum, which connects to Cuccatti’'s bundle and contains lateraiytated axons of
many medulla tangential neurons. Each input terminal from the lansimainates in a specific
stratum of the outer (distal) medulla. R, retina; IC, inteahé&sma; Lo, lobula; Lp, lobulalate.
Scale bar: 5qm. (Takemura et al., 2008)
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Figure 26. R cells Terminate in Various Regions of the Optic Lobe. (a) The medulla, lobula
and lobula plate are organized into layers. Photoreceptor axojestpmao the lamina and
medulla (green and purple lines) to form synapses with lamirenge)y and medulla (red)
neurons, respectively, whereas lamina neurons make connections nedh#a, and medulla
neurons connect to the lobula and lobula plate (only 1 of ~50 typesdfilan neurons and none
of the centrifugal neurons are shown). (b) Connection pattéithe @hotoreceptor neurons. The
eye comprises ~750 ommatidia (green columns), each of which coeigimsphotoreceptor
neurons termed R1-R8. The axons of R1-R8 form a common bundle teatentde lamina and
medulla in an invariant pattern. The R1-R6 axons defascicutatetfre common bundle at the
lamina and extend laterally to form synapses with the lamina neuronsriaigfidoring columns.
The connection pattern of R1-R6 in the lamina is stereotypeédediects the organization of
their rhabdomeres (light-sensing structures) in the eyeRIhand R8 axons extend through the
lamina and terminate in two medulla layers, termed M3 and M6gectgely. Similarly, the
lamina neurons (L1-L5) make layer-specific connections in theuhae(see Figure 3c) (Ting
and Lee, 2007).

Receptor tyrosine phosphatase Dlar, classical cadherin N-cadljdoad) and
scaffolding protein Liprine have been shown to work together in a complex pathway to
influence all R cell subtype connections. They can physieai$pciate as Dlar binds to

both Ncad and Liprin via its phosphatase domain (Prakash et al., Z0@9) expression
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during development overlap as they aredaditributed in both R cell axons and their
targets in the lamina plexus and within the medulla neutbp# et al., 2001; Clandinin

et al., 2001; Choe et al., 200Hpwever, the localization of any of these proteins in a
developing fly is not dependent on the activity of the other (Prakash, &009). They

all regulate R7 target selection B axons terminate early in the M3 layerNdad,
liprin-a and Dlar eye-specific mosaimutants (Lee et al., 2001; Clandinin et al., 2001,
Choe et al.,, 2006)Ncad plays a unique role in the regulation of topographic map
formation: InNcadmosaic mutants, R8 axon terminals exhibit defects in the famati

a normal topographic map (Lee et al., 2001; Clandinin et al., 2001). Furtlegiinioas
been shown that Ncad alone is required for the first phase of R7 alayd®&election
(Ting et al., 2005) while Ncad, Dlar, and Lipwincooperate to regulate the second phase
(Clandinin et al., 2001; Ting et al., 2005; Choe et al., 2006;Prakash 20@9). Lastly
with Ncad and Dlar, a phototaxis defect associated with R7 andrB& tselection has
been demonstrated BigadandDlar mosaic mutants prefer visible over UV light ( Lee et

al., 2001; Clandinin et al., 2001).

The regulation of R1-R6 cell target selection by these threins, further shows that
they do not form a simple linear pathway (Prakash et al., 2009). ReRfwtants, axons
either completely fail to defasciculate from the ommatidial beiradid extend toward
their targets in the lamina or make weak, morphologically abnoext&nsions once
within the lamina plexus (Lee et al., 2001; Choe et al., 2006). Howeymession of a

transgene of any one of these three proteins fails to rescueuthatrdefects caused by
inhibiting either of the other two proteins in R1-R6 target siele¢Prakash et al., 2009).

Additionally, only Ncad is required in lamina neurons for R1-Réteeget selection, as
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only Ncad shows R cell axons failing to extend to their corresportdnggts in mutant
lamina neurons (Choe et al., 2006). What's madigyble mutants display more severe
phenotypes than single mutants. For example, 40%cafl, Dlar double mutants and
60% of Ncad, Liprino double mutants exhibit no extension of R4 axons to targets as
opposed to 20% iMNcad single mutants (Prakash et al., 2009). Lastly, Ncad and Dlar
downregulate Liprinzx when it is not bound to Dlar (Prakash et al., 2009). Thus, Dlar,
Ncad, and Liprin-w present a pathway in which the proteins have both overlapping and
independent roles in R cell targeting despite forming a complgether (Prakash et al.,

2009).

Another set of three proteins that work together to control Roogkction toDrosophila
optic ganglions is Protocadherin Flamingo(Fmgceptor tyrosine kinase Anaplastic
lymphoma kinase (Alk), and LDL receptor repeat- containing setcfatgor Jelly Belly
(Jeb). Alk is activated by Jeb—which is essential for Alk’g ialR cell targeting. Fmi is
localized to all R cells and in target neurons in the lamina argullaewhile Jeb is
expressed in the former and Alk, in the latter (Senti et al., ZB&4gou et al., 2007). In
fmi, Alk, andjeb mutant mosaic adult flies, R1-R6 axons extend to inappropriategarget
in the lamina. Most recently, it has been shown that R1-R6 axoetitaygs governed
non cell-autonomously by a balance of Flamingo activity betweeR aell and its
neighbors. For instance, overexpressiofmafin a single R cell subtype is sufficient to
cause mistargeting by adjacent axons (Chen and Clandini et al., 2&8)while, R8
axons of the three mutants, either terminate at superficialslein the medulla,

fasciculate with R8 axons in adjacent medulla columns, or teteninaorrectly in the
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M6 layer of the medulla (Lee et al., 2003; Bazigou et al., 2007).I¥if&l axons of the
three mutants experience defects most likely as a consequetheeimipact on R8 axon

targeting (Senti et al., 2003; Lee et al., 2003).

Lastly, transmembrane protein Golden Goal (Gogo) has been shown to be required for R8
axons to properly reach their targets in the medulla. It is sgedein all R cell neurons

and localizes to growth cones (Tomasi et al., 2008yolgo mutants, R8 axons stall at

the surface of the medulla (layer M1) and fail to innervate the medulla colummraéT et

al., 2008). In fewer cases, R8 axons bypass the M3 layer and terminate in theM6 laye
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Chapter 2 Materials And M ethods

2.1 For Actin Binding assays

2.1a.Molecular cloning

2.1a.1 Restriction enzyme digestion

All restriction digestion reactions contained clean DNA, 5 uniterafyme for every 25
ul reaction, and a final concentration of 1X buffer optimized for theiBpaestriction
enzyme. The reactions were incubated at 37°C for 1 hour.

2.1a.2 DNA Gel electrophoresis

0.7-1% agarose gels were made using agarose (Fisher) and 1XTTiaBbdse, Acetic
acid, EDTA) buffer. After boiling the agarose with the TAE irRB0 ml Erlenmeyer
flask, and cooling, 5-@l of Ethidium Bromide were added for visualization. The gel was
then cast and allowed to cool for an hour. After removing the comIplsamvere loaded

and then the gel was run for approximately 1h30 minutes @ ~100V.

2.1a.3 Gel extraction/ band purification

After running an agarose gel, the band in question was cut outaisirgical blade. The
band was placed in a 1.5ml Eppendorf tube and weighed. The Qiagen QDA
extraction kit for agarose gels was used to extract and pul#. *he agarose gel was
dissolved in QX1 buffer, whose volume used was equivalent to tinnee the weight of
the DNA band isolated. Anywhere from 0to 30 ul of QIAEX II silica beads were
added to the suspension. The tube was then placed in a heating block &r505C
minutes with gentle shaking every 2-3 minutes. The tube was thémfuged at top

speed for 30 seconds. The supernatant was removed and discarded. Thegsellet
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washed in QX1 buffer. The tube was centrifuged again, supernatant cbengsia, and
the pellet was washed with PE buffer. After centrifuging, shpernatant was removed
and the pellet was allowed to air dry until it turned slightly teehn color. Then an
appropriate volume of 10 mM Tris-HCI pH 8.0 was added to thetpdllee tube was
vortexed and then placed on a heating block at 50°C for 10 minutes. Theasiken
centrifuged at top speed for 1 minute. Afterwards the supernatantraressferred to a

new tube. The sample is ready to use at this point.

2.1a. 4 Generation of recombinant plasmid

All vectors used were cut with 30-60U of enzyme and digested omer@@g7C to
ensure complete digestion.

The pBluescript 11 SK(+), a 2961-bp phagemid derived from pUC19 was used as an

intermediate vector to subclone Duncl15L into pT7Flagl(Figure 27) .

3.0 kb

Figure 27. Organization of the pBluescript |1 SK(+) Vector.
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The pUASTattB, a 8489bp vector was used to subclone Duncll5L and S for the
purposes of generatinguncll5mutant rescues. It is a pUAST vector that has been

modified with loxP and attB recombination sites (Bischof et al., 2007)(Figure 28).

/S\

T7 promoter

ampR

pUASTattBFL
8489 bp

T3 promoter

attB site
SV40 poly(A)

5xUAS-hsp70

Sacl

BstXI

EcoRI
cor TC231 Hindlll

Figure 28. Organization of the pUAST attB Vector.

The pT7-FLAG-1, a 4889 bE. coli expression vector was used to generate Dunc115L
and S FLAG fusion proteins. DNA fragments inserted into this vewotet be placed in
frame to it. An N-terminal Met-FLAG fusion protein containing tREAG epitope

(DYKDDDDK) will result as consequence of proper subcloning to gblylinker site

(Figure 29).
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(4.9kb)

RBS | ATG | FLAG MCS STOP

amp'

lacl

PT7-FLAG-1

" pBR322 origin

L Peptide Sequence

Met*| 2gp Tyr Lys Asp Asp Asp Asp Lys

Figure 29. Organization of the pT7-Flag-1 Vector.

2.1a. 5 Dephosphorylation of vector using Shrimp Alkaline Phosphatase (SAP)

In order to dephosphorylate the vector prior to ligation with in8&tul of digested
vector was mixed with 5ul of 1w/ Shrimp Alkaline Phosphatase (Promega) enzyme
along with 10ul 10X SAP buffer. The reaction was incubated at 37C for 15 miraunes
stopped by heating at 75°C for 15 minutes. The tube was then plagmfon5 minutes

and then spun at top speed for 1 minute. At this point, the vector is ready to use.

2.1a. 6 Ligation

T4 DNA ligase (Fisher), ligase buffer, vector DNA and in§dXA were combined in a
1.5 ml Eppendorf tube for each reaction. Vectors were diluted in aullfo@al volume
and inserts were resuspended in al3@lume. Different vector: insert ratios were used.

Ingredients were mixed by pipetting up and down. A 16°C water bathsst up and
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ligation reactions were carried out over 4 hours. After theticg tubes were placed on

ice for five minutes and then spun for 1 minute.

2.1a.7 Transformation

Calcium chloride competent DH5 cells made in the lab were used for all
transformations. 10Q of competent cells were thawed at room temperature and then
added to a DNA sample of 1-10 in a 0.5ml Eppendorf tube. Mixing was done by
flicking the tube. The tube was then placed on ice for 20 minutestwiltds, the tube
was heat shocked by transfer to a 42°C water bath for 90 secdmels the tube was
placed back on ice for 10 minutes. After this, the contents of theateteetransferred to

a 15ml conical tube and 5Q0 SOC were added. The conical tube was then placed in a
37°C ground shaker at 250 RPM for 50 minutes. Afterwards, the contetiis tiibe
were placed into a 1.5 ml Eppendorf tube which was spun at 6000 RPM foutesin

a tabletop centrifuge. Pellets were then resuspended inl20® broth and plated onto

LB plates with the appropriate antibiotic. Plates were altb¥eegrow at 37°C for 16

hours and then clones were screened for and selected.

2.1a.8 Selection of clones

Ampicillin

Selection of transformants was performed by plating on LB ptatetaining 7Qug/ul of
Ampicillin. To make plates, a 100mg/ml solution of Ampicillin wasde by dissolving

it in water.
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Blue- white

For blue/white selection, 20 isopropylthio-B-D galactosidase (IPTG)(200 mg/ml) and
100 pl 5-bromo-4-chloro-3-indolyl-B-D galactosidase(X-gal)(20 mg/ml)revemixed
together on LB plates containing @@/ul of Ampicillin. Transformants containing uncut
pBluescript vector are blue. Transformants bearing a recombinasiniglahave a

disrupted lac-Z gene and are therefore white instead of blue.

Chloramphenicol

Selection of transformants was performed by plating on LBplabntaining 1Q&y/ml
of Chloramphenicol. To make the plates, a Chloramphenicol solution wde ma

dissolving in ethanol to a 100 mg/ml concentration.

2.1a. 9 Growing over night culture of transformant clones

Transformants were plated overnight at 37°C. Single coloniestipepéeecked onto a grid
and grown overnight at 37°C. Colonies from the grid were then culinrédnl of LB
liquid media containing g/ml of Ampicillin or Chloramphenicol and placed overnight

in a ground shaker at 37°C and 200 RPM.

2.1a.10 Plasmid DNA isolation: Miniprep
The QlAprep Miniprep kit was used for all minipreps. It is loase the alkaline lysis of
bacterial cells followed by adsorption of DNA onto spin columné silica beads at a

high salt concentration. The procedure consists of the three statejfadLy preparation
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and clearing of bacterial lysate 2) adsorption of DNA ontoQhprep spin columns 3)

washing and elution of the plasmid DNA.

Plasmid DNA was isolated using a mini-prep kit (Qiagen). déies were pelleted from
culture by centrifugation in 1.5 ml tubes at top speed for two miraunteshe supernatant
was discarded. This takes three rounds of centrifugation as the wmsis grown
overnight in 4ml of LB broth. The cells were resuspended inu250 P1 buffer, making
sure to pipette up and down until the cells were completely in ssigpe Cells were
lysed by adding 250l of P2 lysis buffer. The lysis buffer was neutralized by agd50
ul of N3 buffer. Samples were then centrifuged for 10 minutes aspeed and the
supernatants were applied to spin columns and centrifuged for one @aifii@0 RPM.
The flow-through was reapplied two more times to the column, aeyitrg after each
round for one minute. The flow-through was discarded after the faimafer one minute.
Spin columns were then washed 2X each with PB and PE buffay alidm top speed
spins for 50 seconds. The flow-through was discarded after each sjpnal Apin at top
speed for 1 minute was done to remove residual wash buffer. The colenaghen
transferred to clean 1.5 ml tubes and the DNA was eluted fromotoens with 10mM
Tris-HCL pH 8.0. DNA elution was conducted by three rounds of adding 30mM
Tris-HCL pH 8.0 to the columns, and centrifuging at 6000 RPM for 1 middter the
final elution, the samples were centrifuged at top speed for anatan The DNA
concentration and purity was determined by ,gDand ODgy Spectrophotometric

readings using Nanodrop 2000c (Thermo Fisher).
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2.1a.11 Sequencing

Isolated plasmid DNA from each clone was submitted to GeneWtZtliNBrunswick,

NJ) at a concentration of 50-60pg/ The necessary primers were included at a
concentration of 2.5pmail. Sequencing of the insert was considered complete when the
sequence from opposing sides overlapped with high fidelity. It took 4 rouhds o
sequencing per clone to sequence the full insert. Sequences wgrednaling Applied

Biosystems Sequence Scanner v1.0 and Finch TV.
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2.1a.12 Generation of pT7Flagl clones

Duncl15L

Duncl15L cDNA was originally inserted into pOT2 via EcoRI (5{daxhol (3’). We
excised it by EcoRV (5) and Xhol (3’) enzyme digestion and subdlahento a
EcoRV/Xhol cut pBSlI vector to give pBS-Duncl15L (Figure 30A)order to subclone
Dunc-115L into pT7Flagl, we generated a 2.4kb PCR product of pBS-DunclabL t
contained only the coding sequence of Duncl15L. This is becauseigheistop codon
upstream of the coding region (marked in red in Figure 30B) anavtufd prevent the
Flag tag from being generated attached to the Duncl15L proteius@d the following
primers: Upll5L 5-ATTGCGGCCGCCATGGGTAAACA and Dwnll5L 5'-
CGGGGTACCCTAGAAGAGCTTCACACG. We then cut our PCR product and
pT7Flagl with Kpnl and Notl. After a ligation and subsequent transfitom clones
were identified that contained Duncl15L in frame to pT7Flagl. THesesswere sent
out for sequencing and found to be correct. Clone 1J was used to génhanafiel 5L

protein in the acting binding assay.



A)

BstXI (666)

NotI (671)

Spel(684)

BamHI (690)
Smal (698)
PstI (706)
EcoRI (708)

Sacll (663)
Sacl (658)

BssHII (620)

AmpR
T7 promoter start site

pBS-Duncl115L

6257bp

BstXI (727)
EcoRV (738)
Neol (1202)

pUC Ori
NeoI(1445)

BssHII (4089)

lac promoter
T3 promoter start site

Dunc115L Fstl (1909)

Epnl(4056) Pstl (2027)

Xhol (4037) Sacl (2170)

EcoRI(3700) Clal (2372)

EcoRI(3529) BamHI (2449)

XhoI (3330) BamHI (2679)

HindIII (2833)
EBamHI (2916)

Sacl (33006)

B) Upstream PCR primer
Notl
Upl15L 5-ATTGCGGC CGCCATGGGTAAACA

ggcacgagtgccgtcggtttcgttgctggtgecggtgeggtgtttttitgctggtcgeag
ctccgatttgagaatcagacattcaggcatttcaaaaaggccaccattttccgcetgtga
tctttgtcgtcaaatttaaagtgcgagaccacaccaaaagcaaatcgcacattcgtcat
tcgagctgcgaacgcattattaaccacactcctatccagactcacacatgtttacagtce
taacaatcgtgctacgcagattgcgaatgcatacggcgaaagatacaaatagaaaaaat
cttagcagaagaaaaattttgttagtgaagtgaagaggaagtagtggtgacctgtgcge
gagtatttgtgctttcccegtgtgtgtctctetgttctagtgtgegtgattcecteecc

cgttttgcaggcgaaaaagcgaagagcacagcagtata tag tatct cgcc
atg ggt aaa caa aaa atc tac tgt gcg aaa tgc acg aag aag tgc
MG KQKIYCAKZCTK K C

tcc ggc gag gtg ctc cgce gtg gcg gac aac cac

S GEVLRVADNH
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C) Downstream PCR primer
Kpnl
Dwmn115L 5- CGGGGTACC CTAGAAGAGCTTCACACG
gag ttc tat cgg cta ccc cag tgg cga cgc aac gag ctg aag cgg
EFYRLPQWRRNETLKR
cgt gtg aag ctc ttc taggaggcaagtggaaggcgcagcatgcgaggatage
RV KLF *

aacccaagtggaggaggaggctg

Figure 30. Generation of pT7FLAG-1-Duncll5L, A) Organization of pBS-Duncll5L B)
Upstream PCR primer used to generate Dunc115L minus the noncodimgegian. Notice the
stop codon marked in red. C) Downstream primer used to generate Dunc115L.

Duncl15S

Duncl115S cDNA was originally directionally inserted into pOTB& EcoRI (5’) and
Xhol (3’) (Figure 31A). In order to subclone Dunc-115S into pT7Flaglgeveerated a
2.3kb PCR product of pOTB7-Dunc115S that contained only the coding sequence of
Duncl115S. Like with Duncll15S, there is a stop codon upstream of the codiog re
(marked in red in the Figure 31B) and this would prevent the Flagrten being
generated attached to the Dunc115S protein. We used the followireygrldpl115S 5'-
GCCGAATTCC GTTGTGATGTATATATTAAS’ and Dwn115S
5'GGAAGATCTTTACAATTTTGCGTTAGC3'. We then cut our PCR product and
pT7Flagl with EcoRI and Bglll. After a ligation and subsequemistcamation, clones
were identified that contained Duncl115S in frame to pT7Flagl. Thesescivere sent
out for sequencing and found to be correct. Clone 2H was used to gdbenatel5S

protein in the acting binding assay.
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A)
Neol (4086) BamHI (80) Bgll (161)
EcoRI (166)
Neol (500)
CAT marker
Notl (: ﬂ
Clal (3307) pOTB7-Dunc115S Ball (058)
4242 bp
Pstl(1054)
PstI(1172)
Smal (2788) DUHC1 1 SS
PstI (2 X/
Clal(1460)
BgllI (27¢ )6

BamHI (1537)
Ahol(2613)

BamHI (1767)
HindIII (1921)
BamHI (2004)

XholI(2418)

B) Upstream PCR primer

EcoRlI
Up 115S 5'-GCCGAATTC C GTTGTGATGTATATATTAAZ’

Ggcacgaggaacgcacacacacatacaacgaatctcgcaacatacgatatacga taa gt
tgtg

atg tat ata tta ata tat atat cca ttc cga aac atc cac aaa
MY I LIY

cag aca aga cca ga

C) Downstream PCR primer

Bgl2
Dwn115S 5’GGAAGATCTTACAATTTTGCGTTAGC?

Tgc gct aac gca aaa ttg taa ctg aga aca act ata tga aag gaa
C ANAKL?*?

cat aaa atc cca ata
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Figure 31. Generation of pT7FLAG-1-Duncll5S A) Organization of pOTB7-Duncl115S B)
Upstream PCR primer used to generate Dunc115S minus the noncoding@aon Metice the
stop codon marked in red. C) Downstream primer used to generate Dunc115S.

2.1b Generation of Duncl15 fusion proteins: TnT T7 coupled reticulocyte lysate

assay.

The TnT T7 coupled reticulocyte kit was used in order to genéilafgs-Duncll5
fusion proteinsin vitro from Flag-Dunc115 DNA circular constructs. The lysate, and
RNA polymerase were placed on ice while the other items weaeed at room

temperature. Once all ingredients were thawed, the followerg wombined in a 1.5 ml

Eppendorf:
Tnt lysate 20
TnT reaction buffer i

TnT T7 RNA Polymerase

Amino Acid Mix, minus Leucine (1mM) Qb
Amino Acid Mix, minus Methionine (1mM) Qub
RNAsin ribonuclease Inhibitor ud
DNA sample (1ug/ul) ul2
Water 18l

The components were mixed gently by pipetting up and down. The tubehemas

incubated at 30°C for 90 minutes. The reaction was stopped by placing the tube on ice.

2.1c Actin binding protein spin-down assay
The Actin Binding kit (Cytoskeleton Inc) was used to see iN®WL15 proteins bind to
actin. The Spin-down assay uses differential centrifugation tongissh between non-

actin binding versus actin binding proteins and also to qualify the tgativithe actin-
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binding proteins toward actin. Actin is a 43kD protein (Figure 32)ah exist in
monomeric (Globular-actin) and multimeric (Filamentous-actin) forviie used the kit
under conditions that specifically tested for proteins that bind tsidles of Filamentous-
actin. There are two types of such proteins: those that bind to one actin fieamdehbse
that are able to crosslink filaments by binding to two. We were interesseshieying the
actin bundling activity of our protein. To do this, a centrifugation of 14)@08 carried
out for one hour after the test protein is combined with F-actin toba. At this
centrifugation speed, single filaments will remain in thpesnatant even if they bind to
the test protein. F-actin will pellet but only if it's in adarcrosslinked bundle with the
test protein. Still, some pelleting occurs as a result ofagglfegation of actin. The key
lies in observing if the protein pulls out more actin in the pekgsus the supernatant.

This implies it is causing actin to polymerize to a greater extent thianwefe alone.

Lyophilized actin was resuspended to 1 mg/ml by addingl2G@neral Actin Buffer to
250ug of protein and pipetting vigorously up and down. Then it was lefteofor 30
minutes. Afterwards, 2pl Actin Polymerization buffer were added to the actin tube with
heavy pipetting up and down. The tube was incubated at room tempdoataréour.
After these manipulations, the tube represents an actin stock of 23mM.

a-actinin is a 116kD protein (Figure 32). Actinin has been docurdeagebeing able to
crosslink actin filaments and therefore serves as a positiveotdat actin binding.
Lyophilized a-actinin was reconstituted to 1mg/ml by adding 50ul golHo 5Qug of

protein.
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Bovine serum albumin is a 68kD protein (Figure 32). It does not bind to actin and serves
as a negative control. Lyophilized BSA was reconstituted to 3.4mg/ml by addingpl ml
3.4mg in the tube.

e BSA s

25

37 —_— - 43
Ry

| ——

Figure 32. Actinin, BSA, and Actin. Coomassie stain of 10% Tris/Glycine gel showing purified
samples of the three proteins: Actinin, 116kD; BSA, 68kD; Actin, 43kD.

To test the binding, several tubes were set up. Tube 1 was Facin dube 2 was-

actinin alone. Tube 3 was -actinin +F-actin. Tube 4 was BSA+F-actin. Tube 5 was
Duncl15L alone. Tube 6 was Duncl15L +Actin. Tube 7 was Duncl15S alone8Tube
was Duncl15S + Actin. Tube 9 was rabbit reticulocyte lysabbeTlO was lysate +
actin.

40 ul F-actin buffer were added to tubes 2, 5, 7, Qu4Bactin stock were added to tubes

1, 3,4, 6,8, 10. 10 ul Duncl115L were pipetted into tubes 5 and 6. 10 ul Duncl115S were
added into tubes 7, and 8. fl0alpha-actinin (positive control) andu® 1M Tris-HCI pH

6.5 were pipetted into tubes 2 and 3 2f BSA and 9ul of H,O were added to tube 4.
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10 ul 1X PBS were pipetted into tube 1, 1®f lysate were added to tubes 9, and 10. The
tubes were incubated at room temperature for 30 minutes.

The tubes were centrifuged at 14,000 xg for 1 hour. Supernatants wereeck and
placed in different tubes from the pellets.

The pellets were resuspended in 50 pOHNd pipetted up and down for 2 minutes. To
all tubes, 1Qul of 6X sample buffer (with 598 —Mercaptoethanol) were added for a total

of 60l and then 2%l were loaded into a PAGE gel for visualization.

2.1d. Visualization of proteins

2.1d.1 Western

When running proteins made by using the lysate kit:

5ul out of 50ul of lysate mix, 2Qul H,O, and 5ul 6X SDS sample buffer containing 5%
B - Mercaptoethanol were combined in a tube for a total volume df @hen running
pure proteins from a kit, 1 -1@ of protein were used, the water was adjusted, aunld 5
6X SDS sample buffer was still used. When running actin bindingsss@ul 6X SDS

sample buffer were used for a plOprotein solution.

25 ul of each sample were loaded onto a precast 10% SDS PAGEtpgetéPromega).
10 ul of ladder were loaded and the gel was run for 1h 20m at 108V.g&heas

transferred to a sheet of Whatman paper that had been pre-irdrmetssnsfer buffer. A
sponge was added below the Whatman. A nitrocellulose sheet, alsedson transfer
buffer, was placed on top of the gel. The right corner of the sfeeecut to account for

orientation. A glass Pasteur pipette was used to roll awaybahlles. Then another
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soaked Whatman was placed on top of the nitrocellulose sheet and #pemge was
placed. The cassette was closed and then placed in the t&dresfdoer. The transfer was
run at 238 mA for 52 minutes. Afterwards, the gel was discaadddthe nitrocellulose
membrane was blocked in 5% TBST+ milk for 1 hour. Then the blockingiGolwas
drained and the appropriate dilution of primary antibody was poured onto the
nitrocellulose sheet in a small rectangular plastic box. I§ whaken for 1 hour.
Afterwards, the nitrocellulose sheet was quickly washed 3X in #%+#RBST and then

3 five minute washes. Then an appropriate dilution of secondary antibcdpouaed

onto the sheet and shaken for 1 hour. Afterwards, the nitrocellules¢ wlas quickly
washed 3X in 5% milk +PBST and then one five minute wash, followedvbyl0
minute washes. Then 30 ml of Supersignal West Pico chemiluminesdgsitate were
poured onto the sheet and allowed to shake for 5 minutes. Afterwardshdbe was
covered in saran wrap, taped to a cassette and then developed in the x-ray room.
Exposures varied from 1 second to 30 minutes depending on the concentration of proteins

encountered.

2.1d.2 Coomassie stain

After running the gel, it was removed from the plastic. It whaen placed in a
microwavable container and enough Coomassie was added to fully ienthergel in the
stain. It was then placed on a shaker for 3 hours at room temperature. Within thiéhour, t
strongest bands can be seen slightly as this point. After three timustain was drained,

destaining solution was added, and the gel was placed back on thefehdkieour. The
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destaining step was repeated until the bands were clearly \asithlexcess Coomasie no

longer came off the gel. At this point, the gel was drained and a picture was take

2.2 For genetic interactions of Dunc-115 with Robo and Rho GTPases

2.2a Stocks

2.2a.1 Maintenance of Stocks: Drosophila Husbandry

Stocks in current use were kept at 25°C in plastic vials or battith fly food at the
bottom. Fly stocks in storage were kept at 18°C. Fly stocks fiyeped into a new vial

every two weeks if reared at 25°C, and every month if being reared at 18°C.

2.2a.2 Fly Food Medium

First, 226.8 g of Jazzmix (Fisher scientific) were stirred #2060 ml of HO in a Groen
cooker. This mixture was boiled for approximately 7 minutes witjuleg stirring.
Propionic acid, benzoic acid and methyl paraben contained in JazzMixasac
antimicrobial agents. The food was then cooled for five minutegdedispensing. The
mixture was poured into vials or bottles and allowed to harden. Yeassprinkled on

the surface prior to putting flies in the vessels. This recipe yields 37 bwti&d vials.

2.2a.3 Fly strains: Thefollowing stocks have been used:

yw; P[dunc-115°%%%}, yw; GMC-rac¥TM6B, yw; GMR-Mt"** CyO
yw ; GMR-Cdc42*2/Cy0, yw; If/CyO; TM2/TM6B, yw; slibbo’/CyO
yw; Pin/CyO, FRT2A Racl/TM6B, w; Rac2; yw; GMR-Gal4

w; roboZ P[w+] FRT40A/CyO, robo3FRT40A/CyO
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2.2b. Staining

2.2b.1 Collection of Embryos

Canton S and Dunc-115 adults about five days old were put into a collelséinthber for

1 to two days for conditioning, and eggs were collected overnighapieroximately 18
hours on grape juice plates coated with yeast paste.
The plates were exchanged and embryos were removed from the ovplaiglity using

a small paint brush and washing with water in a collecting nylskdbamaking sure to

rinse well as to remove residual yeast.

The grape plates were made by boiling together 9.0 g of FlySagard) , 23.2 g of
glucose ( Sigma), 11.6g sucrose, 170.4 ml grape juice, 220 ml wader,2g Baker’s
dry yeast. The mixture was cooled to 60°C and then 4.5 ml Acid Mix6&7 ml 100%
Propionic acid, 1.0 ml 85% Phosphoric acid, 22.3 pOHand 8.8 ml of 1.25N NaOH
was added. The mixture was then poured into small Petri plate&tthi@e collecting
chamber and allowed to harden. Water and yeast were mixed toaf@aste that is

spread on these plates.

2.2b.2 Fixation of Embryos

To remove the chorion, the embryos were soaked in 50% bleach fomthmetes. The
embryos were then rinsed thoroughly with water and placed into & tgas tube
containing a mix of 1 ml of heptanes and 1ml of 45% paraformaldekiydehe fixative
phase at the bottom. The vial was agitated for 1 hour at room riatunee followed by

the removal of the aqueous phase leaving behind the heptanes and embmgrsove
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the vitelline membrane, 1 ml of methanol was added to the tube and shgdeusly

for 1 minute. Those embryos that had been devitellinized sank to tteenbabd were
washed three times with methanol following the removal of the lidtmdbryos were
stored in methanol at -75°C. Prior to staining, the embryos were re-hydyateshing 2
times for five minutes and one time for 30 minutes with PBT. Eotovyere blocked for

1 hour with BSTN prior to staining.

2.2b.3. Motoneurons and CNS dissection (light microscope phenotypic analysis only)

With forceps, embryos were gently placed dorsal side up onto a Gigileg a sharp
tungsten needle, a longitudinal cut from the posterior end all theuprdo between the
optic lobes was made. With the edge of the needle, the flaps dfothewall were
pushed down onto each side of the slide so that they adhere. Then thegaés, and
fat were cleaned out, adding 1XPBS to assist in the clean-upcl€aisup process will
expose the ventral nerve cord for CNS analysis and the innereswfabe bodywall

musculature for motoneuron analysis.

2.2b.4 Motoneuronsand CNS Staining

To investigate the motoneurons, embryos were incubated overnigi@ atith’ 1:20 Fas
Il antibody 1D4 in BSTN. To remove residual antibody, the embryoss weashed, 4
times for 15 minutes each in PBT. Subsequently, embryos were blocB&TN for one
hour and incubated overnight at 4°C with 1:200 diluted Cy5-conjugated mfpat@use

secondary antibody (Jackson ImmunoResearch Laboratories, Inc.).
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Embryos were washed 4 times in PBT for 15 minutes each wasih.t®mounting,
embryos were put through a 25% and 50% glycerol series. The embryopwén 70%

glycerol plus an anti-quenching agent for mounting.

2.2c Microscopy

2.2c.1 Confocal microscopy

A Nikon PCM-2000 confocal microscope equipped with dual HENe-Argonsasas
used to analyze the samples. The scope has a FITC filtgosedr stage control and the

Simple-32 computer software.

2.3. For Bioinformatic analysis

2.3a. Obtanining fully sequence genomes 12 Drosophila species

Firstly, eleven fully sequenced genomes were downloaded fromagdyand formatted in
FASTA format.

2.3b Identifying Dunc-115 orthologs: BLAST

We then ran BLAST (Altschul et al., 1990) on the cDNA sequenceuoc£115L from
Drosophila melanogastesigainst eaclbrosophilagenome in order to identify potential
orthologs. We looked at genomes closesDtanelanogastefirst. We looked for gene
sequences within BLAST info that share orthologs. Afterwardsraveslated the coding

sequence from each ortholog.

Similarly, we ran BLAST on Dunc-115L against two other Dipterdbgtex pipiens

(house mosquito) andnopheles gambia@ifrican malaria mosquito) and aligned each
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protein sequence to Dunc-115L. We also performed searches for addgaioems of
Dunc-115. As with Duncl15L, we ran BLAST (Altschul et al., 1990) of tB&lA
sequence of Dunc-115M, and S fr@nosophila melanogastesigainst eacbrosophila
genome in order to identify potential orthologs.

2.3c. Aligning DNA and protein sequences: Clustal W

We then aligned each ortholog with the protein sequence of Dunc-115L using ClustalW.
After aligning each ortholog separately with Dunc-115L, we eligmall 14 protein
sequences together with ClustalW in order to verify conservati@saspecies (Figure

7).

2.3d. Generating phylogenetic tree: Segboot, Consense, Ape

Using the PHYLIP package (Felsenstein, 1981), we then generated 1GQrdmsot
(Segboot) in order to construct a maximum likelihood tree. It allows you toegse
multiple data sets that are resampled versions of input dat/igletDnaml, the purpose
of running multiple data sets is to generate a big output fieetlsas tree file with trees
from 100 data sets. Then we r@onsense andApe from theR-project packaggParadis

et al., 2004 to visualize a majority rule consensus tree.

2.3e. Quantify conservation of Dunc-115L across Drosophila species: PAML

In order to quantify the level of sequence conservation of Dunc-11%kssdarosophila
species, we applied a maximum likelihood algorithm known as PAMANngY 1997),
which allowed us to calculate the ratio of nonsynonymous-to-synonymacisotide

substitutions Ka/Ks for each codon. In the case of nonsynonymous sutnstit(Kia), a
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substitution of one base for another in a gene coding for a proteincesodwchange in

the translated amino acid sequence whereas synonymous substitits)ndo( not
(Nekrutenko et al., 2002). The comparison between the number of nonsynonymous
substitutions (Ka), and the number of synonymous substitutions (Ks)utelivhether
deleterious mutations are selected against (negative seleatiamether mutations that

may be advantageous in response to an environmental changevaned f§ositive
selection). When positive selection dominates, the Ka/Ks ragecemter than 1 whereas
when negative selection dominates, the Ka/Ks ratio is less thaskrufidnko et al.,

2002). When these two forces are in equilibrium, the Ka/Ks ratio is close to 1.

2.3f Mapping intron-exon borders

We performed a BLAST on the genomic sequence of Dunc-115 (CG313523tabe
genomic sequence of Dunc-115 from other species. We sorted ths Bsuégions of
homology in order to spot the coding regions. We first did this spircies closest to
Dunc-115 inD.melanogasterD. simulans, D. sechellia, D. yakuba, D. eredtée then
isolated each Dunc-115 genomic sequence and performed ClustalWiceglignment

on the whole genomic sequence of all Dunc-115s. Since all isoforndsogbphila
melanogasterDunc115 differ by only the first exon, we searched for the M and S

isoforms of orthologs by looking for their first exon coding sequences.

Afterwards, we did a ClustalW alignment with just the M, andaBdaate first exon
coding sequences of the Dunc-115s (using about 120 bps for each Dunc-11BgnWe t

looked for certain landmarks to discern candidate isoforms in BDtiesophilaspecies:
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1-Indels/stop codons:

Within this alignment, we looked for indels or stop codons within thasdidate coding
regions. If these were found, then it is unlikely that these regi@sue coding regions,
and since S, M, and L isoforms differ by their first exonsauld be unlikely that those

isoforms are conserved in the otlbepsophilaspecies being compared.

2- Existence of intron-exon border sequences AGGT (exon-intron), aar AGtron-

exon) flanking the exons.

3- translatable coding sequences:
We then translated the candidate S, and Meson coding sequences. If they didn't
translate, then again, they could not be true coding sequencessdf ttiree factors

checked out, then we could discern that the isoform exists in that Drosophila&specie

For D. melanogasteDunc115L, we used the following info for the first exon: (position
refers to position within Dunc115 gene).

Beginning of exon: 1bp

Begins to code at: 496bp

Ends: 499bp

ForD. melanogasteDuncl115S, we used the following info for the first exon:
Beginning of exon: 5762 bp

Begins to code at: 5816bp

Ends: 5933bp

ForD. melanogasteDunc115M, we used the following info for the first exon:
Beginning of exon: 5745 bp

Begins to code at: 6013bp

Ends: 6393bp
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The beginning and end for each of the remaining exori3rasophila melanogaster
Dunc-115 were recorded , and they were used to derive the coordih#étesbeginning

and end for these exons in the orthologs as well. Once all thenetion was collected,

the map could be formed. It is important to note that the sequeadéds be in the right
orientation toD. melanogasteDunc-115. So sequences were complemented, reversed or
reverse complemented in order to maintain the consistent oieentdhe map was then

created using the coordinates for the beginning and end of each exon.
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Chapter 3 Acting Binding Of Dunc-115

3.1 Generation of Flag-Dunc115 cDNA clones

Our cDNA sequence analysis reveals that Dunc-115L is anrmsafontaining an actin-
binding villin headpiece domain (VHD). Furthermore, our molecular modeling
demonstrates that the VHD domain in Dunc-115L is capable of bindiagtita To test
direct binding between the VHD domain and actin (Barrientos. e2@D7),full-length
Dunc-115L cDNA insert was subcloned in frame into vector pT74F&igma-Aldrich)

for generating fusion protein Flag-Dunc-115 L (Figure 30). This waelsieved by
removing it from the POT2 vector, where it was originally ingentéo EcoRI and Xhol
sites, by cutting it with Xhol and EcoRV. It was then subcloned pBluescript via
digestion with the same enzymes and subsequent ligation. From HeRe,wRs
performed on pBluescript-Duncl15L in order to only copy the coding regfon
Duncl15L. A 2.4Kb product was generated. This was done because the 5’ ngncodi
region contained stop codons, which would prevent the Duncl115L fusion pnatein f
being made. Afterwards, this PCR product was digested withaddtKpnl. PT7-Flag-1

was cut with the same enzymes and pT7-Flag-1-Dunc115L was generated.

In order to show that actin binding in Dunc-115 does not occur in absene ¥HD
domain, Dunc115S cDNA was also subcloned into pT7-Flag-1 (Figure 31).wHSis
achieved by performing PCR on POTB7-Duncl115S. It was then ddyesth Bglll and

EcoRlI and ligated to pT7-Flag-1 that had been cut with the same enzymes.
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3.2 Generation/ isolation of Flag-dunc 115 fusion proteins
Flag-Dunc-115 L and S were then expressedtro with the cell free TN? T7 coupled
reticulocyte lysate system (Promega) to produce the fusion mgofEne proteins were

visualized via western analysis.

3.3 Actin Binding Assay: Duncl115L bindsto actin and Dunc115S does not

Once generated, Dunc-115L and S proteins were identified viaemnveahalysis with
Anti-FLAG antibody. These proteins were found to be 89kD and 84kpectisely
(Figure 33). F-actin binding analysis was then conducted using anbaatiing protein
spin-down assay kit (Cytoskeleton, Inc), which has been used widsyfgs example
Barrientos et al., (2007)]. After mixing Flag-Dunc-115 fusion prot&rand L with non-
muscle F-actin (from the kit), a low force (14,000xg) centrifiggatvas carried out. At
this centrifugation, bundling of F-actin occurs if more of the@ars found in the pellet
with F-actin versus the supernatant. If Flag-Dunc-115 binds to &-attiwill co-
sediment with actin filaments and form a pellet, and Westerrahbiysis using an Anti-
Flag antibody (F1804, Sigma-Aldrich) should detect bands in thet,peitd the
supernatant. By comparing results from Flag-Dunc-115L and S, auddwbe able to
determine their actin-binding ability and if only Flag-Dunc-115hdsi actin, it will be

clear that it is due to the VHD domain.
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Figure 33. Duncl15L and Duncll5S. Anti-Flag stained Western of 10% Tris/Glycine gel.
Duncl15L and S are 89kD and 84kD, respectively.

In addition to Dunc-115 isoforms, several controls were carried dw:binding of F-
actin with alpha-actinin, BSA, and lysate alone was also t¢sigdre 34). Alpha-actinin
has been well documented as an actin binding protein. When alpha-acsntomiained
with F-actin, 40% of it was found in the pellet versus the supaemmatéth alpha-actinin
alone less than 1% of it was found in the pellet. 80% of theif-aets found in the
pellet. BSA has been shown to not bind to actin. In the case of BSA+ F-actin,B8Ahe
was found in the supernatant. 50 % of the F-actin was found in tlet. pgk also tested
the actin binding ability of the lysate to cross out any actin bgdbility that is intrinsic
to the lysate system used (Figure 36). When the lysate wasl with the F-actin, 95%
of the actin stayed in the supernatant, while all of the backgroung lyaads stayed in
the supernatant as well. This indicates that the lysate dodsawetany intrinsic actin

binding ability.
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Figure 34. Actin Binding Assay of Actinin and BSA. Coomasie stained 10% Tris/Glycine gel.
S=Supernatant P=pellet. ane 1=Actin alonelLane2=Actinin alone Lane 3=Actinin + Actin
Lane4=BSA+Actin

We then tested Dunc-115S and L (Figure35, 36). In Dunc-115L alone, aWas$ ifound
in the supernatant. When F-actin was added, all of the Dunc-1aSifound in the pellet
(Figure 35) with 90% of the F-actin found in the pellet (Figure B6h Dunc-115S
alone and with F-actin added, all of the Dunc-115S was found in thenatguar (Figure
35). When combined with Dunc-115S, less than 1% of the F-actin was fotimel pellet
(Figure 36). Together, these results indicate that Dunc-115L bondstin while Dunc-
115S does not. This is likely to be because of the existence of thedgkain in Dunc-

115L.
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Figure 35. Actin Binding Assay of Duncl15L and S. Anti-FLAG stained Western of 10%
Tris/Glycine gel. S=Supernatant P=pellet. A=dunc115L only B=dunc#d&in C=dunc115S
only D=duncl115S+actin.
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Figure 36. Actin Binding Assay of Lysate, Actinin, BSA, Duncll5L and S. Anti-Actin
stained Western of 10% Tris/Glycine gel. S=Supernatant P=pe#iattih only B=lysate only
C=actinin+actin D=BSA+actin E=dunc115L+actin F=dunc115S+actin
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Chapter 4 Deter mining Robo as an upstream regulator of
Dunc-115

The Slit/Robo pathway is a critical guidance mechanism during @&N®lopment for
both commissural and longitudinal axonsDmnosophilag while our prior analysis has
shown that Dunc-115 plays a role in axon pathfinding in the CNS (Gatrala 2007). In
search for the upstream guidance signal that is relayed bg-Dify we set out to

examine the genetic interaction between the Slit/Robo pathway and Dunc-115.

4.1 Dunc-115 regulates axon projection for subsets of neuronsat the CNS

To characterize Dunc-115 functions, we have identified a SUPoreReddine from the
P-element Screen/Gene Disruption Project, KG03651 adurac-115 mutant and
designated it aslunc-115°%%%*! we have sequenced the flanking sequences of the P-
element and determined that the insertion is at 260bps from thexos. We have the
following evidence to conclude that KG03651 isdanc-115 mutant. First,dunc-
1159 has axon projection defects in the CNS midline and motoneurons (seg.bel
Second, excising the P-element completely restores the wpkdphenotype (see below),
indicating the defects are the result of the P-element iosertirhird, dunc-
115¢%%YDf(3R)by10doubleheterozygous embryos have almost identical phenotypes as
dunc-115°%%%*1 homozygous Pf(3R)by10is a deficiency strain covering thiinc-115
locus]. Finally, RT-PCR using RNA prepared framnc-115°%%***does not amplify the
expected 830bp band shared by all three isoforms, though the same baadilis

detectable in the wild-type.
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We have conducted analyses on Dunc-115's role in axon projection atdtivee rand
motoneuron pathfinding. Using the anti-Fasciclin Il antibody 1D4, we leaxained
CNS axon projection in stage 17 embryos. In the wild type, the longitiadina bundles
run in two parallel groups with each containing three tightidées; inner, medial and
outermost (Figure 37A and B) (Winberg et al., 1998). The three asoitls in each
group are clearly separated with the outermost bundle slightigehthan the other two.
By contrast, the anti-Fasciclin Il staining in tHanc-115%%%* CNS, shows that the
outermost fascicle has been frequently disrupted by large gap& @id white arrows in
Figure 37C) while the medial and inner fascicles are ofterdftsgether forming a much
thicker bundle (Figure 37C white arrows) (see Figure 37D for ga&ptm).
Approximately 23% of the hemisegments scored from stagria@-115°%%>*embryos
[28/(n=)120] have CNS defects, compared to 2% in the wild type (n=10t5%% in P-
element excised embryos (n=90) (the precise P-element@xaias confirmed by PCR

and sequencing). Thus, Dunc-115 is involved in axon projection at the midline.



109

A

ANTERIOR

INNER
MEDIAL

Figure 37. CNS Projection Defectsin dunc-115<¢%%,

(A) Schematics for stage 17 wild-type embryos showing the CNS stgiatteyn with the use of
anti-Fasciclin Il antibody 1D4. Two sets of axon bundles run in parallel anchaadhree tight
fascicles termed inner, medial and outermost.

(B) Viewing of the dorsal-ventral perspective of a filleted prepamatf a stage 17 wild-type
embryo stained with 1D4. The outermost fascicle is slightly thinner.

(C) Same as in (B) but witthunc-115°%****embryos. The outermost fascicle is disrupted
frequently by breaks (black and white arrows). The medial and inreécléssat some regions are
fused into a thick bundle (white arrows), or have abnormal splitting (red's).

To test the requirement for Dunc-115 by motoneuron axons, we have esdamine
motoneuron axon projections to their peripheral muscle targets. Inildveype, the b
branch of the intersegmental nerve (ISN) ISNb separates fretfSN after exiting the
CNS and proceeds into the ventral domain forming three majocheanone between
muscle fibers 6 and 7, one each at the ventral edges of musahel 12 (Figure 38A and
arrowheads in Figure 38B) (Winberg et al., 1998). The TN (trarsvegs/e) projects

along the segmental border of adjacent segments.

In dunc-115°%3%! embryos, ISNb axons often do not defasciculate from each other at
choice points and bypass muscle fibers 6 and 7 (Figure 38C blackv&arand the

ventral edge of muscle 13 (Figure 38C black arrows). Some &hbhs proceed to and



110

innervate the ventral edge of muscle 13 (Figure 38C white arrawdtethe center) and
then fail to innervate muscle 12 and project beyond normal tafggtsn having the
“bypass” phenotype) (Figure 38C red arrow), while other ISNb axaihsof innervate
muscle fibers 6/7 and 13 but proceed to innervate muscle 12 (FigurewBRE
*arrowheads) (see Figure 38D for illustration). About 9% of thenc-115°93%!
hemisegments scored (16/180) have ISNb projection defects like thmasked by the
red arrows in Figure 38C, compared to 0% in the wild type embrge30f and 1% in
the P-element excised line (n=109). Defects as failure to inieemvascle fibers 6 and 7
or the ventral edge of muscle 13 are 30% among the hemisegmantmed (n=180).

Therefore, Dunc-115 plays a role in ISNb pathfinding.
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Figure 38. Projection Defectsin the Motoneuron Axons of dunc-115<¢%%!,

(A) Schematics of a hemisegment in the wild-type stage 1ryamillustrating projection of
motoneuron axons. ISN, intersegmental nerve; ISNb, the b branch ocEM§Nsegmental nerve;
SNa, the a branch of SN; TN, transverse nerve; VNC, vergraercord. Anterior is to the right
and dorsal up in all panels. Schematics were based on and inspired by Ayoob et al. (2006
(B) A filleted preparation of a stage 17 wild-type embrigireed with 1D4. TN travels along the
segmental border while the SNa has its characteristicchiion (out of focus). The typical three
branches form ISNb are marked by white arrowheads, one at thdetekeen muscle fibers 6
and 7, one each at the ventral edge of muscle 13 and 12.

(C) Same preparation as in (B) but withnc-115%°** embryos. ISNb axons fail to innervate
muscle fibers 6 and 7 (black *arrows at center and right) and the hvesge of muscle 13 (black
arrows at left and right). The ISNb axon at the center reabbegentral edge of muscle 13 and
innervates it (white arrowhead), but then fails to innervatiscle 12 and projects beyond the
ventral edge of muscle 12 (red arrow). ISNb axons at the leftigimdproject to the ventral edge
of muscle 12 and form innervation (white *arrowheads). Thedi@jg of TN axon at the center
is marked with (>).

(D) Schematics showing two adjacent hemisegments as seel)incénter and right
hemisegments). For simplicity, all motoneuron axons are depicted ahmate fibers in (A) and

(D).

4.2 Dunc-115 isa downstream effector of the Slit/Robo pathway

Given the involvement of Dunc-115 in axonal pathfinding, it is important terméte
the origin of the guidance signals that are relayed by Dunc-lieTare several actin
binding proteins that have been characterized and thus it is pofs#tlaifferent
guidance mechanisms may utilize different downstream effet¢d relay signals to the
cytoskeleton. Similarly, overlapping downstream effectors aceliésly where different
guidance cues may use the same downstream effector. Thissimgsdownstream

effectors of a guidance pathway is inevitably complicated. Astattempt, we decided
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to determine the genetic interaction between Dunc-115 and a guidatheeap using a
well established scheme involving a sensitized genetic backgrounta$ieeprinciple is
that by decreasing the expression levels of a gene in a gitlewagya the animals so
manipulated will be sensitive to dosage changes (or expressidsg) le/ether genes in

the_ sameathway.

slit" robo®ICyO Act-GFP; +/+{fslit' robo%/Cy0 Act-GFP; +/dunct15

Motoneuron

CNS

Figure 39. Axon Projection Defects.

(A) A stage 1%lit' roba’/CyO Act-GFPembryo stained with Fasll antibody 1D4 (see Figure
4A and B for comparison). SNa has its characteristic bifimrcgblue arrowhead). Apart
from occasional reduced branches (e.g. green arrowhead), teetiprojis basically wild-
type.

(B) Removal of one copy oflunc-115 (slit' robd?/CyO Act-GFP; +/dunc-116 causes
significant axon projection defects where the typical threedhes of ISNb are disappeared
in most segments (white arrowheads). Some SNa neurons alsodogittal bifurcation
(blue arrowhead).

(C) The CNS of a similar embryo as in (A) stained with 1D4. It is esdignivild-type.

(D) The CNS of a similar embryo as in (B) stained with41l has the defects seen in

homozygousdunc-115mutants such as fused axon bundles and abnormal splitting (white

arrowheads, compare with Figure 3C). In addition, it has the tdefigaical for the Robo
pathway, i.e. abnormal longitudinal axon crossing at the midbntheé contralateral side
(green arrowheads). All panels are stacked confocal images aftemtisecondary antibody
staining.
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Given the involvement of the Slit/Robo pathway in axon projection in tidéna and
Dunc-115’s role as described above, we reasoned Dunc-115 might operatdream

of the Robo receptor. To test this, we generated embryos with gerstitypebo’/CyO
Act-GFP; +/dunc-115and examined the axonal pathfinding at the midline and of
motoneurons. Botlslit' and robo® are null and homozygous lethal mutants. Blig
robo’/CyO Act-GFPdouble heterozygous offers the most sensitive background to test
components of the Slit/Robo pathway (for example Yang and Bashaw, 20t6}he

CyO Act-GFP balancer making it possible to select the desired embrydssiootyping.

While slit' robo’’CyO Act-GFPembryos are basically wild-type (Figure 39A and C), the
removal of one copy oflunc-115in slit' roba’CyO Act-GFP; +/dunc-11%mbryos
generates projection defects for the ISNb branch: the three &kdmmervations are
missing in most hemisegments of nearly 25% of the embryos sddf€d)70] (Figure
39B white arrowheads, compare to Figure 38B). Some SNa axons do nthéayeical
bifurcation (blue arrowhead in Figure 39B). At the CNS, removal ofdome-115copy
causes the typical SlitRobo defects where longitudinal axonss dtos midline
abnormally (Figure 39D). Collectively, with tiséit androbo sensitized backgrounglit*
robo’/CyO Act-GFB, reduction of onedunc-115copy generates significant projection
defects in motoneurons and at the midline, indicating that Dunc-115 is @suleam

effector of the Slit/Robo pathway.
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Chapter 5 Establishing Dunc-115L As A Downstream

Effector of Rho GTPAses

The Slit/Robo pathway starts at the plasma membrane wher®ilg to the Robo
receptor to initiate the signaling process leading to thgyamation of the cytoskeleton.
Given that Dunc-115 is an actin binding protein, there will be other guidsigoal
relaying posts before reaching Dunc-115. Accumulating evidence irglitetethe Rho
family GTPases function as a guidance signal integration hubewsignals from
different guidance pathways could be integrated and relayed doamsthkdoreover, a
direct linkage between the Robo receptor and members of the Rho éSTiRes been
established (Fan et al., 2003). Furthermore, actin-binding proteins invoiveson
guidance have been shown to be targets of the Rho GTPases. thesalfreasons, we
decided to examine the possibility that Dunc-115 may function downswéamembers

of the Rho GTPase subfamily.

We chose to investigate the matter in the adult eye that hasvildnused for studying
signal transduction and genetic interactions. Our working hypothesisthat by over-
expressing members of the Rho GTPases, the eye will show théerma eye
morphology as shown by many (e.g. Hariharan et al., 1995; Nolan et al.arap8&)at if
Dunc-115 was downstream, reducing its dosage would ameliorate tha Byey

phenotype.
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5.1 Overexpression of Racl, Mtl and Cdc42 resultsin roughened Drosophila eyes

We thus chose thBrosophilavisual system to examine the relationship between Dunc-
115 and the Rho GTPases. The fly compound eyes have been used widalyzmgn
GTPase signaling pathways (for example Nolan et al., 1988etHal., 2005), where
overexpression of the Rho GTPases often results in a roughened rgéypaeWe first
examined the eye phenotype of GMR-racl, GMRY#Mtand GMR-Cdc42*? animals,
where GMR is a retinal-specific promoter and Whland Cdc42'? are constitutively
active. Unlike in the wild-type eye where ommatidia are organireorderly rows
(Figure 40A), compound eyes overexpressing Racl/‘Mahd Cdc42'? have disrupted
ommatidium patterns with disorganized and missing bristles anguiareommatidial
sizes (Figure 40B-D, compare to A). The compound eyes in the hemizgoasl15

animals (Pdunc-115°%%%%Y/+) have wild-type eyes (Figure 40E, compare to A).
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GMR-rac1/+ A GMR-MtIV15/+ GMR-Cdc42V12/+
G

GMR-MtIV15/+; GMR-Cdc42V12/+;
dunc-115/+ | GMR-rac1/dunc-115 dunc-115/+ dunc-115/+

Figure 40. Suppression of Rho GTPases by Dunc-115.

(A) A wild-type compound eye has well organized ommatidial facets andebristl

(B) to (D) Overexpression of Racl, Ml and Cdc42" disrupt the ommatidial arrangement
and cause disoriented (black arrows in B and C) and missihige(arrow in B) bristles.
Some ommatidia have irregular sizes (gray arrow in C andwhijle some bristles are
duplicated (whitearrowheads in D).

(E) The eye of the Dunc-115 hemizygous mutandR§-115%%%/+) is wild-type.

(F) and (G) Removal of one copy dunc-115drastically suppresses Racl and Mtl
overexpression defects resulting in a wild-type appearance.

(H) Reduction of one copy of tllinc-115gene does not significantly change the roughened
eye phenotype in the Cdc42 overexpressing eye with ommatidia having irregular sizes
(gray arrow) and disorganized (white arrow), while bristlee &equently duplicated
(~arrowheads). All panels are light microscopic images oftddrdsophila eyes and are
representative of at least five flies analyzed for each genotype.l#eatel 0Qum for all.

5.2 Dunc-115 isa downstream effector of the Rho GT Pase family

If Dunc-115 is a downstream effector of a Rho GTPase (for exaRg@tl), removal of

one copy of thelunc-115gene will ameliorate the roughened eye phenotype caused by
Racl overexpression. To test this, one copgurfc-115is removed from Racl, Mtl and
Cdc42 overexpressing animals and the eye phenotype was examingédsilte show

that the roughened eye phenotype is dramatically suppressedhavignioval of a single

copy ofdunc-115in Racl and MY#" overexpressing animals but not in eyes with Cdc42
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overexpression (Figure 40F—H). Indeed, the ommatidial facets @i Rad Mt/
overexpressing eyes with one copydnc-115have near wild-type appearance with
much improved bristle patterns (compare Figure 5F and G to B amsg&ctively). By
contrast, removal of ondunc-115copy in Cdc42 overexpressing animals does not
significantly change either the ommatidial facets or brittays (compare Figure 7H to
D). We have also repeated these analyses using the deficieacPf(3R)byl0 that
removes the dunc-115 locus and the results are the same as heitP[dunc-
115KG03651])/+ strain (data not shown). Together, these results suggeButital 15

operates downstream of Racl and Mtl but not Cdc42.
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Chapter 6 Analyzing The Genomic Evolution Of Dunc-

115 Gene.

As discussed earlier, Dunc-115 has been analyz&dasophila melanogastexyhere it
functions as a critical regulator for establishing neural cdiorecin both the eye and
central nervous system (Garcia et al., 2007). In addition, Dunc-115ksskatensive
sequence identity with its orthologs@ elegan§UNC-115) and in mammals (AbLIM).
For instanceDrosophilaLIM domain 4 is 63% and 69% identical to human LIM domain
4 andC. elegand.IM domain 3, respectively, while tHerosophilaVHD domain is 58%

and 64% identical to the counterpart from humans@relegangGarcia et al., 2007).

6.1 Dunc-115L orthologsin other Drosophila species and two other Dipterans

In this study, we used the availability of 12 sequergeabsophilagenomesrosophila

12 Genomes consortium, 2007) to investigate the level of sequence cboseoia
Dunc-115 across thBrosophila genus. So far, Dunc-115 has only been identified in
Drosophila melanogasterOur motivation was to finkbunc-115in other Drosophila
species as well was in other Dipterans. The conservationsofjéime across evolution

would indicate that it is of functional importance to Dipterans.

Firstly, eleven fully sequenced genomes were obtained from Flybaseth&v ran
BLAST (Altschul et al., 1990) on the cDNA sequence of Dunc-115L flmwsophila
melanogasteagainst eaclbrosophilagenome in order to identify potential orthologs.
Afterwards, we translated the coding sequence from each orthgthen aligned each

ortholog with the protein sequence of Dunc-115L using Clust8lksophila persimilis
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had the lowest level of sequence identity with 90% while Botisophila sechelliaand

Drosophila yakubavere 99% identical to Dunc-115L (Table 1).

Table 1 | Protein Length and % Sequence Identity of Dunc-115Drasophila
melanogasteand of its Orthologs in Other Species

Name Protein % Protein
length(aa) | sequence

identity(to
Dunc-115L)

D. melanogaster 806 100

D. mojavensis 846 93

D. grimshawi 811 92

D. virilis 883 93

D. willistoni 807 92

D. pseudoobscura | 804 94

D. persimilis 753 90

D. simulans 839 99

D. sechellia 839 99

D. yakuba 845 99

D.erecta 848 98

D.ananassae 810 96

C.pipiens 812 69

A.gambiae 830 71

Similarly, we ran BLAST on Dunc-115L against two other Dipterdbstex pipiens
(house mosquito) andnopheles gambiagAfrican malaria mosquito) and aligned each
protein sequence to Dunc-115L. These show 69 and 71% protein sequencyg, identit
respectively. After aligning each ortholog separately with Blttsl, we aligned all 14
protein sequences together with ClustalW in order to verify consamvacross species

(Figure 41).
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Protein Sequence Comparison of Dunc-115L from Different Species
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Figure 41. Protein Sequence Comparison of Dunc-115L from Different Species.

Dunc-115L protein sequences from 12 Drosophila species along witbsguito species are
aligned using the CLUSTAL W(1.81) prograidrosophila melanogastedunc-115L sequence
was used as the template to establish consensus sequencesdatheepresent identical amino
acids and dashes are introduced to maximize the alignment. Shegiednss are structural
motifs of the LIM, UAD and VHD domaind. mel., D. melanogaster; D. moj., D. mojavensis;
D. Gri., D. grimshawi; D. vir., D. virilis; D. wil., D. willistoniD. pse., D. pseudoobscura; D.
per., D. persimilis; D. sim., D. simulans; D. sec., D. sechelliayak., D. yakuba; D. ere., D.
erecta; D. ana., D. ananassae; C. pip., Culex pipiens; A. gam., Anopheles gambiae.

6.2 Generation of phylogenetic tree of Duncl15L across Drosophila species

Using the PHYLIP package (Felsenstein, 1981),we then generatecoddtraps
(Segboot) in order to construct a maximum likelihood tré&néaml) and ranConsense

and Ape from the R-project package(Paradis et al., 2004to get a majority rule
consensus tree (Figure 42). In the resulting thempheles gambiaand Culex pipiens
serve as outgroups. This tree is consistent withOhesophila species tree recently
published Drosophilal2 Genomes Consortium, 2007), with exception of the branch of
D. grimshawi and D. mojavensiswhich—with a bootstrap value of 61—is weakly

supported.
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Figure 42. Phylogenetic Tree of Dunc-115L across the 12 Sequenced Species of Drosophila
and Two Genera of Mosquito. The numbers above each node represent bootstrap values. The
scale represents .1 substitutions per skeopheles gambia@nd Culex pipiensrepresent

outgroups of thé®rosophilaspecies.
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6.3 Quantifying sequence conservation of Dunc-115L and specific domains acr 0ss
Drosophila species.

In order to quantify the level of sequence conservation of Dunc-11%ksdarosophila
species, we applied a maximum likelihood algorithm known as PAMIngYa997),
which allowed us to calculate the ratio of nonsynonymous-to-synonymacisotide
substitutions Ka/Ks for each codon. In the case of nonsynonymous sulissit(iKa), a
substitution of one base for another in a gene coding for a proteincesodwchange in
the translated amino acid sequence whereas synonymous substitits)ndo( not
(Nekrutenko et al., 2002). The comparison between the number of nonsynonymous
substitutions (Ka), and the number of synonymous substitutions (Ks)utelivhether
deleterious mutations are selected against (negative seleatiamether mutations that
may be advantageous in response to an environmental changevaned f§ositive
selection). When positive selection dominates, the Ka/Ks ragecemter than 1 whereas
when negative selection dominates, the Ka/Ks ratio is less thaskrufidnko et al.,
2002). When these two forces are in equilibrium to each other, thes Katfl§ is close to
1.

Table 2 | Ka/Ks Ratios of Dunc-115L Domains

Region of| Ka Ks Ka/ks (+-1sd)

sequence

Whole 18456 | 3.67144| .05020.04672, 0.05398)
seq

LIM1 .05049 | 3.48373| .01449(008269, 0.02224)
LIM2 .18704 | 6.26063 | .0298®& (02255, 0.03844)
LIM3 .08241 | 7.29230( .0113M®(07451,0.015724)
LIM4 .02439 | 3.35599| .0072D(002810, 0.01285)
UAD .12482 | 15.87872 .00786 (0.002619, 0.01387)
VHD 0.06056( 4.95642 | .012220(006253,0.01943)
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The average Ka/Ks of Dunc-115 was found to be .05027 (Table 2). Such aalés K
ratio suggests that this gene has undergone negative selectiomaantl is highly
conserved. Investigation of specific domains demonstrates even stammgervation.
The VHD domain shows 5X the average conservatidburfc-115L The other domains
were similarly conserved with Ka/Ks ratios ranging from .00742702988. Thus, these

domains are highly conserved acrosPatisophilaspecies.

6.4 Looking for existence other Dunc-115 isofor ms across Drosophila species

We also wanted to know whether the other two isoforms of Dunc-115 weserved in
other Drosophila species. To answer this question, we performddA&TBon the
genomic sequence obrosophila melanogasteDunc-115 (CG31352) against the
genomic sequence of Dunc-115 from other speci®¥ge then performed ClustalW
sequence alignment on the whole genomic sequence oDraBophila Dunc-115
genomic sequences recovered. SinceDatisophila melanogasteDunc-115 isoforms
differ by only the first exon, we looked specifically for the &d S first exon coding
sequences in the othBrosophilaspecies. Afterwards, we did a ClustalW alignment with
just the M, and S candidate first exon coding sequences of the Ducddifg about

120 bps for each Dunc-115).

We looked for certain landmarks to discern candidate isoforms in Biteeophila
species: Absence of indels/stop codons, existence of intron-exon ls®deences

AGGT(exon-intron) , and AGGT(intron-exon), and translatable codeguences. If
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these three factors checked out, then we could discern that thaimisekists in a

particularDrosophilaspecies.

When investigating the candidat® dxon coding region of Drosophila species closest to

D.melanogasterwe obtained the following results:

For the Sform

Indels Translatable
D.simulans No Yes
D.sechellia No Yes
D.erecta No Yes
D.yakuba No Yes

For theM form

Indels translatable
D.simulans Yes No(2 stop codons)
D.sechellia Yes No (1 stop codon)
D.erecta Yes No (2 stop codons)
D.yakuba Yes No (1 stop codon)

Thus, we can conclude that for the species closeldt taelanogasterDunc-115S was
conserved acrod3rosophilaspecies while Dunc-115M was not. We did not investigate
further ortholog isoforms dbrosophila melanogastddunc-115M as it is highly unlikely
that it is conserved in species more distantly related tonagest is not conserved in those
species closest to it. We recorded Dunc-115S candidate finstiefo for the remaining

Drosophilaspecies.

We then used the beginning and end of all exons of Dunc-115 as obtained tiw®ugh

process above, in order to map the intron-exon borders of the Dunc-11geyemsic
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structure for the twelv®rosophilaspecies (Figure 43). In this manner, we were able to
confirm both L and S isoforms in eight out of tweBeosophilaspecies. Dunc-115 in
Drosophila mojajensisand Drosophila willistonimost closely resemble the S isoform.
Duncl15 inDrosophila grimshawimost closely resembles the L isoforirosophila

virilis has a unique form of Dunc-115, unlike the S or the L isoform. Thus, Dunc-115S, is

for the most part, conserved across species.
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Figure 43. Map of Intron-Exon Borders of Duncl15 Genein 12 Drosophila Isoforms. The L
and S isoforms irosophila melanogasteas well as most closely related species differ only by
the first exon used. In species that bear both isoforms, the L isoftewof is labeled L1 and the
S isoform f' exon is labeled S1. In species that bear only one isofdfrexdns are simply
labeled 1.

We have shown that Dunc-115L is highly conserved amonDr@2ophila species and
two mosquito genera. Moreover, in the case of the former, seqideméy becomes
even more compelling at the individual domain level. Such level of paatgen for the
VHD domain amonddrosophilaspecies, which has been shown boti€Cirelegansand

in humans to bind to actin (Roof et al., 1997; Struckhoff and Lundquist, 2003), reinbi
with 3D modeling predictions (Garcia et al., 2007), strongly supportbkiidood that
this domain binds to actin iDrosophila melanogasteAdditionally, we have confirmed
the existence of an S isoform in 10 out of 12 species. The Mrisas not conserved

across differenDrosophilaspecies.
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Chapter 7 General Discussion

7.1 The VHD domain in Dunc-115L isrequired for actin binding

Our mutant analyses indicate that Dunc-115 is required for axonnattiof in subsets of
neurons. Furthermore, protein sequence data indicate that the lomgnido@inc-115L
contains a VHD domain that has the potential to interact with.d€tsuch binding can
be established experimentally, it will offer one mode of functionCianc-115 where
signals from guidance cues can be relayed to Dunc-115 that in réguiates

cytoskeleton.

The VHD domain of Dunc-115 has key residues such as Trp64 in a hydrophtabic pa
termed “cap” and Phe76 that are required for binding to F-a¢tndar et al., 1999;
Vardar et al., 2002; Vermeulen et al., 2004; Garcia et al., 2007). Indised & feature

also found in Dunc-115 homologs such as Unc-115 (Struckhoff and Lundquist, 2003).
Thus in the computer modeling done previously, it was found that Dunc-115 is capable of

binding to actin (Garcia et al., 2007).

The absence of the VHD domain in isoform Dunc-115S provides a convenienticonst
to determine the requirement for VHD domain in actin binding. Our cossdation
assay clearly shows that only Dunc-115L—not S—is capable of bindingctin,
suggesting that the VHD domain is required (and thus necessargctio binding.
Combined with our bioinformatics data and evidence fiomitro VHD domain/actin
binding analyses from other species in the literature, we prapatsthe VHD domain in

Dunc-115L functions as a binding target for aativivo.
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How then does the actin binding ability of Dunc-115 impact growth cone pom@ddne
tempting possibility is that Dunc-115 may regulate filopodial foramatiOur actin
binding assay shows that Dunc-115 bundles actin, a process seen amnth&oh of

filopodia.

7.2 Dunc-115 is a downstream effector of the Robo receptor and Rho GT Pases.

While Slit/Robo is a well known guidance pathway, it remains wukiow guidance
signals from Slit/Robo are relayed to the cytoskeleton. Our sirahere offers one
possible route for subsets of CNS neuron®iasophilawhere guidance signals of the
Slit/Robo pathway are sent to Dunc-115, which in turn regulates/tbskeleton through
actin binding. Indeed, a similar functional mode has been four@. ieleganswhere
guidance signals from the Netrin receptor are relayed to-1dB6¢ which then,

presumably, regulates actin.

Thus the emerging picture is that actin binding proteins sucluas-D15 function as the
final recipient of guidance signals and thus play a criticag¢ rol regulating the
cytoskeleton in response to growth cone navigation. One remainingeramelis to
decipher the cytoplasmic network involved in connecting the surface gaideceptors
such as Robo and Netrin to actin binding proteins such as Dunc-115. Whifecant

amount of information has been accumulated where important landmarksbeane
identified, large gaps in our understanding still exist. Our demoiostrtdiat the Rho

family GTPases function as an intermediate signal integrdtub between the Robo
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receptor and Dunc-115 provides one other example as how guidance sigiyalse

delivered to the cytoskeleton.

Finally, how Dunc-115 affects growth cone dynamics and morphadlogyvo during
axon outgrowth remains unknown. One possible route is to use Total IrRexffedtion
Microscopy (TIRM) or fluorescent speckle microscopy to observectly cytoskeletal
dynamics in living growth cones as they respond to guidance cuedd&and Gordon-

Weeks, 2009; Lowery and Van Vactor, 2009).

7.3 Conservation of Dunc-115 isofor ms acr 0ss species

7.3a. Duncl15 L and Sisoforms are largely conserved across Drosophila species and
Dipterans

It is not surprising that Dunc-115L was conserved throughoiirabophilaspecies as it
is the isoform that shows most sequence similarity Wthelegansand vertebrate
orthologs (Garcia, 2007). Our tree demonstrates that the evolutionuraf-T15L in
Drosophilaspecies is in line with the evolution of ti¥osophilaspecies themselves.
Additionally, this conservation acroBsosophilaspecies is a good preliminary indicator
of the Robo/Rho GTPase/Dunc-115 signaling cascade possibly being avanilyi
conserved across species. Additional experimentation must take Alisaeour finding
of the great similarity with two mosquitos is the first demaigin of Dunc-115
orthologs in other insects. The conservation of this gene acrokgien would indicate

that it is of functional importance to Dipterans.
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Overall, the C-terminus of Dunc-115L shows much greater conservhionthe N-
terminus. The LIM domains do show great conservation despite being thdode N-
terminus. Variability at the N-terminus lies outside these dosn&dditionally, analysis
of the coding sequence alignment fosophila species shows that the VHD domain
undergoes much variability at the DNA level. This further suppbedéct that the VHD
domain is functionally conserved as all orthologs are nearly id¢mtiche protein level.
It is interesting that alDrosophilaspecies of thenelanogastegroup O. melanogaster,
D. simulans, D. sechellia, D. yakuba, D. ere@adD. ananassaecontain an Alanine in
the 917" position of the protein sequence alignment, which falls in the \ddBain.
This may point to an evolutionary change that distinguishes this grbiyosophila
from those of other groups like tlmdscuragroup whose member® ( pseudoobscura

andD. persilillis) contain a Valine at this position.

It is noteworthy that Dunc-115S was conserved throughout subgenus Sophophora but
missing in subgenuBrosophila This distinction in Dunc-115S isoform points possibly
to a key evolutionary event differentiating subgenus Sophophora from subgenus

Drosophila.

7.3b. Duncl15M isnot conserved across species

When trying to generate an intron-exon border map for all three-Difigsoforms, we
could not clearly define @rosophila melanogasteDunc-115M first exon. It was
interesting to find that Dunc115M does not have a coding region in thelDa@dirst

exon. It begins at 5745bp, begins coding at 6013 bp, and ends at 6393bp whilgghe S fi
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exon form begins at 5762bp, begins to code at 5816bp, and ends at 5933bp. Duncl115M
begins coding in S’s intron region between its first 2 exons. Additignahen trying to

isolate orthologs oDrosophila melanogasteDunc-115M from the coordinates of its

first exon, we could not find any orthologs—evenDrosophila species closest tD.
melanogasterD. simulans D. sechellia, D. erecta, or D. yakub®/e found indels in

each candidate first exon and the sequences were untransl&tatiteer research is

needed to fully elucidate the nature of the M isoform.

7.4 Conclusions

€)) The VHD domain of Dunc-115L is required for binding to actin.

(b) Duncl115L and the VHD domain are both highly conserved a@ossophila
species.

(c) Dunc-115 is a downstream effector of the Slit/Robo pathway.

(d) Dunc-115 relays signals from members of the Rho GTPase family.

Based on our findings, we propose the following model for Dunc-115 (Figdye
Guidance cues such as the Slit/Robo pathway initiate the axon ojpobcess at the
plasma membrane and guidance signals are relayed to a pngcksbi like the Rho
GTPases, which in turn relays signals to Dunc-115. Dunc-115eglllate cytoskeleton

through binding to actin.
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Figure 44. Signaling Cascade Involving Duncll15. Slit binds to its receptor Robo,
which signals via Rho GTPases Rac-1 and Mtl. These then stinlwat=115 to bind to
actin and subsequently affect cytoskeletal dynamics and axon guidance.

It should be noted that pathways like Slit/Robo may send signals to multidowmstrea

effectors and conversely, downstream effectors including the Rho GTPases and Dunc

115 can receive guidance signals from different surface receptors.
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7.5 Futureresearch

One remaining issue is how these Dunc-115 isoforms may functiemediffy. As a first
step to address this question, we will express individual isofarnasiunc-115mutant
background to examine the rescue effect of each isoform. Indeperatesgenic stocks
will be established and stocks with the transgene on thehfomosome selected and
balanced since endogenous Dunc-115 is on fhetBomosome. Then the following
genotype, UAS-Dunc-115/CyO, Act-GFP;dBhc-115%%%Y/P[dunc-115%%%, will
be synthesized from available stocks, UAS-Dunc-115/Cy0O, Act-GFBeniCyO, Act-

GFP; PHunc-115°%%Y/TM3, Ser (available in the PI's laboratory):

M.UAS-Dunc-HSLXM. Sco S Select yw UAS-Dunc-115L,  + w Sco S

YW Cy0, ACGFP N Y 'Cy0, AcLGFP' T3, Se seatsar Y CyO, Act-GFP ' T3, Ser A yw'Cy0, Ac-GFP’ T3, Ser
Select Scot Ser Sb‘l

M;UAS'DU”C'ML; Sy M __ S  Pldun-115CH) gy W UAS-Dunc-t15L. . PRtunc- 1557y S  Pldunc- 15
Y ' CyO, ActGFP " TM3, Ser ™ YW:Cy0, ActGFP* T3, Ser Sca*Shl* Y Cy0, ActGFP "~ T3 Ser JWiTy0, AHGFP — T3, Ser

Select Sco* Sert

W UAS-Dung-15L  Pldunc-115¥S%EST] vy (jaS. pung-115L _ Pldunc-1156%%) - Select AP {E] - 4 =KG0651

Similarly,elavGAL4/CyO, Act-GFP; Piunc-115°%%Y/P[dunc-115%%3%*] strain will

be created and used to generate the following cross:

W elav-Gald  Pldunc-H5CP)

w UAS-Dunc- 5L~ Pidunc-15/50%% Select Act-GFP™  UASDunc-115L  Pldunc-115C1%6%)
Y " CyO, Ack-GFP* pygiyng.11560%651]

UAS-Dunc-113L" pldunc-115K60%5"  (nonfluorescing) embryos  glav-Gal ' Pldunc-11560%E5T]

.
Xy

UAS-Dunc-115S strains idunc-115mutant background will be similarly created as well. Eggs
at stage 17 from these crosses will be collected and staitiedanti-Fasll antibody (1D4) to
determine the rescuing effect of Dunc-115 individual isoforms. Weetedt multiple lines for

each construct to make certain any distinctive rescuing effects wighedhit isoforms are not due
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to expression levels, and we will conduct carefully controlled bliatistical data analyses. We
will also express Dunc-115 isoforms in a wild-type background todefects generated by
overexpression. From this set of experiments, we will be ableteyrdine which isoforms are
capable of restoring the wild-type phenotype. Given the existentbeo¥HD domain, we

expect Dunc-115L will rescue the defects in axon projection while Dunc115S will not
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