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The role of Drosophila Pod-1 (Dpod1) in Axon Guidance

Michael E. Rothenberg

ABSTRACT

The mechanisms underlying actin/microtubule (MT) coordination in axon targeting

remain largely unknown. Here, I characterize Drosophila pod-1 (dpod 1), a large protein

with actin and MT binding domains. Purified Dpod1 crosslinks both actin and MTs. In

cultured cells, endogenous lamellar Dpod1 is primarily actin-associated but often

colocalizes with MTs. When actin is disrupted, Dpod1 delocalizes from the cell’s edge

and relocalizes to MTs. Overexpression of Dpod1 causes dose-dependent cytoskeletal

remodeling: cells extend dynamic, neurite-like processes that are actin rich, actin

dependent, and MT-independent. They are invaded by MTs and often contain Enabled at

their tips. In embryos, Dpod1 is strongly expressed in the developing nervous system,

localizes to the tips of extending neurites, and often concentrates at axonal choice points.

Dpod1 is required for proper axon guidance but not for cell polarity, cell fate

determination, or continued neurite extension. In addition, Dpod1 is required in the PNS

for proper cell migration. dpod■ genetically interacts with robo and enabled.

Furthermore, postmitotic neuronal overexpression of Dpod1 disrupts axon targeting.

Together, these data suggest that Dpod1 is an important cytoskeletal regulator whose

levels must be maintained for accurate axon guidance and neuronal migration.

viii



Interestingly, dpod■ is highly conserved: vertebrates possess a single pod-1 expressed in

the developing nervous system.

In the developing Drosophila retina and optic lobes, Dpod1 is widely expressed at several

developmental stages and is required for photoreceptor axon guidance. Also, in

developing mechanosensory bristles, loss of Dpod1 causes defects in cytoskeletal

organization, and overexpression dramatically changes cell shape in a dose dependent

manner. Additionally, Dpod1 localizes to the cleavage furrow of dividing cells, but its

function there remains mysterious.

Finally, I show that phosphatidylinositol-3-kinase (PI3K), a lipid kinase that produces

phosphatidylinositol-3,4,5-trisphosphate (PIP3), may play a role in neuroblast
*

asymmetric cell division. PIP3 forms a cell-cycle dependent apical crescent in

neuroblasts. Pharmacological disruption of PI3K causes asymmetrically dividing º

neuroblasts to exhibit defects in basal (but not apical) polarity markers and mitotic

spindle orientation. These preliminary results suggest that active PI3K is an important

molecule in neuroblast polarity.

Thesis committee chairperson
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Chapter 1

Introduction



OVERVIEW OF ACTIN, MICROTUBULES, AND ACTIN/MICROTUBULE

CROSSLINKERS

The two ubiquitous cytoskeletal elements in eukaryotic cells are actin and microtubules

(MTs). In many eukaryotic cells actin is the most abundant protein, constituting nearly

5% of total cellular protein. It is found in two forms: monomeric G-actin (globular actin)

and polymerized F-actin (filamentous actin). F-actin polymers have polarity, based on

the polarity of individual actin monomers: there is a “barbed” (or “plus”) end where new

polymerization occurs and a “pointed” (or “minus”) end where filament disassembly

occurs (for review see Pantaloni et al., 2001). F-actin filaments can adopt numerous

different shapes, determined in part by the different accessory proteins that are

associated. This versatile, ubiquitous molecule is used in innumerable cellular processes.

Microtubules (MTs) are the other major cytoskeletal element. MTs are long, hollow,

rigid, polarized structures comprised of 13 rods (protofilaments) arranged in parallel to

form a cylinder. These protofilaments are composed of polymerized heterodimers of O.

and 6 tubulin. At one end of the MT, rapid growth occurs (the “plus” end), while at the

other end (the “minus” end), the MT is anchored to a nucleation site, such as a MT

organizing center (MTOC). MTs are very labile and exhibit behavior that has been

termed “dynamic instability” (Mitchison and Kirschner, 1984). The parameters of

dynamic instability can be regulated; MT-associated and regulatory proteins likely have

important roles. Like actin, MTs are also used in a wide variety of cellular processes.



The polymerized networks formed by these molecules are centrally important to cellular

morphology and organization, and they each play numerous roles in cellular physiology.

While actin and MTs each have unique functions of their own, they interact, function

together, and depend on each other in many important processes.

A summary of Actin/MT interactions

Actin/MT interactions are important in a wide variety of cellular functions including (but

not restricted to) directed cell migration, axon growth cone guidance, cell shape

determination, the establishment and maintenance of cellular polarity, the positioning of

the mitotic spindle, cleavage furrow positioning and function, formation of the mitotic

spindle midzone, wound healing, and vesicle and organelle transport (Goode et al., 2000;

Rodriguez et al., 2003). In these systems, the actin and MT networks are coordinated by

several different mechanisms (for review see Rodriguez et al., 2003). These interactions

can be classified broadly as either regulatory or structural.

Regulatory interactions are those in which one cytoskeletal network indirectly affects the

other via signaling cascades. Several examples of this have emerged recently, many of

which involve the switch-like Rho family small GTPases such as Rho, Rac, and Cdc42.

These molecules have associated regulatory proteins: the Guanine Nucleotide Exchange

Factors (GEFs), which activate by promoting the GTP-bound state, and the GTPase



Activating Proteins (GAPs), which deactivate by promoting the GDP-bound state (for

review see Etienne-Manneville and Hall, 2002). Associated signaling pathways can

involve many different kinds of post-translational regulation, including protein

phosphorylation and dephosphorylation, lipid signaling, and physical sequestration of

important regulators.

Actin and MTs can also interact by structural, i.e., physical, mechanisms. In spite of the

difficulties in studying these interactions both in-vitro and in-vivo, convincing evidence

supporting their existence and importance has come from multiple sources. First, in-vitro

experiments using simultaneous imaging of purified MTs and purified actin filaments in

the presence of an extract from Xenopus oocytes have shown that both static and

dynamic interactions occur. Actin and MTs can associate together and move in the same

way at the same rate. These interactions are dependent on cytosolic factor(s) in the

extract and are not simply due to nonspecific binding between actin and MTs (Waterman

Storer et al., 2000). Second, the relatively new techniques of multi-spectral time-lapse

fluorescent microscopy and fluorescent speckle micropscopy (FSM) of fiduciary-marked

actin and MTs marked with distinct fluorescent probes have shown that actin and MTs in

live cells move together with the same velocity and trajectory—strong (but nevertheless

indirect) evidence of a physical association (Schaefer et al., 2002). Third, deep-etch

electron microscopy studies performed on neurons has shown the existence of

crosslinking bridges between actin and MTs (Goode et al., 2000). Fourth,

pharmacological studies indicate that interfering with one cytoskeletal network affects the

other. For example, treatment of neuronal growth cones with cytochalasin, an actin



depolymerizing drug, causes the rapid advance of MTs into the peripheral domain of the

growth cone, indicating that the proper localization and organization of MTs depends on

an intact actin network (Forscher and Smith, 1988). In addition, local application of the

MT-stabilizing drug taxol to one side of a growth cone promotes turning in that direction,

and this MT-initiated turning requires an intact actin cytoskeleton (Buck and Zheng,

2002). Conversely, acute depolymerization of MTs with nocodazole disrupts the growth

cone’s actin network (Rochlin et al., 1999). These studies, as well as other genetic

analyses (Lee et al., 2000; Lee and Kolodziej, 2002), all converge on the conclusion that

interactions between actin and MTs occur in vivo and are functionally important.

However, the molecules responsible for these structural interactions are only beginning to

be described.

Molecules underlying structural actin/MT interactions

In theory, such structural interactions could be mediated by complexes of proteins that

contain both actin-binding and MT-binding proteins. One example of this is the

IQGAP/CLIP-170 complex that is important in migrating fibroblasts. IQGAP, a binding

partner for the small GTPases Rac and Cdc42, associates with actin as well as CLIP-170

which, in turn, binds to MT ends (Fukata et al., 2002). Another example is the

Biml/Karº/Myo2 complex that functions in spindle positioning in yeast. Biml (the yeast

EB1 homolog) is a MT plus end binding protein that associates with Karº (the yeast APC

homolog). Karº in turn binds the myosin Myo2, an actin-associated motor protein. The



same complex also functions to position the spindle in Drosophila (Lu et al., 2001;

Rogers et al., 2002).

Structural actin/MT interactions can also be mediated by individual proteins with both

actin and MT binding domains. The plakins are a group of proteins that fall into this

category. They are large, multidomain proteins that function in several cytoskeletal

dependent processes in different tissues (for review see Fuchs and Karakesisoglou, 2001).

One plakin, Kakapo/Shortstop has been convincingly shown in Drosophila to bind both

actin and MTs in growth cones. It is required for continued axon extension, and the

different cytoskeletal binding domains must be present simultaneously in the same

molecule, showing that it functions as an actin/MT crosslinker in-vivo (Lee et al., 2000;

Lee and Kolodziej, 2002). Additional molecules have been identified that have both

actin and MT binding domains and can crosslink the two networks, such as coronin

(Goode et al., 1999) and others (for a list see Rodriguez et al., 2003). However, very few

of these have been shown to function as actin/MT crosslinkers in vivo.

ANOVERVIEW OF ACTIN/MIT CROSSLINKING IN AXONAL GROWTH

CONES

The growth cone is a specialized migratory structure at the tip of a navigating axon that is

centrally important to axon guidance. The various signaling pathways that provide the

growth cone with guidance cues and thus control axon navigation (Dickson, 2002)



regulate the directional migration of the growth cone by impinging upon the

cytoskeleton.

A growth cone can be divided into three morphologically distinct regions: the central,

transitional, and peripheral domains. The central domain consists mainly of bundled

MTs and serves as the link between the shaft of the extending axon and the growth cone

at its tip. Dynamic MTs extending from the central domain reach through the transitional

domain and extend out into the peripheral domain, the actin-rich edge of the growth cone

where actin forms two major structures: the finger-like filopodia (where actin is arranged

in parallel bundles) that extend and retract while exploring the extracellular environment,

and the intervening lamellipodia (where actin is arranged in a veil-like meshwork).

Between the central and peripheral domains is the transitional domain, which contains

contractile actin bundles (actin arcs) that are perpendicular to the filopodia of the

peripheral domain.

Actin and MTs interact and exhibit codependence and linkage in the different domains.

Although actin/MT interactions appear to occur in the actin arcs of the transitional

domain (Schaefer et al., 2002), actin/MT interactions have been characterized best in the

peripheral domain. There, MTs have been observed to move backward toward the

transitional domain with the same rate and trajectory as filopodial actin bundles

undergoing retrograde flow. Thus, clearance of MTs from the peripheral domain almost

certainly involves actin/MT interactions. In addition, growing MTs that are reaching into

the peripheral domain preferentially extend along actin bundles (Schaefer et al., 2002).



This interaction may explain the requirement for actin/MT crosslinking in axonal

steering, since the filopodia have been shown to be required for proper steering but not

extension of axons (Bentley and Toroian-Raymond, 1986).

MAJOR QUESTIONS ADDRESSED IN THIS THESIS

Is there an individual actin/MT crosslinking protein that is required for axon guidance,

and if so, what is its identity?

Although cell biological and pharmacological experiments would predict the existence of

Such a protein, its identity has to date remained elusive. Furthermore, it is not known

Whether the crosslinking is performed by a multiprotein complex containing both actin

binding proteins and MT binding proteins, or whether individual actin/MT crosslinker(s)

are responsible.

**ctin/MT crosslinker whose function has been determined in growth cones is

*Po■ shortstop. This is a plakin-family member required for continued axonal
*ion (Lee et al., 2000; Lee and Kolodziej, 2002). (It also has roles in the

*Velopment of other tissues.) Kak/Shot may in fact have a role in axon steering, but
depleti

- -epletion of Kak/Shot from growth cones severely compromises axon extension and thus

precludes this knowledge.



Iidentified Dpod1 as a potential actin/MT crosslinker based on its primary sequence.

Results shown in Chapters 2 and 3 confirm that Dpod1 can function as an actin/MT

crosslinker in-vitro, show that Dpod1 can bind to and remodel both actin and MT

networks in cells in a dose dependent manner, and demonstrate that proper levels of

Dpod1 are required in differentiating neurons (CNS motorneurons, PNS neurons, and

photoreceptors) for the fidelity of axon targeting. In addition, Dpod1 is required in the

PNS for normal neuronal migration. Furthermore, preliminary data implicate Dpod1 in

several different signaling pathways that have been shown to regulate cytoskeletal

dynamics in navigating axons.

Does this protein play a role in other processes that involve cooperation or crosslinking

of actin and MTs, such as the establishment of cell polarity, the determination of cell

shape, or the completion of cytokinesis?

Because the number of types of actin/MT interactions is probably smaller than the

"mber of different cellular processes that involve actin/MT crosslinking (Goode et al.,

2000; Rodriguez et al., 2003), the same individual actin/MT crosslinker could be used in

more than one process. With this in mind, I asked whether Dpod1 is required in

epithelial and neuronal cell polarity, the determination of cell shape, and in cytokinesis

(Pºsitioning of the cleavage furrow and the assembly of the spindle midbody).



Suggestively, Dpod1 is expressed in epithelial cells and neuroblasts when polarity is

being established, and Dpod1 strongly localizes to the cleavage furrow in dividing cells.

However, although Pod-1 in C. elegans is required for the establishment of early

embryonic polarity and is partially required for the maintenance of the cleavage furrow

after cytokinesis, Dpod1 does not seem to have a central role in either cell polarity or

cytokinesis—an interesting difference between Drosophila and C. elegans.

Dpod1 is capable of remodeling the actin and MT cytoskeletal networks and thus altering

cell shape in a dose dependent manner in both cultured S2 cells as well as developing

mechanosensory bristles. Furthermore, while S2 cell shape is unaffected by depletion of

Dpod1, the organization of actin bundles appears to be disrupted in dpod■ mutant

bristles. Thus, in some contexts, Dpod1 plays a role in cell shape regulation.

10
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Chapter 2

Drosophila Pod-1 Crosslinks Both Actin and Microtubules and Controls

the Targeting of Axons

-
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INTRODUCTION

A growing number of proteins have been implicated in the interactions between actin and

MTs in a number of cellular contexts, including axonal growth cones (for review see

Rodriguez et al., 2003). At least one actin/MT crosslinker, Kakapo/Short stop, is

required for continued axon extension (Lee et al., 2000; Lee and Kolodziej, 2002; Van *

Vactor et al., 1993); however, whether such proteins have specific roles in axon targeting

(turning and branching) is unknown. The machinery responsible for the physical

connections or information flow between actin and MTs during axon targeting remains

mysterious.

The growth cone is a specialized structure at the tip of a growing axon that integrates

extracellular guidance cues into cytoskeletal changes that underlie axon guidance (for

review see Dickson, 2002; Lee and Van Vactor, 2003; Luo, 2002). At the leading edge,

finger-like filopodia—consisting of parallel bundles of actin—continuously extend and

retract, exploring the immediate environment for guidance cues. Between the filopodia,

veil-like membranous sheets, called lamellipodia, contain a complex branched network of

actin filaments. Farther back from the lamellipodia, the central region of the growth cone

contains MTs that continuously explore the peripheral regions and exhibit dynamic

instability, often extending and retracting along actin filaments (Schaefer et al., 2002).

When a filopodium encounters an attractive cue, it becomes dilated, and invading MTs
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are captured and stabilized. These polymerizing MTs then help drive the directional

extension of the axon.

Actin and MT structures in growth cones often appear to be crosslinked and depend on

each other for structural integrity (Schaefer et al., 2002). Disruption of either actin or

MTs in growth cones affects both actin and MTs and can disrupt axon steering (Lin and

Forscher, 1993; Rochlin et al., 1999). The molecules underlying this relationship remain

unknown.

Pod-1 was isolated from early C. elegans extracts based on binding to f-actin, though it is

not required for the overall integrity of the actin cytoskeleton. It is a strict maternal effect

gene required for all aspects of early embryonic asymmetry and anterior-posterior axis

formation (Rappleye et al., 1999), processes that depend on intact MT and actin networks

(Lyczak et al., 2002). Pod-1 contains two tandem coronin repeats (Rappleye et al., 1999).

Coronin was isolated by MT affinity chromatography and was subsequently shown to

bind both actin and MTs (Goode et al., 1999). However, C. elegans pod-1 has to date not

been implicated in MT regulation.

Here, we show that the Drosophila homolog of Pod-1, Dpod1, crosslinks actin and MTs

in-vitro. In S2 cells, Dpod1 colocalizes extensively with newly assembled actin and

often colocalizes with MTs that extend out to the lamellar edge or into filopodia.

Depolymerization of actin causes Dpod1 to localize to MTs, whereas depolymerization of

MTs has no effect on Dpod1 localization. Overexpression of Dpod1 induces dramatic

16



changes in cell shape: long, neurite-like, actin rich processes form in an actin-dependent

(but not MT dependent) manner and are subsequently invaded by MTs. Interestingly, at

their tips, a subset of these processes localize Enabled, an important cytoskeletal

regulator that functions together with several different transmembrane receptors (e.g.,

Robo and UNC-40/DCC) involved in many axon guidance decisions (Bashaw et al.,

2000; Gitai et al., 2003; Yu et al., 2002). In developing neurons, Dpod1 is concentrated

in growing neurites, where it is especially enriched at the tips of extending axons—often

at navigational choice points. The primary defect in embryos completely lacking Dpod1

is aberrant axon targeting. Furthermore, the level of Dpod1 is critical, as postmitotic

neuronal overexpression of Dpod1 causes severe defects in axon pathfinding.

Importantly, dpod■ genetically interacts with both robo and enabled, revealing a function

for Dpod1 in midline repulsion and suggesting that Dpod1 functions at least in part by

regulating axon turning. We propose that Dpod1 is an actin/MT crosslinker that

facilitates the flow of guidance information to cytoskeletal networks and also functions in

cytoskeletal remodeling during axon navigation.
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EXPERIMENTAL PROCEDURES

Molecular Cloning and Sequence Analysis

Following the release of the Drosophila genomic sequence by the Berkeley Drosophila

Genome Project (BDGP), we used the BLAST sequence analysis program to find a fly

ortholog of pod-1, CG4532 (dpod■ ). Dpod1 ESTs were identified by searching the

BDGP EST collection and then obtained from Research Genetics. We sequenced both

strands of a dpod■ EST, LD15267, and found it to be a full-length (stop codon 9 bp

upstream of the ATG) with no major differences from the predicted cDNA of CG4532.

Homology between Dpod1 homologs was determined using the ClustalW multiprotein

alignment tool. Sequence similarity between Dpod1 and MAP1B was determined using

the NCBI Blast-2-Sequences tool.

To generate the Dpod1-Cterm plasmid, a Stul/XhoI fragment of LD15267 was cloned

into pGEX 4T-3 cut with SmaI/XhoI. pUAST-Dpod1 was made by cloning the

NotL/KpnI insert from LD15267 into puAST. pUAST-Dpod1GFPmyc was made in two

steps by 1.) excising the Bazooka sequence from a puAST-BazookaGFPmyc construct

(gift of Y. Hong) and replacing it with a Not■ /NheI fragment of LD15267 (encoding most

of Dpod1), and then 2.) PCR amplifying and inserting the remainder of Dpod1 (without

the stop codon). pUAST-Dpod1-RNAi was made by cloning a Mlul/Not■ band from

LD15267 into puAST cut with Not■ . Cloning of pVT Dpod1-V5HisA was done in two

º
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steps by first cloning an EcoRI fragment with most of the coding sequence of Dpod1 into

pMTV5 His A (Invitrogen) and then inserting the remaining 19 amino acids (without the

stop codon) of Dpod1 using PCR. All constructs were verified by DNA sequencing.

In-Situ Hybridization

In-situ hybridization was done on 0-16h Drosophila embryos by generating digoxygenin

labeled -500 bp unique cDNA probes (Tautz and Pfeifle, 1989).

In-situ hybridization on frozen sections of mouse embryos was performed by standard

protocols using 33-P radiolabeled cKNA probes.

Antibody Production and Immunohistochemistry

GST-Dpod1-Cterm (a GST fusion protein to the 128 C-terminal amino acids of Dpod1, a

region with no homology to other fly proteins) was made in BL21 E. coli cells and

purified on glutathione-conjugated sepharose beads (Amersham). Guinea pig antibodies

were then generated by Strategic Biosolutions. Specificity was confirmed in several

ways. First, anti-Dpod1 staining of wing imaginal discs from several lines of transgenic

flies expressing UAS-dpod1 under the control of the patched-Galá driver revealed a

patched-Gal4 expression pattern of Dpod1 superimposed on a lower level of epithelial

*-
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staining. Also, the antibody (but not preimmune serum) specifically recognized in vitro

translated protein synthesized from the dpod■ cDNA clone LD15267. Moreover,

Western blots showed that the single Dpod1 band present in S2 cell extracts disappeared

after one week of treatment with dpod■ RNAi.

The anti-Dpod1 antibodies were used in immunohistochemistry at a dilution of 1:1500

and on Western blots at a dilution up to 1:30,000. Other antibodies used include 1D4

(1:10), BP102 (1:10), M18 (1:10), Rb anti-Miranda (1:1000), Rb anti-Insc (1:1000), Rb

anti-Bazooka N-term (1:1000), Rb anti-apKC (1:1000), Rb anti-Dmparó (1:500), Rb anti

Pins (1:1000), Rb anti-Numb (1:1000), Rb anti-Pon (1:1000), Rb anti-prospero (1:1000),

Rb anti-staufen (1:1000), and mouse anti-tubulin (1:1000) (Sigma).

Preparation of the dissociated hippocampal neuronal cultures was conducted according to

published protocols (Brewer et al., 1993). Hippocampi were dissected from embryonic

18 (E18) rats, digested with a mixture of proteases at 37°C for 15 min and dissociated

with a fire-polished Pasteur pipette in plating medium (minimal essential medium

[MEM) containing Earle's salts with 10% fetal bovine serum, 0.5% glucose, 1 mM

sodium pyruvate, 25 p.M. glutamine, and 1 × penicillin/streptomycin). Neurons were then

plated onto glass coverslips coated with poly-D-lysine and collagen at a density of 100–

200 neurons/mm”. Cultures were incubated at 37°C with 5% CO2. After neurons

attached to the substrate (normally around 3–4 hr after plating), the medium was

exchanged to neuronal culture medium (neurobasal medium with 1 × B27 supplement,

0.5 mM glutamine, and 1 × penicillin/streptomycin). After 40–48 hr in culture, neurons

-
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were fixed with 4% paraformaldehyde (PFA)/4% sucrose in phosphate buffered saline

(PBS) at 4°C for 20 min and processed for immunohistochemistry. Primary antibodies

used were anti-Dpod1 (1:1500) and preimmune serum (1:500) from the same animal.

Biochemistry and Actin/Microtubule Bundling Assays

Dpod1-His was purified according to instructions from Invitrogen's DES kit. Cells from

a stable pNTT Dpod1-V5 His A S2 cell line were induced in culture media with 1 mM

CuSO4 for 4–8 d, resuspended in cold PBS + 1% Triton-X100 + 10 mM imidazole + 1X

Complete protease inhibitors (Roche), agitated for 1 h at 4°C, and spun 10 min at 4000G.

The supernantant was kept. Prewashed Ni-NTA agarose beads (Qiagen) were added;

binding continued at 4°C for 3 h. A column was made and then washed (20 bed volumes

per wash) first in 10mM TrishCl pH 7.5+50 mM KCl420mM imidazole H1%

TritonX100, then in 10mM TrishCl pH 7.5+300mM KCl420mM imidazole, and lastly in

10mM TrishCl pH 7.5+50 mM KCl420mM imidazole. Dpod1-His was eluted in 10 mM

TrishCl pH 7.5 + 50 mM KCl + 250 mM imidazole. 1 mM DTT and 0.1% NaN3 were

added. The protein was stored on ice or frozen in liquid N2 with 10% glycerol and kept

at -80°C. Imidazole was dialyzed down to 10 mM, but results were unaffected by 250

mM imidazole. Purified lyophilized O-actinin (Cytoskeleton Inc.) was reconstituted to

2.5 mg/mL in 20 mM NaCl·H20 mM TrishCl pH 7.2+5% sucrose+1% dextran+1 mM 3–

mercaptoethanol. Actin was purified from Acanthamoeba (MacLean-Fletcher and

Pollard, 1980). Actin filaments were polymerized for 30 min at room temperature by

*-
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adding of 0.1 vol of 10x KMEI buffer to monomeric actin, followed by the addition of

1.2 molar excess of Alexa488-phalloidin. MTs were prepared by polymerizing

rhodaminated tubulin and stabilizing them with taxol. Bundling assays were done by

combining Alexa488-phalloidin stabilized actin (100 nM final), taxol stabilized

rhodaminated MTs (500 nM final), and protein (BSA, O-actinin, or Dpod1-His); mixing

and waiting for 2-10 min at room temperature; spotting on a slide; and viewing.

S2 Cell Culture

All S2 cell culture experiments were done as described (Rogers et al., 2002) and as

indicated by Invitrogen's Drosophila Expression System (DES) manual. For latrunculin

experiments, spreading cells were treated with 100 nM latrunculin dissolved in DMSO or

DMSO as a control for 30 min before fixing.

Fly Stocks and Genetics

° and ena” flies were obtained fromFlies were grown on standard media at 25°C. ena

D. VanWactor. robo' and robo' flies were obtained from G. Bashaw. P-element

insertions EP(X)1613 and P{GT1}BG02604 were obtained from the Bloomington Stock

Center. EP(X)1613 is a viable fertile line inserted -14 kB upstream of the dpod■ coding

sequence and within 500 bp of the gene C(3)G, a guanine nucleotide exchange factor

º
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(GEF) for the small GTPases Rap1 and Ras (Ishimaru et al., 1999; Mochizuki et al.,

2000; Ohba et al., 2001). P{GT1}BG02604 is a viable fertile line inserted -300 bases

upstream of dpod■ . Excisions of EP(X)1613 (A225 and A291) were generated by

screening for loss of eye color and hemizygous lethality. Excisions of P{GT1}BG02604

(A17 and A96) were generated by screening for loss of eye color and lethality over A225.

A genomic duplication of 6C8-6D11, Dp(1:Y)dy”y",was obtained from the Bloomington

Stock Center and was used to carry lethal alleles in males. The extent of deletions was

determined by PCR analysis on mutant DNA using primers based on the Drosophila

genome sequence. In addition to dpod■ , A225 and A291 disrupted C(3)G, indicated by

PCR and in-situ hybridization. A225 and A291 caused late larval lethality, and

hemizygous larvae were stunted in size but had no other obvious morphological defects.

In addition to doodl, A17, A96, and A291 disrupted CG4536. A17 and A96 were pupal

lethal, and mutants were normally sized with no obvious morphological defects. These

data are summarized in Figure 2.11. A17, A96, A225, and A291 all failed to complement

each other and were rescued by Dp(1;Y)dy”y".

GLCs were generated by heat shocking 3" instar yw ADpod1 Frt%-2/OvoD2 v Frt9-2;

pr pwn hs-flp /hsflp larvae, crossing the adults to w males (or yw; elavG4 UAS

Dpod1GFPmyc males for the rescue), and collecting embryos. GLCs lacking all Dpod1

were identified by an absence of immunoreactivity for Dpod1 or M18 (anti-Sxl,

expressed only in females).
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UAS-Dpod1, UAS-Dpod1GFPmyc, and UAS-Dpod1-RNAi transgenic flies were

generated by injecting puAST-Dpod1, puAST-Dpod1GFPmyc, and puAST-Dpod1

RNAi DNA (with A2-3 DNA) into w embryos.
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RESULTS º

º,
R_Y

Drosophila melanogaster possesses a single pod-1 gene expressed in the nervous system | s

Sequence analysis of a full-length cDNA for Dpod1 (see Experimental Procedures)

showed that the predicted protein has 1074 amino acids (Figure 2.1A), is 31 percent : - *

identical and 46 percent similar to C. elegans Pod-1, and has a nearly identical domain :

structure and length (Figure 2.1B). Thus, like the worm, the fly has a single copy of pod- ** *
!

1. Notably, both mice and humans also possess a single pod-1 gene (Figure 2.1B, Figure |
º

2.10A). *.
-

|

Dpod-1 contains two tandem repeats of coronin homology (Figure 2.1B), domains that
-

º º
*

likely mediate f-actin binding (Goode et al., 1999). Each of these domains has three WD ... . .

repeats, a protein-protein binding motif found in a large number of proteins with diverse * - -
} -

functions (Neer et al., 1994). Between the coronin repeats Dpod1 contains a highly º
charged stretch of 236 amino acids weakly homologous (19 percent identical, 44 percent º

similar) to the MT-binding domain of MAP1B (Genbank accession QRMSP1), a MT

associated protein that suppresses MT instability (Noble et al., 1989). The C-terminus of /-
leDpod1 has no identifiable domain but is highly conserved (Figure 2.1B, Figure 2.10A).

Thus, the primary sequence of Dpod1 is consistent with an actin/MT crosslinker.
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Using several cDNA antisense probes derived from different regions of the dpod■ cDNA, 2.

we conducted in-situ hybridization on 0-16 hour embryos to determine the mRNA

expression pattern of doodl during embryogenesis (Figure 2.1C-F). Cellularizing (stage

5) embryos demonstrated a ubiquitous maternal contribution of dpod■ mRNA (Figure

2.1C). Embryos in early neurogenesis (stage 9) showed high dpod 1 expression in

neuroblasts and their progeny, and low expression in the epidermis (Figure 2.1D). Later

on (stage 12), expression was seen in the developing PNS as well as the CNS (Figure •
*

2.1F). This pattern of high neuronal and low epidermal expression persisted throughout º
º *-

embryogenesis. Western blot analysis with an anti-Dpod1 antibody (see Experimental

Procedures) on a 0-16 hour embryonic extract showed a single -130 kDa Dpod1 band,

indicating that a single form of Dpod1 was expressed during embryogenesis (Figure -- - as:- "º- º,

2.1G). . l
º * - *

º * * -

º == º, 7.

º -- º \ ■ º

Purified Dpod1 crosslinks actin and microtubules
-- -

J º

To test whether Dpod1 can crosslink actin and MTs, we purified soluble Dpod1 from a º

stable S2 cell line engineered to inducibly express full length His-tagged Dpod1 (Figure | | ||

22A). When purified Dpod1" (80-100 nM) was added to fluorescently-labeled / º
º

phalloidin-stabilized actin filaments (30-60 nM), it rapidly (within minutes) induced the 4
-

- -
formation of long (20-50 um), mostly unbranched actin bundles that frequently had bends .*.

s:

or curls (Figure 2.2B, right). Their appearance did not change over time, suggesting that º:

a steady state was reached. When buffer alone or BSA (even at a 25-fold higher l
, 2

■ º -
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concentration) was added to the actin filaments, no bundling activity was observed

(Figure 2.2B, left), demonstrating that the activity was specific. Similarly, when taxol

stabilized fluorescent MTs were combined with purified Dpod1" (80-100 nM Dpod1";

500 nM MTs), we saw rapid crosslinking of MTs (Figure 2.2C, right), whereas no

crosslinking occurred with buffer alone or with BSA—even at a 25-fold higher

concentration (Figure 2.2C, left). Thus, Dpod1" possessed both actin and MT

crosslinking activities.

When Dpod1" (80-100 nM) was added simultaneously to phalloidin-stabilized

fluorescent actin filaments (30-60 nM) and taxol-stabilized fluorescent MTs (500 nM), a

dramatic crosslinking activity was observed in which actin bundles colocalized with MT

bundles (Figure 2.2D). Significantly, when the same experiment was performed with

purified O-actinin, a well-characterized actin bundling protein, actin aggregates were

seen, but there was no bundling of MTs (Figure 2.2E). Thus, in-vitro, Dpod1 could

crosslink actin filaments and MTs, activities which are likely to be significant for the

remodeling and coordination of actin and MT networks in dynamic cells.

Dpod1 colocalizes with a subset of actin and MTs in spreading S2 cells

To test whether Dpod1 can remodel the cytoskeleton in cells, we began to study Dpod1 in

S2 cells, a system that has recently been used to study cytoskeletal dynamics (Rogers et

al., 2002). In S2 cells plated and spreading on concanavalin/A-coated (conA) cover slips,
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endogenous Dpod1 localized to sites of new actin polymerization, particularly at the

lamellar edge. Costaining fixed cells with Dpod1 and Alexa488-phalloidin showed that

Dpod1 was enriched at the edge of ruffling lamellae in an uneven, punctate pattern

(Figure 2.3A-C). Notably, Dpod1 colocalized with a subset of actin, particularly the

newly polymerized actin assembled at the lamellar edge that supports retrograde flow

(Figure 2.3D). Prominent staining was also seen on intralamellar actin filaments and

filopodia-like structures (data not shown). -
:

- *-

Costaining spreading cells for Dpod1 and Tubulin showed Dpod1 colocalizing with a

subset of MTs—especially those whose polymerizing ends were meeting the lamellar

edge (Figure 2.3E-H). In the rare cells that projected filopodia, Dpod1 accumulated to - - - sº "

high levels in those projections (comprised of actin bundles) and colocalized with - - -

invading MTs (data not shown). This subcellular localization was consistent with a º * - º

molecule playing a role in actin/MT interactions. ... ."

Disruption of actin causes relocalization of Dpod1 to MTs

To investigate the dependence of Dpod1’s subcellular localization on actin and MTs, we

treated cells with latrunculin, a drug that leads to the depolymerization of actin

microfilaments, or nocodazole, a drug that causes depolymerization of MTs. Nocodazole

did not change the subcellular localization of Dpod1 even when MTs were completely

depolymerized (Figure 2.3L); thus, Dpod1 localization was independent of MTs. In

-
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contrast, latrunculin disrupted the actin cytoskeleton and caused Dpod1 to lose its

characteristic localization at the lamellar edge (Figure 2.3I-K). Costaining for Dpod1 and

Tubulin showed that in latrunculin-treated cells, Dpodl relocalized from actin filaments

to MTS (Figure 2.3M-O), suggesting that Dpod1 had a high affinity for actin and a lower

affinity for MTs or that its association with MTs may have been regulated. This finding,

together with the endogenous Dpod1 localization and the observed biochemical activities,

was consistent with a role for Dpod1 in the interaction of actin and MTs in dynamic

cellular structures.

Dpod1 can induce cytoskeletal remodeling in a dose dependent manner

We used RNAi to ask whether depletion of Dpod 1 from S2 cells can alter cytoskeletal

regulation or dynamics. Although RNAi treatment reduced Dpod1 to undetectable levels

(by both immunostaining and Western blot), we observed no changes in cell shape, actin

appearance or localization, or MT appearance or localization in fixed cells (data not

shown). Similarly, when Dpod1-RNAi cells were transfected with ActingFP or

TubulinGFP to assay cytoskeletal dynamics by live imaging, no differences from normal

S2 cells were seen. Parameters measured included rate and extent of retrograde actin

flow, rate of MT growth and shrinkage, rate of MT catastrophe (transitions from growth

or pause to shrinkage per second), rate of MT rescue (transitions from pause or shrinkage

to growth per second), and proportions of paused, growing, and shrinking MTS. Thus,

Dpod1 does not appear to be necessary for cytoskeletal regulation in S2 cells.
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Next, we asked whether Dpod1 overexpression was sufficient to affect cytoskeletal

networks. Overexpression of Dpod1GFP caused a dramatic dose-dependent remodeling

of cell shape (Figure 2.3P). Cells expressing high levels of Dpod1GFP (as determined by

fluorescence intensity) extended long, neurite-like projections that were sometimes

branched (Figure 2.3P) and were highly dynamic, displaying behaviors such as growth

and extension, lateral movement along the cell surface, retrograde flow, and catastrophic

collapse and retraction (Supplementary Movies). These projections were even observed

in cells growing in their culture dish before plating onto conA (data not shown),

indicating that their formation did not require the spreading signal provided by conA. In

contrast, cells that were untransfected, transfected with ActingFP, or expressing lower

levels of Dpod1GFP were invariably round and did not display this dramatic behavior

(data not shown).

Staining with rhodamine-phalloidin indicated that the processes not only contained high

levels of Dpod1GFP (Figure 2.3P-Q) but were also rich in actin bundles (Figure 2.3O-S).

To investigate whether these processes were actin-dependent, we treated live, plated cells

with latrunculin and observed that the processes did not form (Figure 2.3T). Similarly,

treatment with latrunculin before plating on conA also blocked process formation (data

not shown). Taken together with the observation that Dpod1 localization to the lamellar

edge in untransfected cells depends on actin (Figure 2.31-K), this shows that the

processes are actin-dependent.

30



ºriši■ of tubulin

zºninvading MTs (f

g: gºt comes (Schaefere:

:::::::\■ s, since nocodazº

Mºssºn with this result,

:Misfigure 23W), thus.

ºrghe filopodia of a

**ºss presumab

Fºlls Stoskeletaire

**■ ciatin filamen:

*Gre: et al., 1996

**Rºux



When fixed and stained for tubulin, many of the processes induced by Dpod1GFP were

found to contain invading MTs (Figure 2.3U-W) much like stabilized filopodia in

neuronal growth cones (Schaefer et al., 2002). However, the processes were not

dependent on MTs, since nocodazole treatment did not block their formation (Figure

2.3X). Consistent with this result, nearly all the processes extended beyond the ends of

invading MTs (Figure 2.3W); thus, MT polymerization did not drive the extension of

these processes.

Also resembling the filopodia of axonal growth cones (Lanier et al., 1999), the tips of a

subset of the processes (presumably those that were growing) had a focus of Enabled

(Figure 2.3Y-Z'), a cytoskeletal regulator that facilitates continued actin polymerization

at the barbed ends of actin filaments (Bear et al., 2002), induces cellular projections when

overexpressed (Gertler et al., 1996), and functions together with several different

receptors (including Robo and UNC-40/DCC) implicated in axon guidance (Bashaw et

al., 2000; Gitai et al., 2003; Yu et al., 2002).

Dpod1 concentrates in the tips of growing axons

To determine the localization of Dpod1 in-vivo, we stained embryos for Dpod1. At stage

12, during neurite growth in the CNS, Dpod1 staining was found at high levels in nascent

axons (Figure 2.4A). By stage 16/17, Dpod1 staining was abundant on all axons in the

ventral nerve cord (VNC) (Figure 2.4B). Double labeling with anti-Dpod1 and 1D4/Fas■ I

:*-

* - - - -

s
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showed Dpod1 staining in axon growth cones and along motor axons (Figure 2.4C-H).

Interestingly, Dpod1 was especially abundant at important navigational choice points,

locations of axon turning or branching where growth cones slow down, enlarge, search

the environment for guidance cues, and display precise coordination of actin and MTs

(Broadie et al., 1993; Dent and Kalil, 2001; Sink and Whitington, 1991; Van Vactor et

al., 1993; Zhou et al., 2002). Although Dpod1 was expressed in all motorneurons, this

was particularly noticeable in the ISN and in ISNb. ISN extends from the ventral nerve

cord (VNC) to the dorsal musculature where it ramifies axons at three distinct choice

points (Figure 2.4I); at stage 16/17, Dpod1 concentrated at those points (Figure 2.4C-E,

2.5F-H) in each ISN in all embryos we observed (N-100). Careful observation showed

that Dpod1 appeared to be in a subset of ISN growth cone processes at this stage (Figure

2.4C-E, arrowheads). ISNb extends from the VNC into the ventral musculature where

axons defasciculate and turn at three distinct choice points to innervate muscles 7, 6, 13,

and 12 (Figure 2.4I). Dpod1 concentrated at the tips and choice points of ISNb axons as

well (Figure 2.4F-H) in all embryos we observed (N-100).

dpod■ is required for the fidelity of axon targeting

To determine whether Dpod1 has a specific role in axon guidance, we next sought to

characterize the mutant phenotype of embryos lacking dpod1. dpod 1 is located at 6D1-2

On the X-chromosome, a region containing no available deficiencies. Therefore, we

generated several null alleles of dpod■ by imprecise excision of two nearby P-elements
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(see Experimental Procedures). We identified four lethal deletions that remove the entire

coding sequence of dpod!: A17, A96, A225, and A291. This was confirmed by staining

for Dpod1 in mutant embryos and mutant mitotic clones (see below). A96 was chosen for

further study since the only other gene besides dpod■ it apparently removed was

CG4536, a putative TRP channel homologous to C. elegans osm-9 that is not expressed

during axonogenesis (data not shown, and Tomancak et al., personal communication).

In zygotic mutants, although staining with BP102 (an antibody that reveals a regular

ladder-like pattern of longitudinal and commissural VNC axons in wild type embryos)

yielded a relatively normal pattern, a low but significant frequency of axon defects was

revealed in the motorneurons by 1D4/FasTI staining (Table 2.1). dsRNAi confirmed that

the phenotype was in fact due to dpod■ (data not shown). These defects were most likely

due to a primary defect in axon targeting since we found no defects in neuroblast polarity

(determined by examining the asymmetric localization of Bazooka, aPKC, Inscuteable,

Miranda, Pon, Prospero, and Numb), mitotic spindle orientation (determined by 3-tubulin

staining), cell fate determination (determined by Even-skipped staining), or epidermal

integrity (determined by Bazooka, Dmparó, aPKC, Armadillo, and Crumbs staining as

well as by cuticle analysis of 1* instar larvae). Non-neuronal features of these embryos

were also normal, including segmentation and muscle pattern (data not shown).

The late pupal lethality of these mutants and the large maternal contribution of dpod 1

mRNA (Figure 2.1C) indicated that zygotic dpod1 mutants may still have had significant

levels of Dpod1 protein, potentially masking a more severe phenotype. Indeed, stage

*-

33



16/17 zygotic mutants still contained detectable Dpod1 (Figure 2.11D). To examine 2.

embryos devoid of all Dpod1 protein, we used the Flp/DFS system to generate germline
-

clone (GLC) embryos that lacked all maternal Dpod1 (see Experimental Procedures). ■ º

Although GLC embryos that had zygotic Dpod1 often displayed no abnormalities (Figure | tº

2.5A, F-H) and were viable, GLC embryos lacking zygotic expression had severe CNS

axon guidance phenotypes (Table 2.1, Figures 2.5-2.6, and see below). These axon

guidance phenotypes were not accompanied by general defects, as in the case of zygotic º

º

mutants, suggesting that Dpod1 in the growth cone is important for axon guidance. º
*-

Defects in the fidelity of axon targeting in embryos lacking all Dpod1 - *** * *- º,‘….

----- * * * * * º

Embryos lacking all Dpod1 displayed a range of abnormalities in their VNC axons as * * * º º *

- - - /*

revealed by BP102 or 1D4/Fas■ I: thinning of longitudinals, abnormal midline crossing tº ::: a■ ".

and wandering trajectories, axon tangles, axon breaks, collapse or thinning of the anterior
- -

J *

and posterior commissurals, and defasciculation (Figure 2.5B-D, 2.6B-C). All embryos

devoid of Dpod1 stained with 1D4/FasTI (N-100) displayed defects, indicating that the

phenotype is fully penetrant. These defects were significantly rescued when these

embryos were induced to express Dpod1GFP by elavGal4, a postmitotic neural-specific

driver (Figure 2.5E, Table 2.1), demonstrating that the phenotype was due to the absence

of Dpod1 in differentiating neurons and that Dpod1GFP functioned like Dpod1.
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To more precisely determine the axonal phenotype by studying isolated nerves, we

assayed motorneuron projections by 1D4 staining of embryos lacking all Dpod1. This

analysis revealed frequent guidance defects in all the motorneuron projections that

normally target body wall muscles: ISN (Figure 2.5I-K), SNa (Figure 2.6E-F), ISNb

(Figure 2.6H-I), SNc, and ISNd (data not shown). Invariably, ISN axons extended out

from the VNC to the region of the first choice point, a distance of many cell diameters.

However, in that region, ISN often displayed defects such as stalling/splaying,

defasciculation, and failure to innervate targets (Figure 2.5I-K, Table 2.1). This

suggested that Dpod1 was required for the guidance of ISN growth cones approaching

their targets, but was not an essential factor in early axon outgrowth and extension.

Normally, SNa defasciculates from the segmental nerve (SN) and projects dorsally in a

tight fascicle until reaching the dorsal edge of muscle 12, a choice point where it

defasciculates to form a dorsal and a lateral branch (Figure 2.4I, 2.6D). In embryos

lacking all Dpod1, SNa frequently exhibited defects: a missing or truncated dorsal or

lateral branch, arrest/splaying at the choice point, extra branching, or abnormal

defasciculation (Table 2.1, Figure 2.6E-F). Similarly, ISNb axons often displayed

various abnormalities, such as failure to innervate the clefts between muscles 6/7 and

12/13, premature arrest (usually around muscle 13), failure to defasciculate from ISN,

and bypass of targets (Figure 2.6H-I, Table 2.1). These ISN, SNa, and ISNb phenotypes

were significantly rescued by postmitotic neural expression of Dpod1GFP (Table 2.1).

In summary, axons devoid of Dpod1 frequently demonstrated aberrant guidance with

Subsequent failure of target innervation (Table 2.1), showing that Dpod1 was required for
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the fidelity of axon turning, branching, or extension past choice points. Importantly, we

observed no general problem with early axon outgrowth or extension out to navigational

choice points. Moreover, growth cone structure was not obviously disrupted, as filopodia

were still seen (Figure 2.5I). Thus, Dpod1 was not required for filopodia formation in

axonal growth cones, an important point since growth cone filopodia are required for

steering but not extension of axons (Bentley and Toroian-Raymond, 1986; Marsh and

Letourneau, 1984). In addition, expressivity was variable: some nerves reached their

targets even without any Dpod1 (Figure 2.5I-K, Figure 2.6, Table 2.1). Thus, while

dispensible for the early steps of axon elongation, Dpod1 was required for the fidelity of

axon targeting.

Excess Dpod1 disrupts CNS axon pathfinding

Since Dpod1 was necessary for the fidelity of axon targeting and could remodel the

cytoskeleton in S2 cells, we tested whether an overabundance of Dpod1 can disrupt axon

targeting. Using two copies each of elavGal4 and UAS-Dpod1GFP, we overexpressed

Dpod1GFP postmitotically in neurons and observed multiple, severe axon guidance

defects in all axons examined (Table 2.1, Figure 2.7). Longitudinal tracts in the VNC

exhibited uneven fascicle shapes, abnormal trajectories, axon breaks, and fascicle

collapse (Figure 2.7B). ISN exhibited defasciculation, overbranching, and choice point

abnormalities (Figure 2.7D, Table 2.1). SNa often showed missing or misplaced

branches, abnormal defasciculation, and defective trajectories (Figure 2.7F). ISNb

|º º
*

º,
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frequently arrested and failed to innervate targets in the ventral musculature (Figure

2.7H), remained fasciculated with ISN, or took abnormal trajectories (Table 2.1). These

defects were all consistent with cytoskeletal abnormalities in growth cones leading to

defective steering, branching, or extension.

Interestingly, staining of these embryos with 1D4 (even using rapid fixation to preserve

filopodia) did not reveal an obvious difference in the number or shape of filopodia (data •
f

not shown), suggesting that Dpod1 overexpression had a more subtle effect on º
º *-

cytoskeletal networks in the growth cones.

Altering dpod! levels in the embryonic PNS causes axon targeting and cell positioning -

* *
defects - **

Since many of the same molecules used in Drosophila CNS axon guidance are also used

in PNS axon guidance (Kolodziej et al., 1995), as well as PNS cell migration (Gertler et

al., 1995), we asked whether altering Dpod1 levels in the developing PNS (by either

eliminating Dpod1 or overexpressing it postmitotically) might cause axon targeting and

cell positioning errors. Embryos completely lacking Dpod1 indeed displayed defects in

both cell positioning and axon targeting. In wild type embryos, chordotonal organs are

normally situated at the same dorsal/ventral position in each abdominal hemisegment,

such that a straight line running from anterior to posterior could intersect all abdominal

chordotonals (Figure 2.9A). However, in embryos devoid of Dpod1, chordotonal organs
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were found at irregular dorsal/ventral positions (Figure 2.9B, D). This points to a likely

defect in cell migration, since chordotonal neurons migrate along the body wall to reach

their final position (Salzberg et al., 1994). In addition, dorsal clusters in the dpod■ null

embryos were often disorganized (Figure 2.9B, D), further suggesting cell migration

defects. Interestingly, these phenotypes are remarkably similar to that reported for

enabled mutant embryos (Gertler et al., 1995).

Embryos lacking all Dpod1 also displayed PNS axon targeting abnormalities. Normally,

PNS axons project ventrally along the body wall, remain tightly fasciculated, and never

cross segment boundaries (Figure 2.9C). However, in the absence of Dpod1, PNS axons

were frequently seen to defasciculate (Figure 2.9D). PNS dorsal cluster axons also

crossed segment boundaries and refasciculated with PNS axons in adjacent segments

(Figure 2.9E-F). Interestingly, this same phenotype has also been observed in enabled

mutant embryos (Gertler et al., 1995). However, because dorsal cluster PNS axons

probably use the third choice point of the ISN as a navigational cue—a point that is often

defective in embryos lacking all Dpod1—it is currently unclear whether this phenotype is

due to a primary defect in PNS axons or is secondary to a defect in the ISN.

Postmitotic neuronal overexpression of Dpod1 also caused axon targeting errors (but did

not seem to have obvious cell positioning effects). For example, in dpod■ overexpression

embryos, axons projecting ventrally from the dorsal cluster neurons could be seen

crossing segment boundaries and refasciculating with axon bundles in adjacent segments

:
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(Figure 2.9H). Thus, as in motorneurons, in PNS neurons proper levels of Dpod1 must

be maintained for normal axon targeting.

dpod■ genetically interacts with robo and enabled and thus has a role in midline

repulsion

Several observations suggested a relationship between Dpod1 and Enabled: 1.) both CNS

and PNS axon defects in embryos devoid of Dpod1 resembled defects in embryos mutant

for enabled (ena) (Gertler et al., 1995; Wills et al., 1999), 2.) Dpod1 overexpression

recruited Ena to the ends of the neurite-like projections in S2 cells (Figure 2.3Y-Z’), and

3.) we observed extensive colocalization between Dpod1 and Ena in S2 cells as well as

embryos (data not shown). We therefore tested for genetic interactions between dpod!

and ena to ask whether the two might function together in midline repulsion, a specific

axon guidance decision that involves Ena (Bashaw et al., 2000).

In dpod! zygotic null mutants (where maternal Dpod1 was still present, as shown in

Figure 2.11D) as well as in ena heterozygotes, longitudinal axons never displayed

midline crossing errors (Figure 2.8A-B). However, when ena was heterozygous in a

dpodl zygotic null background, 90% of embryos exhibited midline crossing errors in

26% of segments (Figure 2.8D). Thus when dpod1 and ena levels were simultaneously

reduced, we observed a phenotype not seen when either gene’s level was reduced (Fig.

2.8A-B). This was true for all dpod■ null alleles and the strong ena” and ena”

-
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alleles. Notably, this kind of genetic interaction is very specific and usually indicates two º

genes function together in a common pathway (Bashaw et al., 2000). Furthermore,

because midline crossing defects represent errors in axon turning, these results suggest

that Dpodl affects axon guidance at least in part by influencing turning.

Since Ena binds to Robo’s intracellular tail and functions together with Robo to promote

midline repulsion (Bashaw et al., 2000), we next asked whether dpod■ also genetically gº - _º

º

interacts with robo. robo heterozygotes displayed no midline crossing errors (Figure º
-

2.8C); however, when robo was heterozygous in a dpod 1 zygotic null background, 88%

of embryos exhibited midline crossing errors in 35% of segments (Figure 2.8E). This

was true for all dpod■ null alleles and the strong robo' and robo' alleles. Thus, dpod! . . tº " " - %.

functions together with robo and ena to promote midline axonal repulsion. |
--- *-- * *- º

- * - - *
-* * *

- - -. // º

*** ** * * a ■ ºlº

mPod1 is expressed in the developing mouse neural tube and dorsal root ganglia
- - - -

J :

1.

Because the proper guidance of axons to their targets is a crucial aspect in the generation j º
of a functional nervous system, it is unsurprising that developmental neurobiologists have C 1:

--,

uncovered highly conserved mechanisms for the regulation of axon guidance (Dickson, ■ -*.

º
2002). Several families of important ligands and receptors (including netrins and netrin -"

receptors, slits and the robo receptors, semaphorins and their many receptors, and ephrins |
--

and the ephrin receptors) have been shown to function in similar ways in many *.

organisms. The conservation extends to molecules downstream of these receptors, l º

* *

*

tºº.
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demonstrating common mechanisms by which axon guidance regulatory pathways º

ultimately converge upon the cytoskeleton. For example, small ras-family GTPases, their

regulatory proteins (GTPase activating proteins and GTPase exchange factors), and their ■ º

effectors have been shown to function downstream of several receptors. Also, | º

Enabled/VASP proteins, cytoskeletal regulators downstream of several axon guidance

receptors (Netrin receptors and Robo receptors), have been shown to play a conserved

role in axon guidance as well as neuronal migration. *

Because Dpod1 is highly conserved across evolution (Figure 2.1A-B) and plays an -

essential role in guiding axons in Drosophila, we hypothesized that its expression pattern

might reflect a role in the developing vertebrate nervous system. Therefore, we obtained *** **** *.

and sequenced a cDNA (GenBank accession AK018739, from Research Genetics) for the * --~ *
l

single mouse homolog of dpod■ , mPod1, and conducted in-situ hybridization with a
-

º -. º *

radioactive antisense RNA probe on developing mouse embryos. (Because the mouse :* - ■ º s
genome has been fully sequenced, we know that there is a single mPod1 gene.) At *** -- J -

embryonic day 18 (E13), when the neurons of the developing neural tube and dorsal root s

ganglia (DRG) are expressing multiple axon guidance molecules and utilizing them to º

extend and guide the axons that will form the circuitry of the spinal cord, mPodl was Q 17

strongly expressed throughout these neural tissues (Figure 2.12). We also observed a ■ º
lower ubiquitous signal (Figure 2.12) in surrounding tissues; this may reflect bona-fide le

mPod1 expression or instead may be background due to crossreactivity between the | s

mPod1 probe and mouse coronin mRNAs. (The cDNA we used to generate the probe º
contained sequences homologous to coronin.) Sections from the same stage hybridized l

** º
**

º,
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with a sense probe exhibited no signal (data not shown). While these results do not

establish a function for mPod1, such an expression pattern is consistent with a role for

mPodl in vertebrate axon guidance.

To test whether vertebrate Podl might be found in axonal growth cones, we used our

anti-Dpod1 antibody to stain dissociated rat hippocampal neurons. The region of Dpod1

used to generate the polyclonal anti-Dpod1 antibody is highly conserved between flies

and vertebrates (35% identity, 57% similarity) with several long stretches of identity and

similarity. Thus, we suspected that the antibody might crossreact with vertebrate Podl.

Indeed, these neurons displayed strong immunoreactivity when stained with anti-Dpod1

(Figure 2.13A-B) but not when stained with preimmune serum from the same animal

(Figure 2.13D). Staining was seen throughout the neurons: in the soma, the dendrites,

and the axons (Figure 2.13A-B). In the axonal growth cones, immunoreactivity was

abundant; it appeared on subcellular structures that may have been actin and/or MT based

and extended from the central domain into the peripheral domain (Figure 2.13C).

Although these results are also quite preliminary and do not establish a function for

mPodl, they are consistent with the hypothesis that mPod1 plays a role in vertebrate axon

guidance. Subsequent definitive experiments may resolve this question.
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DISCUSSION º

Pharmacological and cell biological studies indicate that coordination between actin and R_*.

MTs is an essential feature of growth cone cytoskeletal dynamics; however, the

molecular mechanism for crosslinking actin and MTs and regulating axon targeting in F
response to guidance cues remains unknown. Using a combination of biochemical, cell

biological, and genetic approaches, we have shown dpod■ to be an essential component :
- *

of this machinery. We first identified Dpod1 as a candidate actin/MT crosslinker by : ■: *-

analyzing its primary sequence. We confirmed this predicted activity by purifying º

Dpod1 and demonstrating that it could crosslink actin and MTs in vitro. Within |
spreading S2 cells, Dpod1 localized to a subset of cortical/lamellar actin and MTs and -- - sº- **** *.

-

depended on an intact actin cytoskeleton for its localization. Moreover, Dpod1 was able tº a sº-- *
l

º

to dramatically remodel the cytoskeleton and influence cell shape; overexpression of
º

º º s *

Dpod1GFP induced long, dynamic, actin-rich, neurite-like processes that often had a * - º
focus of Enabled at their tip and were invaded by MTs. -º- ºr J

tº

º,
Indeed, in-vivo Dpod1 was highly enriched in the developing nervous system where it j º

localized to the tips of growing axons and concentrated in axons at navigational choice 4. It

points. In embryos completely lacking Dpod1, the fidelity of axon targeting was ■ º
disrupted, and axons exhibited frequent guidance defects—perhaps due to dysregulation le
of the growth cone cytoskeleton. Interestingly, we did not observe a general defect in

early axon outgrowth, since axons invariably extended a long distance from the cell body. º
Thus, Dpod1 plays a specialized role in the growth cone. Furthermore, axon targeting l

-

* >
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required proper levels of Dpod1 since postmitotic neuronal overexpression of Dpod1 was

sufficient to disrupt axon guidance. Also, dpod 1 exhibited strong and specific genetic

interactions with robo and ena, demonstrating that Dpod1 functions together with the

Robo receptor and the cytoskeletal regulator Ena to promote axon repulsion (and thus

regulate axon turning) at the midline. In further support of the hypothesis that Dpod1

functions with Enabled, many aspects of the dpod■ mutant phenotype (widespread and

varied CNS axon targeting errors, PNS axons from dorsal cluster neurons crossing

segment boundaries, disorganized dorsal clusters, and mispositioned chordotonals) are

remarkably similar to the enabled mutant phenotype (Gertler et al., 1995). Additionally,

Dpod1 and Enabled are extensively colocalized in the epidermis and nervous system of

developing embryos (data not shown).

Our current analysis does not exclude the possibility that Dpod1 also affects axon

branching; indeed, turning and branching may utilize many of the same molecules. For

example, Slit, the ligand for Robo, affects both axon turning and branching (Brose et al.,

1999; Wang et al., 1999). Also, actin/MT crosslinking is likely involved in branching

and/or growth cone splitting (Dent and Kalil, 2001; Zhou et al., 2002). Taken together,

these results suggest that Dpod1 is an actin-MT crosslinker that coordinates cytoskeletal

dynamics with signaling information to ensure the fidelity of axon targeting.

Different roles for different actin-MT crosslinkers in growth cones
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kakapo/shortstop is an actin-MT crosslinker of the plakin family (for review see Fuchs

and Karakesisoglou, 2001) and is required for continued axon extension in Drosophila:

embryos homozygous for severe kak/shot alleles cannot project sensory axons more than

a short distance from the soma and cannot direct motor axons to their targets (Lee et al.,

2000; Lee and Kolodziej, 2002). In strong alleles the phenotype is severe, and nearly all

axons stop short. Plakins in other systems have been implicated in cell adhesion at sites

of mechanical stress; perhaps axons lacking kak/shot have adhesive defects or problems

with the “clutch” mechanism that enables axons to grasp a substrate and extend (Jay,

2000; Suter and Forscher, 2000). Although kak/shot may be required for axon targeting,

its requirement for continued axon extension precludes this knowledge.

In contrast, embryos lacking all Dpod1 can still extend but not target axons, at least in

part because of turning defects. Thus, Dpod1 and Kak/Shot have distinct functions.

Additional data support the idea that Kak/Shot—but not Dpod1—plays a primary role in

neurite extension: while Dpod1 and Kak/Shot are both found at the tips of dendrites of

lateral chordotonal neurons (Figure 2.10B), kak/shot mutants have difficulty extending

these dendrites (Lee et al., 2000), whereas embryos devoid of Dpod1 do not (Figure

2.9B). Also, PNS neurons in kak/shot mutant embryos have severe problems extending

axons more than a short distance from the soma, whereas this phenotype is not seen in

PNS neurons of embryos lacking all Dpod1. Since Dpod1 apparently functions together

with Robo and Ena, one possible difference between Dpod1 and Kak/Shot is that Dpod1

may have a more subtle or regulated function in the transmission of guidance information

from receptors to the cytoskeleton, rather than a constitutive structural role.
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Relating Dpod1 's functions in cultured cells to axonal growth cones

In S2 cells, high levels of Dpod1GFP dramatically remodeled both the actin and MT

cytoskeletal networks to cause the outgrowth of dynamic, actin-rich, actin-dependent

processes. Many of these processes localized Ena to their tips and were invaded by MTs,

much like the dilated filopodia of axonal growth cones that have encountered

chemoattractant cues. Consistent with this, postmitotic neuronal overexpression of

Dpod1 in embryos caused defects in axon targeting. However, the axons in these

embryos did not appear significantly different from wild type: even when rapid fixation

techniques were employed to preserve filopodia, we did not observe the same kind of

dramatic changes in cell shape observed in cell culture overexpressors. However,

Drosophila growth cones are extremely small; it remains possible that very careful live

imaging may reveal a dynamic difference. Also, while expression levels in the

overexpression embryos were high enough to alter axon targeting (presumably by

affecting signaling and/or the cytoskeleton in a subtle or regulated way at choice points),

the levels achieved may not have been high enough to strongly affect cell shape. In fact,

in the overexpression embryos, we still observed specific Dpod1 localization to choice

points—suggesting that the machinery that localizes Dpod1 was not saturated in spite of

overexpression (data not shown). Thus, while high levels of overexpression can be

achieved in S2 cells to drastically alter cell shape, lower levels of overexpression are

sufficient to affect navigating growth cones in embryos.
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We were surprised that reducing Dpod1 to undetectable levels by RNAi had no apparent

effect on cytoskeletal dynamics in S2 cells. Notably, depletion of several other

molecules that function as important cytoskeletal regulators in growth cones (such as Ena

and Kak/Shot) also has no effect on S2 cell cytoskeletal dynamics (S.R. and R.D.V.,

unpublished data), perhaps because S2 cells are non-polarized non-motile phagocytes and

are therefore very different from neurons (Ramet et al., 2002). Whereas S2 cells can

inform us about Dpod1’s capabilities to remodel cytoskeletal networks and recruit

signaling components (e.g. Ena) to the tips of cellular processes, it is conceivable that

Dpod1 performs these functions in neurons in response to signaling information that S2

cells do not receive.

Dpod1 and the fidelity of axon guidance: two models for Dpod1 function

Although embryos devoid of all Dpod1 have frequent axon targeting defects, some axons

are still able to reach their targets. Thus, Dpod1 is not absolutely required for axon

targeting but instead ensures its fidelity. Perhaps Dpod1 has a regulatory role, or perhaps

it functions redundantly with other molecules in growth cones. At least two models for

the function of Dpod1 could account for the observed defects. They are not mutually

exclusive. Dpod1 may function as part of an “information scaffold” that links important

signaling molecules to the actin and MT networks. Dpod1 may also play a structural role

by stabilizing cytoskeletal networks or certain cytoskeletal structures in growth cones.

:
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As an information scaffold, Dpod1 may function as a bridge that physically connects

signaling molecules downstream of guidance receptors with actin and MTs. In this way,

Dpod1 might facilitate the flow of extracellular guidance information to the cytoskeleton.

Genetic interactions between dpod!, ena, and robo favor this model.

Interestingly, Dpod1 contains a +xxPxxP domain in its central region (Figure 2.1B), a

class 1K SH3 binding domain (Cesareni et al., 2002), as well as several other PXXP

motifs that may bind to SH3 domain containing proteins. Perhaps Dpod1 interacts with

one or more of the several known SH3 domain-containing signaling proteins that play

important roles in many axon guidance decisions.

Another possibility is that Dpod1 is a mechanical linker that provides structural support

to the growth cone cytoskeleton and thereby enables guidance information to be

effectively translated into concerted cytoskeletal changes. Unfortunately, Drosophila

growth cones are too small to allow a detailed description of the growth cone

cytoskeleton, and we cannot easily determine what subtle effects loss of Dpod1 may have

on growth cone cytoskeletal networks. However, our biochemical experiments show that

Dpod1 possesses three distinct biochemical activities: actin bundling, MT crosslinking,

and actin/MT crosslinking. Any of these may be important in the growth cone.

Studies have shown that actin bundles are key elements in growth cone steering.

Stabilization of actin bundles in a subregion of the growth cone anticipates attractive
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turning; conversely, focal loss of actin bundling induces local growth cone collapse and

repulsive turning (Zhou et al., 2002). Moreover, growth cone filopodia, while not

required for continued axon extension, apparently determine the direction of axon growth

(Bentley and Toroian-Raymond, 1986; Marsh and Letourneau, 1984). As growth cones

devoid of all Dpod1 still have filopodia (Figure 2.4I-K), Dpod1 may play a role in

regulating or modulating actin bundles or filopodia in-vivo.

Many studies have also illustrated the importance of MTs and MT-regulatory proteins in

axon guidance (Buck and Zheng, 2002; Gonzalez-Billault et al., 2001; Hummel et al.,

2000; Yu et al., 2001). In fact, local stabilization of MTs can induce axon attraction,

while local destabilization of MTs can induce repulsion (Buck and Zheng, 2002). Since

Dpod1 localizes to MTs meeting the lamellar edge and can crosslink MTs in-vitro, it may

contribute to the capture and stabilization of MT ends when they meet the cell edge, or it

may be involved in other aspects of MT regulation in growth cones.

Increasing evidence has also emerged demonstrating that actin and MTs are precisely

coordinated and highly regulated in growth cones (Dent and Kalil, 2001; Kabir et al.,

2001; Lee and Kolodziej, 2002; Schaefer et al., 2002). Polymerizing MTs preferentially

extend along actin bundles during attractive growth, and MTs are probably linked to actin

bundles as they undergo retrograde flow during filopodial retraction (Schaefer et al.,

2002). Pharmacological disruption of actin affects MT organization, and vice versa (Lin

and Forscher, 1993; Rochlin et al., 1999). Disruption of actin/MT crosslinking would be

expected to disrupt axonal steering but not extension. Thus, Dpod1 may be involved in
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actin/MT crosslinking in the growth cone. This would be consistent with the axon º

defects in embryos lacking Dpod1, the observations in S2 cells, and the in-vitro
s

experiments. In support of this, as actin/MT interactions are known to be required in

migrating cells (Waterman-Storer and Salmon, 1999; Zigmond, 1999), we observed that

embryos lacking Dpod1 exhibited PNS abnormalities consistent with cell migration

defects. Normally, the lateral chordotonal neurons migrate to become evenly aligned

along the dorsal-ventral (D/V) axis; however, in embryos lacking all Dpod1, these º - º

º

neurons varied in their D/V position (Figure 2.9B). Incidentally, this phenotype is also º

seen in ena mutants (Gertler et al., 1995).
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Concluding remarks
- º

|
s

*** r -> * º

- * - *

- ºf - -

- - º A.
-

º
Our study has identified Dpod1 as an actin/MT crosslinker that can remodel the - - -
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cytoskeleton, play an essential role in ensuring the fidelity of axon targeting, and function
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together with Robo and Ena to promote midline repulsion. Dpod1 is highly conserved Sº
-
1. * ,

across evolution (Figure 2.1B) and may be important in neural development in different j º,
organisms. Mice and humans each possess a single pod-1. Interestingly, mouse pod-1 is ºf .

~,

expressed in the developing nervous system, with high levels in the dorsal root ganglia / º
º

and neural tube. Subsequent work may reveal whether mammals and insects utilize pod- 4–2

1 in similar ways during neural development. º
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Table2.1:
Quantification
ofAxonDefects
inISN,SNa,andISNb

Genotype(n=hemisegments)
ISNSNaISNb

(%
abnormal)"
(%
abnormal)"(%abnormal)

Lossof
function

+/-(wildtype)(n=193)0.00.05.1496/Y(zygoticnull)"(n=84)1.48.16.9496/YGLC(maternalandzygoticnull)(n=183)25.355.060.1496/YGLC;elavgalá''UASpod/GFPmyc'"/+
2.913.832.0

(rescueof
maternalandzygoticnull)(n=114)

Overexpression"

w;
elavgalº"/elavgal■ ”(n=104)1.13.314.3w;

elaygal■ ”UASpodigFPmyc”
/

elavgal■ ”UASpod/GFPmyc'"
||
23.344.156.3

(n=101)

Description
of
phenotypes:

"Stalling;bypassorfailureatanyofthreedorsalchoicepoints;abnormaldefasciculation;abnormalbranching
"Missingdorsalorlateralbranch;stalling;extraor
prematurebranching;abnormaldefasciculation

"Failure
to
innervate
atleastonetargetduetostallingor
stoppingshort;failureofallISNbaxonsto
defasciculate

fromISN

"“Y”indicatesY-chromosome
*

Experimentsconducted
at29°C
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CHAPTER 2 FIGURES

Figure 2. 1: Primary sequence, homology comparison, and domain structure of Dpod1

(A.) Amino acid sequence of Dpod1. Coronin domains are underlined. Region of

MAP1B homology is in bold.

(B.) Domain structure of fly, worm, mouse, and human pod-1 isoforms. Proteins are

1074, 1057,922, and 925 residues long, respectively. Homology to Dpod1 is indicated

(% identity, 9% similarity) above the coronin domains (red) and the C-terminal tails

(blue). The region of homology to the MT-binding domain of MAP1B is green, within

which the class IK SH3 binding domain is yellow. The region used to generate the anti

Dpod1 antibody is indicated by a bracket.

Panels C-F show in-situ hybridization to wild type embryos with a dpod■ probe.

Anterior is left, dorsal is up.

(C.) Stage 5, (D.) Stage 9, (E.) Stage 12, deep, (F.) Stage 12, superficial. Bar-30pm.

(G.) Western blot with preimmune serum (left lane, 1:3,000 dilution) or anti-Dpod1 (right

lane, 1:30,000). 10 pig of a mixed stage (0-16 hours) embryonic extract was loaded in

each lane.
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ITT SERRKIFEQNSESSENSTEGEDRTDADLRRNCTSRSSFAERRRIYENRSKSQVDEKP

QSPWPLRREHSKVEPLKPNQQQQQQGNVIDTKRISVPEGKLMEEHRRGNGAGLKKSATEA

AFSAASTKRTSTWFGKVSKERHLKGTPGHKSTHIENLRNLSROIPGECNGFHANQERVAV

PLSGPGGKIAIEELSRPGRLPDGVI PSLVNGSNIMDFQWDPFDAQRLAVACDDGIVKIWH

IEAGGLSEPTNT PAGELTAHLDKIY FIRFHPLAADVLLTASYDMTIKLWDLRTMTEKCSL

SGHTDQIEDEAWSPCGRLGATVCKDGKIRVYNPRKSET PIREGNGPVGTRGARITWALEG

PVKKPDHPQFGGQKSEYEINKQQEIQKSVSARMEFTTKLEQDDMEGVDENEWQE

|_|_|_|_
37%, 55% 36%, 55% 35%, 59%

Worm | |
38%, 57% 47%. 65% 33%, 58%

Mouse | | | | |
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-

s

-- -

º
*

J.
º,

7 /? ■ ■ ■

61 AR–



Figure 2.2: Purified Dpod1crosslinks both actin and microtubules

(A.) Purified Dpod1-His (arrow) run out by SDS-PAGE and Coomassie stained.

(B.) BSA (2.5 HM) fails to bundle Alexa488-phalloidin-stabilized actin (50 nM). Dpod1

His (80-100 nM) causes actin to form bundles. Bar=5 pm and applies to all panels.

(C.) BSA (2.5 puM) fails to crosslink taxol-stabilized rhodaminated MTs (500 nM).

Dpod1-His (80-100 nM) crosslinks MTs.

(D.) Combination of Dpod1-His (80-100 nM), Alexa488-phalloidin-stabilized actin (50

nM), and taxol-stabilized rhodaminated MTs (500 nM) causes dramatic crosslinking of

actin and MTs.

- º

(E.) Combination of purified o-actinin (100 nM), Alexa488-phalloidin-stabilized actin - arº "-- ** "...
J

(50 nM), and taxol-stabilized rhodaminated MTs (500 nM) aggregates actin but does not - - - º

º º *- º *

crosslink MTs, showing the Dpod1 activity is specific. - . . º
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Figure 2.3: Dpod 1 can remodel the cytoskeleton in S2 cells

Panels A-O depict untransfected S2 cells, while panels P-Z’ depict cells overexpressing

Dpod1GFP. All cells are spreading on conA.

(A-C.) A cell stained with Alexa488-Phalloidin (green) and Dpod1 (red) shows extensive

colocalization (yellow) of Dpod1 and Actin. Bar-5pm and applies to A-C, E-G, and I-L.

(D.) Closeup of a lamella shows Dpod1 (red) colocalizes extensively with actin (green) at

the cell’s edge (arrow). Bar-3 p.m.

(E-H.) A cell stained for MTs (green) and Dpod1 (red) shows some colocalization.

(H.) A closeup of some MTs approaching the lamellar edge where they colocalize with

an accumulation of Dpod1 (arrow). Bar=0.4 pm

(I-K.) Disruption of actin (green) with latrunculin causes Dpod1 (red) to become

delocalized from the lamellar edge and dissociated from actin.

(L.) Disruption of MTs (green) with nocodazole does not affect Dpod1 (red) localization

to the lamellar edge (arrowhead). Compare this to panel G.

(M-O.) Disruption of actin with latrunculin causes Dpod1 (red) to relocalize (arrow) to

MTs (green). Bar-5 pm and applies to M-O, Q-S, and U-Z’.

(P.) Live image of a Dpod1GFP-overexpressing cell extending neurite-like processes, an

overexpression phenotype since S2 cells are normally round. Bar-10pm.

(Q-S.) A cell overexpressing Dpod1GFP (green) fixed and stained with rhodamine

phalloidin (red) shows that the processes are actin-rich.

(T.) A cell expressing Dpod1GFP (green) plated on conA, treated with latrunculin, and

then stained for actin (red) shows that the processes are actin-dependent. Bar=2.5pm.
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(U-W.) A cell overexpressing Dpod1GFP (green) stained for MTs (red) shows MTs º

invading some (arrows) but not other (arrowheads) processes. º º

(X.) A cell overexpressing Dpod1GFP (green) treated with nocodazole and stained for

MTs (red) shows that the processes (arrows) form in the absence of MTs. A neighboring

cell still has some residual MT staining (arrowhead).

(Y-Z’.) A cell overexpressing Dpod1GFP (green) fixed and stained for Enabled (red)

which localizes to the tips of some of the projections (arrows) but not others (arrowhead).
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Figure 2.4: Expression pattern of Dpod1

(A) Ventral view of the developing CNS of a stage 12 embryo shows Dpod1 on nascent

axons crossing the midline (arrow). Bar=10 pm and applies to all panels.

(B.) Same view of a stage 16/17 embryo. Dpod1 remains in mature axons.

Panels C-H show motorneuron axons in stage 16/17 embryos stained with 1D4/Fas■ I

(green) and Dpod1 (red).

(C-E.) A closeup view of the first choice point of the intersegmental nerve (ISN).

1D4/Fas■ I outlines the growing axons and shows an extensive network of nascent

projections. Dpod1 concentrates at the choice point but not in the axon shafts. Yellow in

E indicates coincident Dpod1 and 1D4 staining. The arrowheads highlight processes that

contain Dpod1.

(F-H.) A closeup view of ISNb. Dpod1 concentrates at choice points (astericks), at the

tips of growing axons (arrowhead), and along the length of some axons (arrow).

(I.) Schematic of ISN, SNa, and ISNb in a typical abdominal hemisegment. Several

muscles are indicated by gray boxes. Dorsal (d) and lateral (1) branches of SNa indicated

by small letters. Asterick indicates region of panels C-E.

67



stage 12 stage 1617

Dpod

º
-

-- -

º
| asl Dpod s

anci■
68 AR_Y

—



Figure 2.5: Axon defects in the Ventral Nerve Cord (VNC) and ISN in embryos lacking

all Dpod1

Panels A-E show BP102 staining in filleted stage 16/17 embryos.

(A.) A normal VNC axon pattern is seen in embryos lacking maternal (but not zygotic)

Dpod1. The same pattern is seen in zygotic dood1 mutants, heterozygotes, and wild type

embryos (data not shown). Bar-10 pm and applies to all panels.

(B-D.) Axon defects in embryos lacking both maternal and zygotic dpod■ .

(B.) Midline crossing defect (arrow). Variable spacing between anterior and posterior

commissurals (compare vertical lines).

(C.) Abnormal longitudinal tract (arrow) and axon tangle (arrowhead).

(D.) Misrouting across the midline (arrow), axon tangle (arrowhead), and axons leaving

the VNC (asterick).

(E.) An embryo lacking maternal and zygotic dpod 1 and expressing UAS-Dpod1GFP

under the control of elavGalá.

(F-H.) The dorsal region of three hemisegments of an embryo lacking maternal (but not

zygotic) Dpod1 is shown. 1D4/Fas■ I is green, and Dpod1 is red. Dorsal ISN choice

points indicated by astericks in H. Refer to Figure 2.4I for a schematic.

(I-K.) A similar region of an embryo lacking all Dpod1. The middle ISN has stalled and

split but still has filopodia (arrow).
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Figure 2.6: Defects in the VNC, SNa, and ISNb in embryos lacking all Dpod1 º

All panels show 1D4/Fas■ I. A, D, and G show wild type embryos. B, C, E, F, H, and I

show embryos lacking all Dpod1.

(A.) Normal VNC. Bar-10 pm and applies to all panels.

(B.) Axon breaks (arrowhead) and abnormal midline crossing (arrow).

(C.) Collapse of middle and lateral longitudinal tracts (regular arrow) and medial and

middle tracts (arrowhead). Axon breaks (arrow with asterick) are also apparent.

(D-I.) Refer to Figure 2.4I for a schematic.

(D.) Two normal SNa patterns. Each has a dorsal (d) and a lateral (1) branch. Astericks

indicate ISN (out of focal plane), and numbers indicate muscles. -: *-º- "-" - - *.

(E and F.) SNa defects: a missing dorsal branch with abnormal lateral branching (large .

arrow, panel E) and stalling/splaying at choice point (arrow, panel F). Small arrow in E - - -
*

-
- --- º, r º

shows ISNb stalling at muscle 13 (out of focal plane), and arrowhead shows ISN and : : - . A tº *.

ISNb.
- - -

J -

(G.) Normal ISNb patterns. Muscles are indicated by numbers.

(H.) Both nerves (ISNb) fail to extend lateral projections. Arrow indicates ISNb arrested º ".

at muscle 13.

(I.) Left ISNb extends past muscle 12 (arrow) and only extends weak lateral branches.

Right ISNb stops at muscle 13 (arrowhead).
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Figure 2.7: CNS defects caused by postmitotic neuronal overexpression of Dpod1

Panels A, C, E, and G show elavG4 embryos; panels B, D, F, and H show elavG4 UAS

dpod IGFPmyc. All panels show 1D4/Fas■ I.

(A-B.) A shows a normal pattern, while B shows axon irregularities in the VNC (arrow).

Bar=10 pm and applies to all panels.

(C-H.) Refer to Figure 2.4I for schematic.

(C-D.) Compare the normal ISN in C to that shown in D. Arrows show defasciculation
*-

and splitting. Astericks represent choice points.

(E.) Normal SNa patterns; each SNa has a dorsal (d) and lateral (1) branch that form just
|

dorsal to muscle 12 (indicated by a number). Astericks indicate ISN, out of the focal ... -- " " - - º
| ".

plane. - - - º

- 2- -
(F.) SNa with an abnormal branch (arrowhead) and failure to form dorsal and lateral ** * *

s = *::::

branches (arrow). . . . . . A■ º

(G and H.) Compare the normal ISNb patterns (G) to the stalled ISNb (H). Muscles are
-

J sº
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indicated by numbers. s {4.
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Figure 2.8: Dpod1 genetically interacts with robo and enabled

1D4/Fas■ I staining is shown in all panels. Bar-10 p.m.

(A-C.) dpod//Y zygotic mutants (0 affected embryos / 32 embryos scored), ena”/+

heterozygotes (0/29), and robo'/+ heterozygotes (0/13) have no midline crossing errors.

(D.) doodl/Y; ena”/+ embryos (18/20) display frequent midline crossing errors

(arrows). The same is seen with ena”.

(E) doodl/Y; robo’■ embryos (15/17) display frequent midline crossing errors (arrows).

The same is seen with robo'.

Numbers at bottom indicate: Number of segments with midline crossing errors / Number

of segments scored.
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Figure 2.9: Removal or overexpression of Dpod1 in the PNS causes defects in axon

targeting and cell positioning

22c10 staining of stage 16/17 embryos is shown in all panels.

(A.) A filleted wild type embryo. Chordotonal organs (astericks) line up at the same

dorsal/ventral location in each abdominal segment. Dorsal clusters (arrows) are

organized.

(B.) A filleted embryo lacking all Dpod1 has PNS defects. Chordotonal organs

(astericks) are found at different dorsal/ventral locations in each segment, and dorsal

clusters (arrows) are often disorganized. Note that chordotonal dendrites (arrowhead)

appear normal.

(C.) A wild type embryo displays a normal PNS axon pattern

(D-F.) Embryos lacking all Dpod1 display axon defects such as defasciculation (Panel D,

arrow) and crossing segment boundaries (Panels E and F, arrows). Panel D also shows

the abnormal chordotonal organ positioning seen in Panel B.

(G.) In wild type embryos, PNS axon bundles do not cross segment boundaries.

Chordotonal organs (astericks) and muscle 12 are indicated.

(H.) In embryos overexpressing Dpod1 postmitotically in the nervous system, PNS axons

are often seen abnormally crossing segment boundaries (arrow).
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Figure 2.10: Homology and dendrite localization of Dpod1 º

* (i.

(A.) Amino acid sequences of fly, worm, mouse, and human pod-1. Residues identical in , ■ º Y

at least three of the four sequences are in a dark box, while residues that are chemically |
-

º
similar in at least three of four sequences are in a lightly shaded box.

(B.) 22c10 (green) and Dpod1 (red) staining of lateral chordotonal neurons shows Dpod1

concentrating at the tips of chordotonal dendrites (arrow). Bar=10 p.m.

(C.) In the dorsalmost neuron of a dorsal cluster, Dpod1 concentrates at the tip of a
--

growing ES dendrite (arrow). The arrowhead indicates Dpod1 at the dorsalmost choice
-**

point of ISN. Bar=15 p.m. s S.
-

1.
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Figure 2.11: Maternal contribution of Dpod1 persists in zygotic dpod■ mutants

(A.) Genomic locus of Dpod1. Genes above the black line point to the right; genes below

the line point left. Red dotted lines indicate the extent of the deletions used in this study.

Blue vertical lines are at 1 kB intervals.

(B.) Table describing the deletion alleles.

(C and D.) Comparison of a heterozygous stage 16 embryo stained for Dpod1 (C) with a

hemizygous embryo (D) shows the maternal contribution persisting to late stages. Both

panels were imaged at the same gain. Bar=15 p.m.
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Figure 2. 12: mPod1 is expressed in the developing mouse spinal cord and dorsal root

ganglia at embryonic day 13 (E13)

(A.) A low magnification view of a coronal section of the developing spinal cord at E13

shows strong signal throughout the developing spinal cord and dorsal root ganglia.

Background may reflect real mPodl signal or crossreactivity with mouse coronin.

(B.) A close-up view of panel A

(C.) Counterstain of the section shown in panel B

(D.) Merge of panels B and C shows the signal in the dorsal root ganglia (arrows) and the

developing spinal cord. Asterick indicates the central canal.
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Figure 2.13: Anti-Dpod1 stains dissociated rat hippocampal neurons º

(A-B.) Two different dissociated rat hippocampal neurons stained with anti-Dpod1

(1:1500) show immunoreactivity throughout the cell.

(C.) A closeup of an axonal growth cone shows an interesting subcellular pattern (arrow).

The structures in the peripheral domain may be actin and/or MT-based.

(D.) Preimmune serum (1:500) failed to stain the neurons.

-

| s
*

--~~
-"

--

º,
--- "- º

---> ----- * º

- º - a -

. *
º - **

- ** -. º
--- ---

--- -- \ º _Y
--- -- -

J &
º

s

85 Aº



-----
-|-■,→Cº-|×
§

€■■ -■
---̂^~~~º~º~º~■ ,e■n-,■ º:
,

•■■■ *

--------|--,}■ ,■ …■ }|-;:
·

,----|-■
■

-

---

---

-

-

---

---

-

86



Chapter 3

Dpod1 is required for photoreceptor axon guidance sº
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INTRODUCTION

To navigate through a complicated world full of potential rewards (e.g., bananas and

papayas) and perils (e.g., predators and fly swatters), flies have evolved a sophisticated

visual system. The adult Drosophila eye is a complex structure composed of a regularly

packed population of approximately 800 individual seeing units, called ommatidia. In

addition to various kinds of supportive cells, these ommatidia contain photoreceptor cells

that comprise the essential feature of the fly visual system. Each ommatidium contains 8

different photoreceptors numbered R1 to R8. During development, the 8 photoreceptor

axons from each ommatidium fasciculate together, then extend along the developing eye

imaginal disc to the optic nerve, and finally project to various highly-organized targets in

the optic lobes. By eclosion, the synapses made by these axons form a precise spatial

neural map of the fly’s visual field.

In order to organize the large number of axons (over 6000 per eye) packed into a small

space and to accurately generate the retinotopic map, the axons must be carefully guided

to their proper targets. The path an axon takes depends on what kind of photoreceptor is

projecting it. R1-R6 photoreceptors (the outer photoreceptors), which are tuned to green

light, project to the first (more superficial) optic ganglion, called the lamina. R7

photoreceptors (inner photoreceptors), which are tuned to ultraviolet (UV) light, extend

deep into the M6 layer of the second optic ganglion (the medulla). R8 cells (also inner

photoreceptors), which sense blue light, project to the M3 layer of the medulla, between

the R1-6 and R7 target layers. Approximately four to five days after targeting, the

88



growth cones undergo a stereotyped rearrangement which enables them to form synapses.

Thus, synaptogenesis occurs much later than targeting, implying that synaptogenesis

plays no role in axon steering.

To accomplish this complex targeting task, the photoreceptor axons utilize many

transmembrane signaling molecules some of which also have a role in other axon

guidance pathways during development. These include the Netrin receptors (Gong et al.,

1999), the Immunoglobulin-family transmembrane receptor Irrec (Ramos et al., 1993),

Down syndrome cell adhesion molecule (DSCAM) (Schmucker et al., 2000), chaoptin

(Krantz and Zipursky, 1990), N-Cadherin (Lee et al., 2001), Flamingo (Lee et al., 2003),

Dlar (Clandinin et al., 2001), Ptp69D (Garrity et al., 1999), and many others. A single

growth cone undoubtedly simultaneously expresses multiple guidance receptors. Some

are probably used differently at different choice points along the trajectory, but many

probably act together simultaneously to give the system redundancy. No mutants seem to

cause an absolute defect in targeting where every single photoreceptor fails to reach its

proper target. This redundancy built into the system is probably quite important and

seems to be a fundamental feature of axon guidance. Since the axons project a long

distance, a small early error or perturbation could theoretically be magnified over the

course of a long projection. Redundancy therefore helps to minimize the chance of an

error.

Ultimately, the many guidance signals converge upon the growth cone cytoskeleton and

regulate actin and MTs to control steering. Some of the molecules involved in

-->

89



cytoskeletal regulation in photoreceptor growth cones have been uncovered, and their

physical and regulatory relationships are beginning to be unraveled. These molecules

include the large guanine nucleotide exchange factor (GEF) Trio (Newsome et al.,

2000b), the SH2/SH3 domain adaptor protein Dock (Garrity et al., 1996), the p21

activated kinase Pak (Hing et al., 1999), the small actin regulatory protein Enabled (see

Chapter 2) (Maurel-Zaffran et al., 2001), the tyrosine kinase Abl, the small GTPases

Cdc42 and Rac (Hing et al., 1999), the actin binding protein Bifocal (Ruan et al., 2002),

the Ste20-like serine/threonine kinase Misshapen (Su et al., 2000), and others. However,

our understanding of retinal axon targeting and growth cone regulation is still far from

complete. For example, the interactions between some of these molecules and the

cytoskeleton are understood only at a basic level. Also, the roles of MTs and of actin-MT

interactions have not been characterized at all in photoreceptors.

Based on mutant analysis in the embryonic CNS and PNS (see Chapter 2), I hypothesized

that Dpod1 might be a molecule used widely in many different axon targeting events,

including those of the visual system. Therefore, I began to study the role of Dpod1 in

photoreceptor axon guidance. I stained developing eye imaginal discs and optic lobes

and found that Dpod1 was highly expressed in those tissues throughout development

(from larval life to adulthood) and colocalized strongly with actin. Zygotic mutants of

dpod1 exhibited no abnormalities in photoreceptor cell fate determination or polarity but

displayed severe defects in axon targeting. Furthermore, preliminary binding

experiments suggested that Dpod1 can physically associate in-vitro with the spectrin

repeat domain of Trio, an important cytoskeletal regulator in axon guidance.

* *
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EXPERIMENTAL PROCEDURES 2

Fly genetics

Flies were grown on standard media at 25°C. Loss of function experiments were done

with the A17 and A96 deletions (which are late pupal lethal) of the dpod■ locus described

in chapter 2. Mutant larvae and pupae were sorted under a fluorescence dissecting

microscope using a FM7c Kruppel-Gal4 UAS-GFP balancer chromosome; mutants were

non-GFP. Eye clones were generated as described (Newsome et al., 2000a), and whole

eye clones were also generated as described (Stowers and Schwarz, 1999). The 1187- - *-*- * *...

Gal+ line, which labels lobular plate giant neurons was obtained from S. Schneuwly s: --- : *
l

(Kerscher et al., 1995). *

arº
* --- !

Immunohistochemistry
-

º º

For immunohistochemistry, 3" instar eye/brain complexes as well as adult brains were C 1
-

dissected and stained by standard methods. Primary antibodies (and dilutions) used Z º
~)

*

included: 24B10 (1:10), 22c10 (1:100), anti-Dpod1 (1:1500). Alexa-phalloidin (1:100) -
– sº

and rhodamine-phadlloidin (1:100) were used to stain f-actin. Standard secondary

antibodies for either confocal/fluorescence microscopy or DAB/bright-field imaging were

• * * * * *º
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used at 1:300 dilutions. Retinas were fixed and stained by standard methods with

toluidine blue (Tomlinson and Ready, 1987).

In-vitro binding assay

The spectrin repeat domain of Drosophila trio (bases 853-3500; residues 285-1167) was

cloned by PCR (using a full-length trio cDNA clone kindly provided by E. Liebl) into a

TA cloning vector so that the T7 polymerase could be used for transcription. Synthesis

SpectrinRepeats was done with a TnTof radioactive *S-Methionine-labeled Trio

transcription/translation kit according to the manufacturer’s instructions. Binding

experiments were done in the following manner: Extracts were made under two different

conditions from a stable S2 cell line that could be induced to express His-tagged Dpod1

(see Chapter 2). The two conditions were induced (with 1 mM CuSO4) or uninduced.

The extracts were incubated with Ni-conjugated agarose for 2 hours, rocking at 4°C.

Agarose beads were washed as described in Chapter 2 but not eluted. Next, beads (in an

equal volume of PBST) were incubated for 2 h rocking at 4°C with 20 ul of an in-vitro

transcription/translation reaction for Trio”. Beads were washed several times,

and protein was eluted off the beads with imidazole (as described in Chapter 2). Elutions

were run out on SDS-PAGE gels, Coomassie stained, dried, and exposed to film.
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RESULTS
º

Dpod1 is expressed in actin-rich structures in the developing eye imaginal disc

To determine the expression pattern of Dpod1 in the developing retina, I dissected eye

imaginal discs from wandering 3" instar larvae and costained them for Dpod1 and

24B10, a monoclonal antibody that recognizes the photoreceptor cell adhesion molecule

Chaoptin (Krantz and Zipursky, 1990; Van Vactor et al., 1988). Dpod1 was broadly sº

expressed throughout the epithelial cells of the disc, was somewhat enriched in the

morphogenetic furrow (data not shown), and was strongly expressed in the developing - *** -- º i

photoreceptor cells (Figure 3.1A-C). In photoreceptors, Dpod1 was highly concentrated } º,
sº. --> * * º

apically in the developing rhabdomeres, the light sensing structures that contain the * º *

rhodopsins. Dpod1 could also be seen along the plasma membranes of the º --- º
photoreceptors and the disc epithelial cells, as well as in the axons of the optic nerve * : * * J
(Figure 3.1C). Because photoreceptor differentiation occurs in a posterior to anterior sº

fashion (i.e., cells farther from the optic stalk are younger), I could also see that Dpod1 s º,
was localized to developing rhabdomeres before chaoptin (24B10) was seen (Figure º lº

3.1C) and was thus an early marker of the rhabdomeres. /ºº
2–

Costaining for Dpod1 and 22c10/futsch, a microtubule-associated protein (MAP) with º s
homology to Map1B (Hummel et al., 2000; Roos et al., 2000), provided more insight into . ■

Dpod1 localization in the developing rhabdomere. Although some overlap was seen J º º,
2 *

º
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between Dpod1 and 22c10 in the rhabdomere, the two did not appear to perfectly

colocalize (Figure 3.1F). The signals were generally distinct, as 22c10 did not stain the

center of the rhabdomere. This suggested that the proteins were present in different (but

possibly overlapping) subcellular domains. In contrast, staining for Dpod1 and actin

showed nearly perfect colocalization in both the rhabdomere and the basolateral plasma

membrane (Figure 3.1.J-L), arguing that most Dpod1 in the photoreceptors was closely

associated with f-actin. This was consistent with what was seen in S2 cells (see Chapter

2), where Dpod1 and actin colocalized more extensively than Dpod1 and MTs. Thus, on

average, Dpod1 in the eye disc was more closely associated with actin than with the MAP

Futsch. However, the colocalization of some Dpod1 and 22c10 hinted that in the

rhabdomeres a subset of MTs may closely approach—or even physically interact with—

some of the actin.

Focusing on the basal side of the photoreceptors (Figure 3.1G-I) showed that Dpod1 was

also present in the axons projecting across the disc toward the optic nerve—but probably

at lower levels than in the rhabdomeres. Again, costaining for 22c10 and Dpod1 showed

somewhat different (but occasionally overlapping) patterns.

Dpod1 is expressed in the 3rd instar larval optic lobe as well as the adult retina and

brain

-
tº

r – º – ºs
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To ascertain the Dpod1 expression pattern in developing 3" instar larval optic lobes, I

fixed and stained for Dpod1 and various other markers including 24B10, 22c10, and actin

(Figure 3). Widespread Dpod1 staining was seen with varying concentrations in different

subsets of neurons (Figure 3.2A). Since the optic lobes contain many neurons with

spatially complex relationships, the Dpod1 staining pattern was quite complex. (For

reference, a helpful online Drosophila neuroanatomy guide can be accessed at this web

address: http://flybrain.neurobio.arizona.edu/) As in the embryonic nervous system,

Dpod1 signal was seen in many neurites and cell bodies. Some Dpod1 immunoreactivity

was present in every brain region, with higher concentrations in the following structures:

the optic stalk, the outer optic chiasm, the fibers extending out into the medullary cortex,

the T2/T3 and C2/C3 (T&C) cells, and the lamina precursor cells (Figure 3.2). This is by

no means an exhaustive list of Dpod1-positive structures.

In general, as in other tissues and cell types, extensive overlap between Dpod1 and actin

was seen (Figure 3.2J-L). Again, this suggested that Dpod1 was closely associated with

actin in-vivo. When optic lobes were costained for Dpod1 and 22c10, which labels a

MAP, the patterns also appeared to be remarkably similar (Figure 3.2G-I). Interestingly,

as in the eye disc, the two patterns did not exactly overlap; in many places (especially in

the strongly 22c10 and Dpod1-positive T&C cells, indicated by the arrow in Figure 3.2I),

Dpod1 and 22c10 appeared juxtaposed right next to each other with significant overlap.

Perhaps these overlapping areas represent regions of actin-MT interactions.
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In contrast to the case with actin and 22c10, only some overlap was noted between

Dpod1 and 24B10, with the most significant overlap appearing in the optic stalk and the

lamina (Figure 3.2A-F).

To determine the expression pattern of Dpod1 in adult brains, I dissected and stained

brains from adult flies expressing the membrane marker CD8-GFP under the control of

the 1187-GalA driver, which drives expression in the lobular plate giant neurons

(Kerscher et al., 1995). Dpod1 was expressed in several adult brain regions, including a

subset of neurons in the mushroom body (data not shown), but it did not appear to be

strongly expressed in the lobular plate giant neurons. More significant was the very

strong expression that was apparent throughout the retina, probably in all photoreceptors

(Figure 3.3A-C), similar to expression in the 3" instar larva. In addition, a striking

layered Dpod1 pattern was evident in the lamina and medulla, perhaps corresponding to

the axon termini of the photoreceptors in those brain regions (Figure 3.3A-C). A closeup

view showed that Dpod1 stained in a punctate pattern (Figure 3.3D-F), most likely in

neurites, but the significance of these puncta is unknown.

Photoreceptor axons in dood1 mutant pupae exhibit guidance defects

To determine the role of Dpod1 in photoreceptor axon targeting, I stained eye-brain

complexes from dpod■ zygotic mutants with 24B10. Larvae that were heterozygous for

dpod■ showed normal axon projections to the lamina: an even, tightly packed layer of
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axon termini was observed when 10-20 rows of 24B10 staining could be seen in the eye

disc (Figure 3.4D, G). In contrast, dpod! zygotic mutants (both the A17 and A96 alleles)

at the same (or slightly later) stage exhibited abnormal axonal patterns. Although

photoreceptor axons projected through the optic stalk and reached the vicinity of the

presumptive lamina, they did not form a smooth and even layer. The lamina instead

appeared disorganized and uneven, and it exhibited abnormal projections (Figure 3.4E-F,

H). This suggested that R1-R6 targeting errors occurred near the end of those axons’

trajectories. However, this analysis did not reveal the exact nature of the defects or the

cell autonomy of the photoreceptor targeting errors.

Because axon guidance defects could be secondary to defects in photoreceptor cell fate

determination or ommatidial organization, I asked whether Dpod1 was required for those

developmental processes. To answer this question, I used the eyeless-Flp system to

generate mitotic clones homozygous for null alleles of dipod1 in the developing eye disc.

This system causes three different classes of cells to be generated in the eye: homozygous

mutant cells, homozygous wild type cells, and heterozygous cells. In this case, the three

classes had distinct colors, due to different levels of expression of the white gene, with

the dpod■ mutant cells having the lightest color (Figure 3.4A-B). Ommatidia in the

dpod■ mutant regions appeared normal and organized; no rough eye phenotype was

apparent, and interommatidial bristles were present and normally positioned (Figure

3.4A-B and data not shown). Subsequently, I generated whole-eye dpod■ mutant clones

using the eyeless-Flp GMR-Hid system (Stowers and Schwarz, 1999). When these eyes

were sectioned and stained, all photoreceptor cell types were present and had a normal
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planar orientation (Figure. 3.4C). Thus, Dpod1 apparently had no role in cell fate

determination or planar polarity establishment in the developing eye, and the axon

targeting defects were not simply due to defects in photoreceptor fate.

Dpod1 may physically interact with Trio, a RhoGEF required for proper retinal axon

targeting

During the course of these experiments, the spectrin repeat region of the C. elegans trio

homolog Unc-73 was reported to bind to Pod-1 (personal communication, Steven et al.,

2002). The interaction was originally discovered in a two-hybrid screen using the Trio

fragment as a bait, and was subsequently confirmed by coimmunoprecipitation of the two

proteins from cell culture cells. This was quite interesting, as Drosophila Trio has been * -- º

shown to play an important role in photoreceptor and motor axon guidance, where it ; :

interacts with Enabled, as well as other proteins (Awasaki et al., 2000; Bateman et al.,

2000; Liebl et al., 2000; Newsome et al., 2000b).

Trio is a large protein of 2263 amino acids that regulates the cytoskeleton and possesses

many domains, including a conserved N-terminal region, an array of spectrin repeats, two

different guanine nucleotide exchange factor (GEF) domains, and an SH3 domain. The

first GEF domain (GEF1) but not the second is required during photoreceptor axon

guidance, and it acts on the small GTPases Rac1 and Rac2 (Newsome et al., 2000b). Trio

works together in a complex regulatory network with several different proteins to
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regulate axon targeting. These include Dlar, Rac, Pak, Dock, Abl, and Enabled (Bateman

et al., 2000; Liebl et al., 2000; Maurel-Zaffran et al., 2001; Newsome et al., 2000b).

Interestingly, Dpod1 genetically interacts with Enabled in motor axon guidance (see

Chapter 2). In addition, antibody staining for Dpod1 and Trio shows that the two

proteins colocalize (data not shown).

To test whether Drosophila Trio was able to physically interact with Dpod1, I conducted

a simple in-vitro binding assay with His-tagged Dpod1 and a radiolabeled Trio fragment.

Using a stable S2 cell line capable of inducibly expressing His-tagged Dpod1 (see

Chapter 2), I obtained extracts under two different conditions: induced and uninduced.

(While conducting the experiment, I was blinded as to which extract was which.) These

extracts were incubated with Ni-conjugated beads, washed, and then incubated with a

radiolabeled spectrin-repeat fragment of Trio. The beads were washed again and eluted

with imidazole. The eluate was run out on an SDS-PAGE gel, which was Coomassie

stained, dried, and exposed to film. As expected, His-tagged Dpod1 was purified only

Spectrin Repeatsfrom the induced extract (Figure 3.5, left panel). Binding to Trio WaS SCCIn

only in the induced lane (Figure 3.5, right panel). Thus, Dpod1 seems capable of binding

the spectrin repeat domain of Trio in-vitro. Unfortunately, this experiment does not

indicate the strength of the binding. However, because the two extracts were from the

same cell type and were treated identically, and because elution was done with imidazole

(a specific non-denaturing elution agent), the experiment does suggest that the binding

was specific. More extensive biochemical assays as well as future co

º t
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immunoprecipitation and genetic experiments will hopefully determine the strength and

functional significance of this putative interaction.
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DISCUSSION

Here, I undertook an analysis of Dpod1 in the developing visual system, with the | s

hypothesis that Dpod1 is an important cytoskeletal regulator involved broadly in many

guidance decisions. The data I obtained are consistent with that idea, although they are

still quite preliminary.

In summary, Dpod1 was broadly expressed in the developing eye imaginal disc and was

markedly enriched in the photoreceptors. Dpod1 was also expressed in the developing

optic lobes, the target area for the photoreceptor axons, where the pattern appeared quite

complex. In addition, Dpod1 expression was maintained throughout larval and pupal

development, so that by eclosion, the protein was found at high levels in the retina and £
º

optic lobes. In all tissues, Dpod1 strongly colocalized with actin. Interestingly, Dpod1 ; : :

immunoreactivity also frequently appeared to overlap with and/or be closely associated e -

with 22c10, a monoclonal antibody which stains the MT compartment of the cell s

(Hummel et al., 2000; Roos et al., 2000). Perhaps future experiments will reveal whether

Dpod1 functions in places where actin and MTs interact. The importance of actin-MT | C. n
interactions in visual system development is unknown. /º

2–
-

To inquire about the role of Dpod1 in retinal axon guidance, I assayed photoreceptor ls*
axonal projections in 3" instar larval dpod■ zygotic mutants and found that the lamina ■

(the layer of R1-R6 projections in the optic lobe) was disorganized and exhibited many l
º

º
/*
*
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abnormal projections. This result was consistent with the hypothesis that Dpod1 is an

important cytoskeletal regulator in navigating growth cones, especially as they near their

target. Significantly, removal of Dpod1 in developing photoreceptors by generating

mitotic clones showed that the protein was not required for cell fate determination or

planar polarity establishment in the retina, an important point since those kinds of defects

can cause axon guidance errors. However, because Dpod1 was widely expressed in both

photoreceptors and in the optic lobe, it remains possible that the axon guidance defects

were due to abnormalities of target domains instead of intrinsic problems with

photoreceptor axons. Future analysis on mutant mitotic clones will likely reveal whether

dpod■ axon targeting defects are cell autonomous. Furthermore, other important

questions about the phenotype persist: Was targeting of R7 and R8 to the medulla also

affected? Which specific axons were affected in the lamina? Did axons stop short,

bypass targets, turn aberrantly, or branch abnormally? What would targeting defects look

like at later stages? Hopefully, these questions will be answered with the use of reporters

that specifically label different photoreceptor subclasses as well as with analysis on

mutant mitotic dpod■ clones.

To try to connect Dpod1 to another molecule involved in photoreceptor axon guidance, I

tested whether it could physically associate in-vitro with Trio, a multidomain GEF that

was reported to bind Pod-1 in C. elegans (personal communication, Steven et al., 2002).

Preliminary experiments suggested that the spectrin repeat domain of Trio, a region of the

protein that may play a role in subcellular targeting, could specifically bind to Dpod1.

However, whether this association occurs in-vivo and has functional significance is still
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unknown. Interestingly, Trio genetically interacts with Enabled (Liebl et al., 2000;

Maurel-Zaffran et al., 2001), as does Dpod1 (see Chapter 2) although the exact nature of

these interactions is still unknown.

In conclusion, these results all point to Dpod1 playing an important role in photoreceptor

axon guidance. However, they are still preliminary and future work needs to be done to

determine the exact function Dpod1 plays in the developing visual system.

(l
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CHAPTER 3 FIGURES

Figure 3.1: Dpod1 is expressed in the developing eye imaginal disc

In all rows, the rightmost panel is the merge of the left and middle panels.

(A-C) 3" instar eye imaginal disc stained with Dpod1 (red) and 24B10 (green).

Posterior is left, closer to the optic stalk (asterick). Optic stalk axons stain for both

24B10 and Dpod1 (asterick). Arrows point to developing photoreceptor rhabdomeres.

Comparison of anterior extent of Dpod1 and 24B10 staining (arrowheads) shows Dpod1

is expressed earlier (more anterior) than 24B10.

(D-F.) Dpod1 (red) and 22c10 (green) staining focused apically to show rhabdomeres.

Some overlap (yellow in panel F) is seen, but the two patters are somewhat distinct.

Arrow indicates Bolwig's nerve.

(G-I.) Dpod1 (red) and 22c10 (green) staining focused basally to show axons traversing

the eye disc (asterick in panel I).

(J-L.) Dpod1 (red) and f-actin (green) costaining shows extensive colocalization.
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Figure 3.2. Dpod1 is expressed in the developing 3" instar larval optic lobe

In all rows, the rightmost panel is the merge of the left and middle panels. Saggital views

are shown.

(A-C.) Dpod1 (red) and 24B10 (green). Optic stalk (asterick) is indicated. Lamina (“la”)

and medulla (“m”) indicated.

(D-F.) Dpod1 (red) and 24B10 (green) at a different focal plane than panels A-C. This is

a different sample than panels A-C. Lamina (arrow in panel E, “la” in panel F) and

medulla (arrowhead in panel E, “m” in panel F) are highlighted.

(G-I.) Dpod1 (red) and 22c10 (green) are seen overlapping and in close apposition.

Arrow indicates T&C cell group. Optic lobe regions are labeled: chf (cell body fibers),

ioa (inner optic anlage), lpc (lobula plate complex), mc (medulla cortex), ooc (outer optic

chiasm).

(J-L.) Dpod1 (red) and actin (green) again show extensive colocalization. Optic stalk

(asterick) and eye disc (arrow) are shown.
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Figure 3.3: Dpod1 is expressed in the adult retina and optic lobe

Adult retina and optic lobe (panels A-C) and closeup of an adult optic lobe (panels D-F)

from an 1187-GalA UAS-CD8GFP fly are shown. In both rows, the rightmost panel is

the merge of the left and middle panels. Dpod1 (red) staining and GFP signal (green) are

shown.

(A-C.) Retina (r) and optic lobe (ol) are indicated in panel B. Retina (r), lamina (l), and

medulla (m) are indicated in panel C. Strong Dpod1 signal is seen in the retina, and a

layered pattern is seen in the medulla.

(D-F.) This closeup view shows Dpod1 in a punctate pattern. sº
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Figure 3.4: Dpod1 is required for photoreceptor axon guidance

(A.) A brightfield view of an eye with mitotic clones.

(B.) A closeup of the blue rectangle in panel A is shown, and the genotypes are indicated.

(C.) A section and toluidine blue stain of a dpod■ mutant eye. Photoreceptor types are

indicated with numbers.

(D.) A dpod1 heterozygous larval eye/brain complex shows a normal lamina in the optic

lobe (arrow).

(E-F.) A dpod■ zygotic mutant has a disrupted lamina (arrows) with abnormal axon

targeting. Two different focal planes are shown.

(G.) A dpod■ heterozygous larval eye/brain complex shows a normal lamina (arrow).
- -

(H.) The same view (as in panel G) of a typical dpod! zygotic mutant shows a
**--

disorganized lamina. Arrowhead indicates an abnormal projection. Note that this larva * * º

was slightly older than the one in panel G because there are more rows of differentiated --> --
* - -

photoreceptors; thus, the lamina in panel H had even more time to form normally.
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Figure 3.5: Dpod1 and Trio can physically associate in-vitro

Extracts from S2 cells stably transformed with an inducible His-tagged Dpod1 transgene

were made under two conditions: induced (with 1 mM CuSO4) or uninduced (indicated

with a “-" or “H” in the figure). Extracts were then incubated with Ni-agarose beads,

washed, incubated with a radiolabeled Trio fragment, washed, and then eluted. The

eluate was run out on an SDS-PAGE gel. The left panel shows a Coomassie stained gel;

the Dpod1-His band was seen only in the induced condition. The right panel shows a

one-week exposure; the Trio”"*** fragment was only seen in the induced lane

(arrow). Note that this experiment does not indicate the strength of the binding.
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Chapter 4

Dpod1 localizes to the cleavage furrow and is not required for asymmetric
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INTRODUCTION

Multicellular organisms are comprised of many different cell types, all of which can trace

their ancestry back to a single progenitor cell, the fertilized egg. How a single cell can

give rise to such a vast diversity of cell fates is a central question in developmental

biology.

Each cell division in development generates two daughter cells which can be either the

same or different. How are differences generated in the progeny? In principle, different

cell fates can be generated by two distinct, but not mutually exclusive, mechanisms. On

one hand, identical daughter cells could interact with each other or with their

environment and thus become different by some extrinsic mechanism. On the other

hand, the progenitor cell could be asymmetric, a situation that could lead to the

differential inheritance of cell-fate determination factors by the daughter cells—an

intrinsic mechanism (Jan and Jan, 1995; Jan and Jan, 2001). Such asymmetric cell

divisions have been observed in several different organisms, including both the

roundworm Caenorhabditis elegans and the fruitfly Drosophila melanogaster (Doe and

Bowerman, 2001; Horvitz and Herskowitz, 1992; Lu et al., 1998a).

Cell polarity in C. elegans
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Cell fate diversity in C. elegans is established during the earliest stages in development.

The first several divisions are all asymmetric, and extensive genetic, cell biological, and

pharmacological studies have been conducted on these young embryos to elucidate the

genes and mechanisms involved in generating the asymmetry.

The egg first becomes polarized at fertilization, and several physical asymmetries become

evident—all of which are actin-dependent (for review see Bowerman, 1998; Pellettieri

and Seydoux, 2002). First, soon after the sperm enters and determines the future

posterior of the embryo, cytoplasm begins streaming in a directed manner. Deep

cytoplasm in the center of the embryo flows posterior toward the sperm entry site, while

cortical cytoplasm moves anterior. This cytoplasmic flow occurs mainly in the posterior
--

%.

half of the zygote and requires an intact actin cytoskeleton, since treatment with }
- ºr

ºº º º

cytochalasin D—during a narrow time window—blocks it. Second, the mitotic spindle º *

- - - - - - - -
- “. /º

becomes posteriorly displaced, resulting in two daughter cells of markedly different size. -- * * **-

!. A ■ º Y

Cytochalasin D treatment also blocks this asymmetry. Third, cytoplasmic structures
- - -

J *

called P-granules, which likely play a role in germline development, become actively s
•
1.

segregated to the posterior pole, the region of the one-cell embryo that will become the j º,
germline. Again, this asymmetry also requires actin. | 9 || ||

º
■ º

A.

Underlying these actin-dependent physical asymmetries are molecular asymmetries that le
-

maintain the intial polarity cue provided by the sperm asters (Pellettieri and Seydoux, -] sº
sº

2002). Several of the responsible genes have been identified. The anterior cortex is a. |

marked in a cell-cycle dependent manner by an evolutionarily-conserved complex º,
**

*

º
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required for polarity: the Par-3/Par-6/PKC-3 complex. (PKC-3 is an atypical Protein

Kinase C and will be hereafter called aPKC for clarity. Par-3 and Par-6 are PDZ-domain

containing adaptor proteins.) The small GTPase Cdc42 is also likely to be a part of this

complex when in its active, GTP-bound state (Gotta et al., 2001; Kay and Hunter, 2001).

When any of these genes is disrupted, the embryo loses its physical asymmetries and is

unable to correctly partition P granules into its posterior. (This phenotype, a partitioning

defect, is the basis for the names Par-3, Par-6, etc.) The posterior cortex is marked by

Par-2, a ring finger protein, as well as Par-1, a serine/threonine kinase. Par-2 and the Par

3/Par-6/aPKC complex work together to localize (exclude) each other, and the distinct

cortical domains defined by these proteins in turn position Par-1 (Pellettieri and Seydoux,

2002). Par-1 binds to non-muscle myosin (NMY-2), another molecule required for

asymmetry that works with polymerized actin (Guo and Kemphues, 1996). In addition,

Par-1 regulates microtubules (MTs)—probably the astral MTs of the mitotic spindle—by

phosphorylating MT associated proteins (MAPs). Thus, even though pharmacological

treatments have failed to reveal a crucial role for MTs in early asymmetries, at least one

molecule important for this polarity regulates MTs.

Pod-1 is a novel actin-binding protein required for asymmetry in one-cell C. elegans

embryos

Since an intact actin cytoskeleton plays an essential role in asymmetry in several different

cell types, including C. elegans embryos, one group adopted a biochemical approach and
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purified actin-binding proteins from an extract made from early C. elegans embryos

(Aroian et al., 1997). One of the purified proteins, Pod-1 (called CABP-11 before it was

cloned), is a novel actin-binding protein containing two tandem coronin repeats—

domains homologous to the actin-binding protein Coronin (Rappleye et al., 1999).

Interestingly, Coronin has also been shown to crosslink actin and MTs (Goode et al.,

1999), but C. elegans Pod-1 has not (to date) been implicated in MT binding. Pod-1 is

localized asymmetrically to the anterior cortex in one-cell embryos in a cell-cycle

dependent manner, a localization pattern very similar to that of the Par-3/Par-6/aPKC

complex. In the absence of Pod-1, embryos lose all molecular and physical

asymmetries—a par-like phenotype. For example, Par-3, a protein which is also required

for asymmetry and depends on actin for normal localization (Severson and Bowerman,

2003), loses its asymmetric localization to the anterior cortex. In addition, embryos

depleted of Pod-1 become osmotically sensitive; thus Pod-1 is named according to its

mutant phenotype: Par phenotype with Osmotic Defects. Interestingly, this POD

phenotype is also observed in embryos depleted of Cdc42 (Kay and Hunter, 2001), a

molecule that, when activated, is bound to Par-6 and is therefore a member of the Par

3/Par-6/aPKC complex (Gotta et al., 2001). Furthermore, embryos depleted of Par-3 fail

to localize Pod-1 correctly (Rappleye et al., 1999), hinting at a relationship between Pod

1 and the Par-3/Par-6/apKC/Cdc42 complex. However, to date, the exact nature of the

relationship between that complex and Pod-1 remains mysterious.

Another phenotype due to loss of pod-1 is a partially penetrant defect in the maintenance

of the cleavage furrow (Rappleye et al., 1999). The cleavage furrow is a highly
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crosslinked actomyosin-based structure whose function is required for cytokinesis, the

separation of a dividing cell into two daughter cells (for review see Glotzer, 2001).

Although cytokinesis usually proceeds and appears to complete normally in embryos

lacking Pod-1, in about one fifth of the embryos (19%), the cleavage furrow vanishes

several minutes after mitosis. It does not regress from a single point but instead

disappears over the length of the cell-cell interface. Although the exact nature of this

cleavage furrow defect is not understood, it is consistent with the localization of Pod-1,

which localizes along the cleavage furrow at the end of mitosis.

Asymmetric cell division in the Drosophila nervous system

-** * * º

Cell fate diversity in the developing Drosophila nervous system is also generated in part º º *

- - - - - - - - ** * *:::::.
by asymmetric cell divisions. For example, embryonic neuroblasts, cells that inherit º:

-

* * * A R Y

polarity cues from the epithelial layer of their origin, divide asymmetrically after they -- J sº
delaminate. Each asymmetric cell division generates two daughter cells with distinct sº

C
!

fates and sizes: a larger apical neuroblast and a smaller basal ganglion mother cell j º % n

(GMC). The fates are different at least in part because a dividing neuroblast | G. n
asymmetrically localizes cell fate determinants (such as Numb and Prospero) to the basal /?

4

side and aligns the mitotic spindle so as to differentially segregate the determinants into 2–
the GMC (Jan and Jan, 2001). As in the worm, asymmetric cell division in the fly is sº

sº a
dependent on actin and myosin; treatment of asymmetrically dividing neuroblasts with 2. [.

drugs that depolymerize actin (such as latrunculin or cytochalasin) or interefere with the l º,
~
*

irº
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activity of myosins (such as BDM), causes a failure to asymmetrically localize cell fate

determinants (Broadus and Doe, 1997; Knoblich et al., 1995; Lu et al., 1999; Petritsch et

al., 2003). Also, several myosins have been genetically implicated in these asymmetric

divisions (Ohshiro et al., 2000; Peng et al., 2000; Petritsch et al., 2003). Because the

orientation of the mitotic spindle is tightly regulated, MTs are likely to play a role as

well, but pharmacological experiments have thus far failed to demonstrate this.

Interestingly, in recent years, striking parallels have emerged between the genes

regulating cell polarity in C. elegans and Drosophila, highlighting the fact that

asymmetric cell division is a fundamental and thus highly-conserved process in biology.

In Drosophila, the homologs of par-3, par-6, and apkC (called bazooka, dPar6, and

daPKC, respectively) form a complex that helps to establish and maintain polarity in

epithelial cells (for review see Jan and Jan, 2001). Cdc42 has not yet been shown to be

involved in this complex in flies, but it is likely to play a role, since the Par-6/Cdc42

interaction is conserved in several organisms and because dRaré contains a semi-CRIB

domain, a consensus binding sequence for active (i.e., GTP-bound) Cdc42 (Petronczki

and Knoblich, 2001; Pirone et al., 2001). When a neuroblast delaminates from the

epidermal layer, it inherits this complex in its apical stalk (Schober et al., 1999; Wodarz

et al., 1999). This complex then recruits Inscuteable (an adaptor protein specifically

expressed in neuroblasts) and Pins (a protein which binds to the small G-protein Goi in

its GDP-bound state and causes it to dissociate from a G8) heterodimer). Together, the

proteins in this complex somehow establish and maintain apical/basal polarity in the

neuroblast: loss of any of these proteins disrupts asymmetry and mitotic spindle
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orientation. Subsequently, with the help of the tumor suppressors Lgl and Dlg as well as

myosins, the neuroblast localizes several molecules important for cell-fate determination

into a basal crescent, including Numb, Pon, Miranda, Staufen, and Prospero (Lu et al.,

1999; Petritsch et al., 2003; Schober et al., 1999; Wodarz et al., 1999). Transduction of

polarity information from the apical side of the neuroblast to the basal side likely

involves G-protein signaling (probably by a G8) heterodimer and possibly also by Goi

GDP) and kinase activity (by aPKC) provided by the apical complex (Betschinger et al.,

2003; Knust, 2001; Schaefer et al., 2001).

Asymmetric cell divisions are also used to generate diverse cell fates in the Drosophila

peripheral nervous system (PNS) in both embryos and pupae. Sense organ precursor º,
* - -

º
(SOP) cells and their progeny divide asymmetrically to give rise to various sensory | º,

* - *

organs. These divisions involve most of the same molecules used in neuroblast º •. *

asymmetric division (such as Bazooka, dParé, aPKC, Pins, Goi, Numb, and Pon), but -- wº.
- A ■ º Y

they are used in slightly different ways. -- J sº

-
* C

Because flies and worms both use the Par-3/Par-6/apKC complex as an early and crucial º,
jº,

polarity determinant and because of the intriguing relationship between Par-3 and Pod-1 Q .
in worms (similar subcellular localizations, codependent localizations, and similar mutant /º º

* A

phenotypes), I hypothesized that flies might have a pod-1 homolog that plays a role in 2–
asymmetric cell divisions in the developing nervous system. (In fact, this was the sº~

original rationale for studying Dpod1.) I isolated the Drosophila homolog of pod-1, º ■

dpod■ , and found it to be maternally expressed with subsequent restriction to the l ”.
,” -

*

º 's º
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developing nervous system. I then generated several null alleles (described in Chapter 2)

to determine its role in asymmetric cell division. Unexpectedly, in the complete absence

of Dpod1, i.e., after removing both the maternal and zygotic contributions, neuroblasts

and epithelial cells still were able to properly localize the Bazooka/Dparó/aPKC complex

as well as other asymmetry markers. In addition, the neuroblasts normally oriented their

mitotic spindles and exhibited apparently-normal asymmetric cell divisions.

Furthermore, when assayed at later stages of development, cell fate determination in the

nervous system was unperturbed. Thus, Dpod1 appeared to be dispensible for cell fate

determination.

Interestingly, in light of the localization and function of C. elegans Pod-1 at the cleavage

furrow, I found that Dpod1 also localized to the cleavage furrow—in all cell types

examined: neuroblasts, epithelial cells, the progenitors of the adult PNS, and S2 cells.

However, I failed to find a defect in cleavage furrow formation or maintenance in cells

lacking Dpod1.
A■ Y

ºº
*

ºº
*

n
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{º
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EXPERIMENTAL PROCEDURES

Flies were grown on standard media at 25°C. Dpod1 deletion alleles used included A17

and A96, and germline clone embryos (lacking maternal and zygotic dpod■ ) were

generated as described in Chapter 2 (see Experimental Procedures). All S2 cell culture

experiments were done as described in Chapter 2. Primary antibodies (and dilutions)

used included the following: Rabbit anti-apKC (1:1000) (Santa Cruz Biotechnology,

Inc.), Guinea Pig anti-Dpod1 (1:1500), Rabbit anti-Miranda (1:1000), Mouse anti

Tubulin (1:1000) (Sigma), Mouse anti-Even skipped 2B8 (1:10) (Developmental Studies

Hybridoma Bank at the University of Iowa).

The time course experiment was done by crossing Scabrous-GalA to UAS- - - -

Dpod1GFPmyc flies at room temperature (approximately 22°C) and then imaging the

SOPs from young pupae as described previously (Roegiers et al., 2001). º
- *

2–
* *T] is

- *
.*

N !.
2.

*z,
º

-- "… *º
º

/*
**
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RESULTS º

Dpod1 is not required for epidermal polarity as well as neuroblast asymmetry or cell fate

determination

To test whether removal of Dpod1 caused a defect in neuroblast polarity, I stained

embryos devoid of Dpod1 for various markers of asymmetry. (For a description of the

generation of germline clone embryos lacking both maternal and zygotic dpod■ , see

Chapter 2.) Since animals lacking maternal (but still expressing zygotic) dpod■ are S

viable (see Chapter 2), as expected, these embryos exhibited no defects in the localization %.
of apical markers. For example, epithelial cells had normal apical and apicolateral apkC l º,

** ** º

staining (Figure 4.1A), and neuroblasts had normal apical crescents (Figure 4.1A). The º º *

same was true for Bazooka and dPar6, as well as Inscuteable and Pins (data not shown). º º,
º

Similarly, embryos completely lacking Dpod1 exhibited no defects in the localization of º º

apical markers, including apkC (Figure 4.1B), Bazooka, dPar6, Inscuteable, and Pins s
-

{

(data not shown). Consistent with this, these embryos did not have holes in their ventral º º,
cuticles (data not shown), a phenotype seen when epithelial polarity is disrupted. Thus, ! G |

Dpod1 did not appear to be required for apical polarity in the epidermal cells or Zºº,
s2–ºneuroblasts. In contrast to the C. elegans one-cell embryo, the Drosophila neuroblast did

not require Pod-1 to asymmetrically localize the Par-3/Par-6/aPKC complex.
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To test whether loss of Dpod1 caused defects in basal targeting of cell fate determinants

or orientation of the mitotic spindle, embryos lacking all Dpod1 were stained for basal

markers (including Numb, Pon, Miranda, Prospero, and Staufen) and Tubulin. Embryos

lacking maternal dpod1 (Figure 4.1C) and both maternal and zygotic dpod1 (Figure 4.1D)

displayed normal targeting of Miranda (Figure 4.1C-D) as well as the other basal markers

(data not shown). In addition, the mitotic spindle in neuroblasts appeared normal and

was oriented along the apical/basal axis (Figure 4.1C-D). Thus, Dpod1 did not appear to

be required for asymmetric localization of basal cell markers or spindle orientation.

Consistent with this result, Sense Organ Precursor (SOP) cells on the notum that were

null for dpod■ also exhibited normal asymmetry and mitotic spindle orientation (data not

shown) and later developed into normal external sensory (ES) organs (Figure 5.1A). º º,
º

º • ºº
Although all apical and basal polarity markers tested were localized normally in s - *

* - º
neuroblasts devoid of Dpod1, I nevertheless tested whether removal of Dpod1 might º

-

- . A■ Y

affect cell fate determination by staining for Even-skipped (Eve). Eve is a transcription - J ***º
factor normally expressed is a small number of identified neurons in each abdominal s

2. '
* ,

segment (Broadus et al., 1995; Doe et al., 1988). In embryos lacking maternal dpod! º º, º

(Figure 4.2A, C) or lacking both maternal and zygotic dpod■ (Figure 4.2B, D), Eve | G : ".

staining showed a normal pattern. For example, the RP2, aOC, and pCC motorneurons ‘...."
A.

º
were present and normally positioned (Figure 4.2B, D). Other Eve-positive neurons were 4–2

also normal (data not shown). This suggested that cell fate determination was not º _º
º
º

affected by the absence of dpod■ and was consistent with the observation that neuroblast %. t
º

asymmetry was also apparently unaffected. l º
/*
*

tº
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Dpod1 localizes to the cleavage furrow in neuroblasts, S2 cells, and Sense Organ

Precursor (SOP) cells

To determine the subcellular localization of Dpod1 in neuroblasts, I stained stage 9/10

embryos for Dpod1 and Miranda (Figure 4.3A-C). Interestingly, until late in mitosis,

Dpod1 localized around the cell cortex (with an occasional apical enrichment) and

throughout the cytoplasm (data not shown); however, at the end of mitosis, I observed a

striking localization of Dpod1 to the cleavage furrow, a highly crosslinked actin-based

structure (for review see Glotzer, 2001), between the neuroblast and the ganglion mother

cell (GMC) (Figure 4.3A-C). The Dpod1 signal appeared to be present on both sides of

the cleavage furrow and was found along its entire length; thus, Dpod1 was not

asymmetrically segregated into either daughter cell. In addition, Dpod1 remained at the

cell-cell interface at least until after the nuclear envelope of the GMC was formed (Figure

4.3C). Dpod1 also localized to the cleavage furrow in dividing embryonic epithelial cells

(data not shown).

A similar localization to the cleavage furrow was seen in S2 cells (Figure 4.3D-F). When

S2 cells were transfected and induced to express Dpod1GFP (Figure 4.3D), cell shape

was altered (see Chapter 2 and Chapter 5) and the highest Dpod1 concentrations

coincided tightly with f-actin (see Chapter 2 and Chapter 5). In spite of Dpod1

overexpression, the cells were still able to divide. When a recently-divided cell was fixed

2.

a
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and stained for Tubulin (Figure 4.3E), extensive Dpod1 signal was seen encircling—and

possibly overlapping with—the midbody (Figure 4.3F, arrow). The midbody is a narrow

neck connecting the two sibling cells that contains bundled MTs derived from the central

mitotic spindle and is closely associated with the actomyosin ring of the cleavage furrow

(Glotzer, 2001). Signal was also present along the interface between the two sister cells

(Figure 4.3F), consistent with the localization in the neuroblast.

To determine the time course of the localization of Dpod1 to the cleavage furrow, I

conducted live imaging experiments on SOP cells expressing Dpod1GFP under the

control of the Scabrous-Gal+ driver. In SOP cells that had become round and had

therefore entered mitosis (Roegiers et al., 2001), Dpod1GFP was found diffusely
º

throughout the cytoplasm and cortex (Figure 4.4A-B). Occasional transient Dpod1GFP

puncta were seen, particularly at the cell edge (Figure 4.4B). Until cleavage furrow º .

formation, no other obvious specific subcellular localization was noted (Figure 4.4C-J). º

However, as the cleavage furrow began to form, Dpod1GFP accumulated cortically * * J s
where the furrow began to invaginate (Figure 4.4K). (Note that in Figure 4.4L, the sº

a

cleavage furrow-associated Dpod1GFP signal is out of the focal plane.) Subsequently,

the Dpod1GFP signal intensified, particularly as the division neared completion and C n
afterwards as the cells separated, i.e., during abscission (Figure 4.4M-T). As in the º
embryo, the Dpod1 signal was seen on both sides of the furrow, in each daughter cell; 2–
there was no asymmetric segregation of the protein. In addition, Dpod1GFP seemed to

be present along the entire cell-cell interface, although the strongest signal was seen in . t

22
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the middle near the presumptive midbody (Figure 4.4P). The Dpod1GFP signal remained

even after the nuclear envelope was established in each daughter cell.

º
º

>

§

º,
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DISCUSSION

In summary, in embryos lacking both maternal and zygotic dpod■ , all polarity markers

tested—both apical and basal markers—were localized normally in epidermal cells and

neuroblasts. As part of this analysis, I assayed the Bazooka/dParé/daPKC complex and

found no abnormalities, differing from the pod-1 mutant phenotype in C. elegans where

loss of pod-1 causes a non-polarized distribution of Par-3 and vice versa. Similarly, the

orientation of mitotic spindles in neuroblasts lacking maternal and zygotic dpod■

appeared normal. Consistent with these findings, cell fate determination appeared

unperturbed: the Even-skipped staining pattern was normal in stage 16/17 embryos.

Thus, Dpod1 did not appear to be required for the establishment and/or maintenance of

polarity in epidermal cells and neuroblasts. Furthermore, it appeared to be dispensable

for the normal positioning of the mitotic spindle and the proper execution of subsequent

asymmetric cell divisions and cell fate determination. In support of these results,

complete removal of dpod■ (by mitotic clones) from the SOPs did not affect polarity,

spindle orientation, asymmetric cell division, or subsequent cell fate determination in the

developing adult PNS (data not shown).

Contrasting the C. elegans one-cell embryo and the Drosophila neuroblast

Although my original hypothesis was that Dpod1 might be part of the Par-3/Par-6/aPKC

complex or might link this group of proteins to the actin cytoskeleton, the above results

>

;
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strongly argue against this idea. First, in marked contrast to the situation in worms, there

was only a slight asymmetric enrichment of Dpod1 occasionally observed in neuroblasts:

the protein was not strongly asymmetrically localized in a crescent. Apparently, flies and

worms utilize and localize Pod-1 quite differently. One possible explanation for the

difference is that C. elegans embryos may express an adaptor protein that localizes Pod

1, and Drosophila neuroblasts lack this protein. An analogous situation already exists for

Numb in the Drosophila embryonic epithelium. There, Numb is evenly cortical unless

Pon—an adaptor protein that normally functions in the nervous system and the muscles

to localize Numb—is ectopically expressed, causing Numb to be asymmetrically

localized to the basal cortex (Lu et al., 1998b). More needs to be known about the Pod-1

localization machinery before this question can be answered.

More importantly, why is there no polarity phenotype in dpod■ mutants in Drosophila?

Several possible explanations could account for this difference between flies and worms.

First, perhaps the one-cell C. elegans embryo utilizes two different parallel pathways—

both of which are required to establish and maintain embryonic polarity—but the

Drosophila neuroblast only uses one of them. One of these would be the Par pathway,

and the other would be the Pod pathway. (It might also be possible that a positive

feedback loop exists between the two pathways.) This could explain the codependent

localization of Pod-1 and Par-3 in C. elegans as well as the similar mutant phenotypes.

In support of this idea, several more Pod genes have been identified, and they appear to

function in a common pathway (Rappleye et al., 2002; Tagawa et al., 2001). If this

f

s
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polarity pathway were not utilized in the Drosophila neuroblast (or were utilized for a

different purpose), Dpod1 would not be required for asymmetry.

Second, perhaps Dpod1 in Drosophila is redundant with another molecule that masks a

function for Dpod1 in neuroblast polarity. The strongest candidate is Coronin, the

protein most homologous to Dpod1 in the Drosophila genome. Flies possess a single

copy of coronin (CG9446), a protein approximately half the size of Dpod1 that has º

homologs that dimerize in other organisms (Asano et al., 2001; Goode et al., 1999).
-

Perhaps Drosophila coronin, a molecule that in-situ hybridization shows is ubiquitously

expressed (data not shown) and is thus present in neuroblasts, is redundant with dpod■ or

is upregulated in embryos lacking dpod■ . This is not the case in C. elegans, where the

genes have distinct functions: coronin RNAi has no obvious phenotype, and depleting

pod-1 mutants of coronin does not affect the phenotype (Rappleye et al., 1999).
*-

Interestingly, when RNAi against dpod■ and coronin was injected simultaneously into
*.

cellularizing Drosophila embryos, no polarity phenotype was observed in neuroblasts

(data not shown). Of course, since there are no available antibodies to Drosophila

Coronin, I was unable to assess the effectiveness of the RNAi. Future double mutant

analysis between dpod■ and coronin might be more informative.

Third, embryos devoid of dpod■ may have a defect in neuroblast polarity that is seen with

very low penetrance. If this is the case, the penetrance of the phenotype must be less than

1%, since for each staining, I observed well over 100 neuroblasts lacking Dpod1.

Although neuroblast polarity defects with similar penetrance have been observed in

-

>

s

º

º

;
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bazooka zygotic mutant embryos (Kuchinke et al., 1998), removing both maternal and

zygotic bazooka causes the penetrance to become nearly complete (Schober et al., 1999;

Wodarz et al., 1999). This case is therefore quite different from the case of Dpod1.

Dpod1 in the cleavage furrow

Both the actin and MT cytoskeletal networks and their associated structural and

regulatory molecules play important roles in the positioning, assembly and contraction,

and disassembly of the cleavage furrow. Several proteins mediating actin-MT

interactions have been shown to have important roles. For example, during the

positioning of the spindle in the yeast Saccharomyces cerevisiae, a protein (Bim.1/EB1) at

the plus ends of extending astral MTs binds to a protein complex associated with cortical

actin that includes Kar■ /APC and Myo2p (a class V myosin) (Korinek et al., 2000; Lee et

al., 2000; Miller et al., 2000). Similarly, during spindle positioning in the two cell C.

elegans embryo, cytoplasmic dynein/dynactin (an actin-MT crosslinking protein

complex) may help crosslink extending astral MTs to an actin-rich site defined by the

previous cell division (Gonczy et al., 1999; Skop and White, 1998). During cleavage

furrow assembly and progression, several other putative actin-MT crosslinkers may

function, including anillins and septins: both have affinity for actin as well as MTs, are

localized to the cleavage furrow, and are required for cytokinesis in multiple organisms

(Oegema et al., 2000; Surka et al., 2002). In addition, the actin-MT crosslinker coronin is

involved in cytokinesis in the slime mold Dictyostelium disoideum (de Hostos et al.,
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1993; Goode et al., 1999). Many other cytoskeletal proteins, including actin and MT

bundling proteins, have also been implicated in various aspects of cytokinesis, including

Myosin-2, RhoA, formins, and many others. Thus, in light of the abilities of Dpod1 to

bundle actin, bundle MTs, and crosslink actin to MTs in vitro and in cells (see Chapter

2), and in light of its strong homology to coronin, a role for Dpod1 at the cleavage furrow

might be expected.

Dpod1 was localized to the cleavage furrow in all cells where it was expressed, including

epithelial cells, neuroblasts, SOPs, and S2 cells. It was found on both sides of the furrow,

all along the cell-cell interface of the two sister cells. The protein was quite stable there,

since the signal persisted at least until the nuclear envelopes of the sister cells were

established, and perhaps longer. This localization was similar to what is seen with Pod-1

in C. elegans, where depletion of Pod-1 causes a defect in the maintenance of the

cleavage furrow approximately one fifth of the time (Rappleye et al., 1999). However, I

did not observe a cleavage furrow defect in cells lacking Dpod1, suggesting that Dpod1

may not be required in Drosophila cytokinesis.

What can explain this difference? Interestingly, in spite of the fundamental importance

of cytokinesis in the cell cycle, many of the genes and mechanisms involved appear to

differ or have different functional roles in different organisms (Glotzer, 2001).

Alternatively, the function of Dpod1 in the cleavage furrow might be redundant with

another molecule. Again, the most likely candidate for redundancy with Dpod1 in this

process is Coronin. Coronin's role in cytokinesis has best been studied in the slime mold
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Dictyostelium discoideum (de Hostos et al., 1993; Fukui et al., 1999), where its removal

by gene replacement results in multinucleate cells when they are grown in suspension (de

Hostos et al., 1993). However, when these cells are grown adherent to a substrate, they

are still able to divide, much like cells mutant for Myosin-2; thus, cytokinesis in

Dictyostelium appears to use different mechanisms under different conditions. (How this

occurs is still a mystery.) The exact nature of the cytokinesis defect, i.e., which step in

cytokinesis is affected, in Dictyostelium lacking coronin is still undescribed.

The persistence of Dpod1 at the cleavage site raises the interesting possibility that Dpod1

may function as part of a “bud scar” at the site of cell division, thus providing a cue to

orient the cell during its next cell division. This phenomenon occurs in diploid yeast

cells, where Rax2p, a membrane protein with a very long half-life, behaves as such a

mark (Chen et al., 2000). However, because mitotic spindle orientation and subsequent

cell fate determination occurs normally in embryos lacking dpod1, this hypothesis seems

unlikely.

Concluding remarks

Although Pod-1 appears to play important roles in both cell polarity and cleavage furrow

function in the C. elegans embryo, the Drosophila homolog, Dpod1, appears to have

different functions. Instead, Dpod1 functions as a cytoskeletal regulator during axon

guidance (see Chapter 2). Future experiments in which both Dpod1 and Drosophila
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Coronin are depleted from embryos or cells may reveal whether Dpod1 has retained any ~,

functions in polarity or cytokinesis in the fly.
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CHAPTER 4 FIGURES

Figure 4.1: Dpod1 is not required for the asymmetric localization of apical or basal

markers in neuroblasts

Panels A and C depict embryos lacking maternal dpod■ . Panels B and D depict embryos

lacking maternal and zygotic dpod 1.

(A.) Stage 14 embryo stained for aPKC (green) and Dpod1 (red) shows normal apical

aPKC in epithelia (arrow) and neuroblasts (arrowhead).

(B.) Stage 14 embryo lacking all Dpod1 shows normal apkC (green) apical localization

in epithelia (arrow) and neuroblasts (arrow).

(C.) Stage 10 embryo stained for Miranda (green), Tubulin (blue), and Dpod1 (red)

shows normal basal Miranda crescents (arrow) and metaphase spindles (arrowhead).

(D.) Stage 10 embryo lacking all Dpod1 shows normal basal Miranda crescents (arrow)

and metaphase spindles (arrowhead).
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Figure 4.2: Even-skipped expression is not affected by lack of Dpod1

Panels A and C show embryos lacking maternal dpod■ , while panels B and D show

embryos lacking maternal and zygotic dpod 1.

(A.) Stage 16/17 embryo stained for Dpod1 (red) and Eve (green). RP2 motorneurons are

present and positioned normally (lavender arrow). aGC (white arrow) and pCC

(arrowhead) are also normal.

(B.) Stage 16/17 embryo lacking all Dpod1 has normal RP2 (lavender arrow), aOC (white

arrow), and pCC (arrowhead) motorneurons. Because this is a Z-series (the embryo was

not filleted), the aGC/pCC pair sometimes appears to have more than 2 neurons.

(C.) A filleted stage 16/17 embryo shows normal RP2 (asterick), aOC (arrow), and pCC

(arrowhead) motorneurons in each segment.

(D.) A stage 16/17 embryo lacking all dpod 1 also shows normal RP2 (asterick), a CC

(arrow), and pCC (arrowhead) motorneurons in each segment.
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Figure 4.3: Dpod1 localizes to the cleavage furrow in Neuroblasts and S2 cells

(A-C.) Stage 9 embryo stained for Dpod1 (red) and Miranda (green) shows Dpod1 on the

cleavage furrow (arrow) in both progeny.

(D-F.) An S2 cell overexpressing Dpod1GFP, where Dpod1GFP has been pseudocolored

red (to keep the Dpod1 signal red in this figure) and Tubulin staining is shown (green),

exhibits strong Dpod1 localization to the cleavage furrow (arrow).
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Figure 4.4: Time course of Dpod1GFP localization to cleavage furrow in SOP

A dividing Sense Organ Precursor (SOP) cell on the notum at approximately 18 hours

after white pupae formation is shown expressing Dpod1GFP under the control of

Scabrous-Gal4.

Panels were imaged every 90 seconds (check this).

(A-B.) Arrows indicate puncta of Dpod1GFP at the cell edge.

(C.) Nuclear envelope breakdown has occurred.

(K.) As the cell gets ready to divide, Dpod1GFP signal illuminates the early cleavage

furrow (arrow).

(M-O.) Strong Dpod1GFP signal is seen on both sides of the cleavage furrow (arrows).

(N-T.) Strong Dpod1GFP signal remains present at the remnant of the cleavage furrow

after the division is complete and the nuclear envelopes of the daughter cells have

formed.
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Chapter 5

Dpod1 can remodel cell shape in developing mechanosensory bristles

and S2 cells
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INTRODUCTION

Cells can display an astounding variety of shapes, and a single cell can exhibit vastly

different shapes throughout its development. For example, a developing Drosophila

class IV multiple dendritic (MD) neuron begins as a simple, round cell but eventually

elaborates an extremely complicated, highly-branched dendritic tree and an axon that

extends a long distance from the soma (Grueber et al., 2002).

Cell shape is primarily determined by the state of polymerized actin and microtubules

(MTs), two dynamic cytoskeletal networks that frequently function together and are often

interdependent (Goode et al., 2000). Changes in either actin or MTs (or both) can have

dramatic effects on cell shape; consequently, molecules that influence actin and MTs,

either directly or indirectly, often play crucial roles in cell shape regulation. Aside from

neurons, at least two different Drosophila cell types have emerged as powerful systems

for studying both actin and MT dynamics in the regulation of cell shape: mechanosensory

bristles and S2 cells.

Sensory bristles are long (up to 400 pm), gently curved, tapered, unbranched, hair-like

protrusions elaborated by bristle cells (trichogens) during pupal development. Each

bristle is innervated by an external sensory (ES) neuron that projects to the CNS and

enables the fly to detect mechanical stimuli. During development, bristles contain

multiple parallel, longitudinally-oriented, crosslinked actin bundles that are associated
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with the plasma membrane (e.g., thoracic microchaetae—small bristles—have 7-11

bundles); sensory bristles also contain a large population of centrally-located MTs

(Tilney et al., 2000a; Tilney et al., 1995). Actin polymerization is the driving force

behind bristle growth, a process that takes place throughout the developing bristle.

Treatment of growing bristles with drugs that block actin polymerization (such as

cytochalasin D or latrunculin A) dramatically curtails bristle extension (Fei et al., 2002;

Tilney et al., 2000a; Turner and Adler, 1998). MTs also contribute to bristle

development by maintaining the highly polarized axial growth: drugs that inhibit MTs

(such as vinblastine or colchicine) cause a decrease in axial length but a compensatory

increase in bristle width, so that total bristle volume is unchanged (Fei et al., 2002).

Thus, actin and MTs play important and distinct roles in bristle elaboration.

Genetic evidence also supports this conclusion. Many different actin-binding proteins

affect bristle morphogenesis: crinkled (myosin VII) (Ashburner et al., 1999; Turner and

Adler, 1998), singed (fascin) (Bryan et al., 1993; Cant et al., 1994), forked (Petersen et

al., 1994; Tilney et al., 1995), capping protein (Hopmann et al., 1996), chickadee

(profilin) (Verheyen and Cooley, 1994), twinstar (ADF/cofilin) (Chen et al., 2001;

Gunsalus et al., 1995), slingshot (ADF/cofilin phosphatase) (Niwa et al., 2002), and

twinfilin (Wahlstrom et al., 2001). In addition, mutations in the light chain of dynein, a

minus-end directed MT motor, also affect bristle morphogenesis (Dick et al., 1996).

These different mutations result in distinct bristle phenotypes, reinforcing the notion that

actin, MTs, and their respective regulatory factors play distinct roles in bristle

morphogenesis.
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S2 cells are round, non-polarized, macrophage-like phagocytes (Ramet et al., 2002) that

spread out and adopt a discoid morphology when plated onto glass coverslips coated with

concanavalin A (Rogers et al., 2002). Live imaging of spreading S2 cells shows that they

possess dynamic structures such as lamellipodia and filopodia. In these structures, actin

polymerization and assembly occurs near the plasma membrane, and the actin network

undergoes retrograde flow. Actin network disassembly occurs in more central regions of

the lamella. Thus, the actin is constantly “treadmilling.” Simultaneously, polymerizing

MTs emanating from the central, peri-nuclear region of the cell explore the lamellipodia

and filopodia and exhibit dynamic instability. Experimentally altering levels of important

cytoskeletal regulators (by RNAi or overexpression), expressing dominant negative or

constitutively-active forms of cytoskeletal regulatory enzymes (e.g., small GTPases), or

treating the cells with drugs that affect the cytoskeleton can cause significant changes in

S2 cell shape (S. Rogers and R. Vale, personal communication).

Dpod1 is a protein that can bind and crosslink both actin and MTs; it can also function

with signaling molecules that impact upon the cytoskeleton (see Chapter 2). Here, we

show that in both S2 cells and sensory bristles, loss of Dpod1 had no obvious effect on

cell shape or cytoskeletal dynamics; this is consistent with observations in navigating

axons that argue that Dpod1 is not required for the constitutive maintenance of the

cytoskeleton but instead plays a more regulated role (see Chapter 2). Overexpression of

Dpod1 in S2 cells and sensory bristles remodeled cell morphology in a dose dependent

manner. In S2 cells, Dpod1 overexpression caused long, dynamic, actin-dependent
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cellular projections to form and adopt a branched morphology. In sensory bristles,

Dpod1 overexpression caused bristles to deviate from their smooth, unbranched, tapered

shape and sharply bend, branch, and adopt aberrant morphologies. Several models might

account for Dpod1’s effects on cell shape in both systems.
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EXPERIMENTAL PROCEDURES

Flies were grown on standard media at 25°C. Dpod1 deletion alleles used included A17

and A96, and mitotic clones were generated as described in Chapter 2 (see Experimental

Procedures). Overexpression experiments were conducted with UAS-Dpod1 and UAS

Dpod1GFPmyc using the scabrous Galà, patchedGal4, neuralizedGal4, and heat shock

GalA expression drivers. All S2 cell culture experiments were done as described in

Chapter 2. Antibodies and staining reagents (and the dilutions) used included mouse

anti-tubulin (1:1000) (Sigma), Rhodamine-phalloidin (1:100) (Molecular probes), and

goat anti-mouse Cy5 (1:200) (Jackson labs).
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RESULTS

Overexpression of Dpod1 remodels sensory bristles in a dose-dependent manner

In the embryo, Dpod1 is expressed at low to moderate levels in epidermal cells, and at

higher levels in neuronal cells (see Chapter 2). Similarly, in the developing notum,

Dpod1 is expressed at low to moderate levels throughout the epithelium and is enriched

in Sense Organ Precursor (SOP) cells and their progeny. Within the SOP lineage, Dpod1

expression is especially evident in the External Sensory (ES) neuron (where it is

abundant in the developing dendrites), but Dpod1 is also seen in the developing trichogen

(data not shown). In spite of this expression in the developing trichogen, complete

removal of Dpod1 (see Experimental Procedures) did not prevent the elaboration of

apparently normal bristles. Bristles lacking Dpod1 were not significantly reduced in

length or thickness (Figure 5.1A, C), and their shape appeared normal. Similarly, like

their wild type counterparts, bristles lacking Dpod1 still possessed parallel longitudinal

ridges (Figure 5.1B-C), demonstrating that Dpod1 was not required for actin bundling,

assembly, gross organization, or localization in sensory bristles. (Some minor

abnormalities in the course of longitudinal ridges were seen (Figure 5.1C, arrowhead),

suggesting that Dpod1 does have a function in modulating actin bundles in the bristles,

but these defects were not analyzed in detail.)
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In contrast, overexpression of Dpod1 (or Dpod1GFP) with several different GalA drivers

that drive expression in SOP cells and their progeny (including scabrous-GalA, patched

GalA, and neuralized-Gal+) caused sensory bristles to adopt aberrant shapes. The same

was observed in flies expressing Dpod1 under the control of the heat shock-GalA driver

that were heat shocked during 3" instar larval and early pupal stages, when sensory

bristles are forming. The observed bristle defects included splitting (Figure 5.1F), sharp

bending (Figure 5.1E), branching (Figure 5.1D), clubbing at the distal end (Figure 5.1E),

and marked thickening at branch points (Figure 5.1D). In addition, the longitudinal

ridges occasionally converged (Figure 5.1D), suggesting a defect in actin bundling.

Multiple defects were often present in a single bristle (Figure 5.1D-E).

These defects were dosage dependent. For example, when overexpression was driven by

scabrous-GalA, the phenotype was present when flies were raised at 29°C, but not when

flies were raised at 18°C or 25°C. (Expression levels caused by GalA drivers correlate

directly with temperature: higher temperatures cause higher expression levels.

(Abdelilah-Seyfried et al., 2000; Duffy, 2002)) Furthermore, in contrast to the result with

scabrous-GalA, the phenotype was seen in nearly all flies when expression was driven at

25°C with neuralized–GalA, a driver that promotes higher expression levels in SOP

progeny than scabrous-GalA (F. Roegiers, personal communication). Consistent with

this, the phenotype caused by neuralized–GalA was more severe than the phenotype seen

with scabrous-GalA at 29°C; more bristles were affected in each fly, and the affected

bristles were more severely affected (data not shown).
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The overexpression phenotype was suppressed in flies heterozygous for a dpod 1 deletion.

Specifically, the only flies to show the Dpod1 overexpression phenotype in the bristles

were those that had both of their endogenous dpod 1 copies intact. Flies that carried the

heat shock-GalA UAS-dpod■ chromosome and were heat-shocked in larval/pupal

development but were heterozygous for the dpod■ deletion did not exhibit the phenotype.

This further suggests that the overexpression phenotype is dosage dependent. It also

demonstrates that, consistent with the antibody staining, Dpod1 is normally expressed in

the developing bristles.

Overexpression of Dpod1 remodels the cytoskeleton of S2 cells in a dose-dependent

m1a/171er

In S2 cells plated and spreading on concanavalin/A-coated (conA) cover slips,

endogenous Dpod1 localized to sites of new actin polymerization, particularly at the cell

edge in both lamellipodia and filopodia (see Chapter 2). Lamellar Dpod1 was especially

concentrated where MTs met the lamellar edge (see Chapter 2). This is demonstrated in

Figure 5.2C, which depicts a cell (in the upper-left quadrant) that was stained for Tubulin

and was expressing a low level of Dpod1GFP. Closeup views of several regions of this

cell are shown in Figure 5.2D. Such a subcellular localization was consistent with a

molecule playing a role in actin/MT interactions at the cell edge.
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When RNAi was used to reduce Dpod1 to undetectable levels (by both immunostaining

and Western blot), we observed no changes in cell shape. We also saw no changes in

actin or MTs in fixed cells (data not shown). Similarly, when Dpod1-RNAi cells were

transfected with ActingFP or Tubulin(SFP to assay cytoskeletal dynamics by live

imaging, no differences from normal S2 cells were seen. Parameters measured included

rate and extent of retrograde actin flow, rate of MT growth and shrinkage, rate of MT

catastrophe (transitions from growth or pause to shrinkage per second), rate of MT rescue

(transitions from pause or shrinkage to growth per second), and proportions of paused,

growing, and shrinking MTs (data not shown). Thus, Dpod1 was not necessary for

cytoskeletal maintenance or regulation in S2 cells.

However, as in the sensory bristles, overexpression of Dpod1GFP caused a dramatic

dose-dependent remodeling of cell shape (Figure 5.2A-C). Cells expressing high levels

of Dpod1GFP (as determined by fluorescence intensity) extended long, neurite-like

projections that were sometimes branched (Figure 5.2A-C, also see Chapter 2). In

contrast, cells that were untransfected (Figure 5.2E) or expressed lower levels of

Dpod1GFP (Figure 5.2A-C, upper left cell) were round and did not display this

phenotype. The processes contained high levels of Dpod1GFP (Figure 5.2E), were rich

in actin bundles (Figure 5.2F), and were often invaded by MTs (Figure 5.2H). The

processes were actin (but not MT) dependent (see Chapter 2), suggesting that their

growth, like that of sensory bristles, was driven by actin polymerization. Interestingly,

cells expressing high levels of Dpod1GFP apparently had higher overall levels of

polymerized actin (compare transfected and untransfected cells in Figure 5.2F),

164



suggesting that Dpod1 overexpression may have interfered with the turnover of

polymerized actin. Notably, this sort of increase in cellular actin levels has been seen in

mutants of ADF/cofilin, a molecule that depolymerizes actin at its pointed end and

increases levels of treadmilling (Carlier et al., 1997; Chen et al., 2001; Gunsalus et al.,

1995).
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DISCUSSION

We have shown that Dpod1 is present in both sensory bristles and S2 cells and that its

overexpression can remodel both the actin and MT cytoskeletal networks to affect cell

shape in a dose-dependent manner. Interestingly, reduction of Dpod1 levels does not

appear to affect the shape of either cell-type, supporting the hypothesis that Dpod1 is not

required constitutively for the maintenance of actin or MT structures. This is consistent

with observations in navigating axons where loss of Dpod1 causes defects in axon

turning but not axon extension (see Chapter 2). If Dpod1 were required constitutively for

the integrity of the growth cone cytoskeleton, one would expect to see a more dramatic

effect on axonal outgrowth. Similarly, if Dpod1 were fundamentally important in

cytoskeletal assembly or maintenance in developing bristles or S2 cells, removal of the

protein would be expected to significantly affect cell shape. Supporting this notion, in

both of those cell types, reducing levels of Profilin, a key promoter of actin

polymerization, causes dramatic changes in cell shape (Hopmann and Miller, 2003 and S.

Rogers and R. Vale, unpublished data). Of course, it remains possible that other

experimental techniques that have a higher resolution, such as electron microscopy, may

reveal more subtle cytoskeletal or cell shape changes in sensory bristles or S2 cells that

lack Dpod1. In addition, redundancy of Dpod1 with other molecules might have masked

a loss-of-function phenotype. For example, at least one other actin bundling protein

besides Singed/Fascin and Forked probably acts during bristle morphogenesis (Tilney et

al., 1995; Wulfkuhle et al., 1998); perhaps double or triple mutant experiments with

dpod■ and singed/fascin and forked will answer this question.
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What does the overexpression phenotype in the sensory bristles reveal about Dpod1’s

abilities to regulate actin and MTs in trichogens? First, bristle-splitting and abnormal

bending and turning are phenotypes observed when levels of several different actin

bundling proteins (such as forked and singed) are changed; thus, in light of the ability of

Dpod1 to bundle actin in-vitro (see Chapter 2), it seems likely that these aspects of the

overexpression phenotype may have been due to interference with normal actin bundling.

Furthermore, the abnormal thickening of bristles—seen at branch points (see Figure

5.1D)—suggests an abnormality in the axial bias of bristle growth, a function attributed

to MTs (Fei et al., 2002). Perhaps there were defects in MT organization or dynamics at

such branch points. Taken together, the various abnormal features of bristles

overexpressing Dpod1 suggest that the phenotype was due to a combination of effects on

both actin and MTs, a hypothesis that would be consistent with biochemical activities of

Dpod1 observed in-vitro (see Chapter 2).

What does the overexpression phenotype in S2 cells reveal about Dpod1’s abilities to

regulate actin and MTs in those cells? Overexpression of Dpod1GFP caused the

outgrowth of long, neurite-like, actin-rich processes that were often invaded by MTs (see

Chapter 2 and Figure 5.2). Since these processes were dependent on actin (but not MTs)

and invariably contained actin (but did not always contain MTs), the cell shape change

was likely due primarily to effects on actin organization and/or dynamics. However,

significant changes in MT organization also occurred, and MTs approaching the lamellar

edge often were in close apposition to foci of Dpod1 (Figure 5.2D, see Chapter 2). A
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likely scenario is that changes in actin organization caused the protrusions to form, and

they were subsequently invaded by MTs, which were captured, stabilized, and/or

crosslinked to actin bundles by Dpod1. Ultimately, Dpod1 was capable of changing both

actin and MT organization in S2 cells. Again, this is consistent with the observed in-vitro

activities of Dpod1: crosslinking both actin and MTs (see Chapter 2).

Interestingly, overall levels off-actin appeared higher in cells overexpressing Dpod1 than

in untransfected cells (Figure 5.2E-F). (Whether f-actin levels were also increased in

developing sensory bristles overexpressing Dpod1 is currently unknown.) This suggests

that Dpod1 overexpression may have interfered with efficient actin treadmilling

(Pantaloni et al., 2001). Indeed, removal of several different molecules that play a role in

this process, including ADF/cofilin and capping protein, leads to overall increases in f

actin levels (Baum and Perrimon, 2001; Carlier et al., 1997; Chen et al., 2001; Gunsalus

et al., 1995). Consistent with this hypothesis, yeast coronin has been shown to

coimmunoprecipitate with ADF/cofilin (Ho et al., 2002). Perhaps overexpression of

Dpod1, which contains two coronin repeats, changes the levels or localization of

ADF/cofilin.

Several different models could account for the effects of Dpod1 overexpression in both

sensory bristles and S2 cells. First, high levels of Dpod1 may have disrupted cell shape

by excessively crosslinking actin and/or MTs. Previous studies on sensory bristles have

shown that increasing the dosages of actin bundling proteins (forked and singed/fascin)

can affect the number and shape of longitudinal plasma membrane-associated actin
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bundles, thereby altering bristle shape (Tilney et al., 2000b). Similarly, in cell culture

cells, overexpression of actin bundling proteins can dramatically change cell shape and

induce cellular protrusions (Wulfkuhle et al., 1999). It is also possible that the ability of

Dpod1 to crosslink MTs contributed to its ability to remodel cell shape, especially since

this activity likely occurs at the cell edge. Together, these changes may have caused

significant alterations in cytoskeletal (actin or MT) dynamics. Second, Dpod1

overexpression may have somehow changed the balance of various actin-binding

proteins, molecules which regulate various aspects of actin assembly and disassembly.

Such a balance is important in developing trichogens where proper levels of capping

protein and profilin are required to organize actin and elaborate normal sensory bristles

(Hopmann and Miller, 2003). Perhaps Dpod1 overexpression altered this balance or

affected the relative levels of other actin binding/regulatory proteins (such as cofilin).

Third, Dpod1 overexpression may have altered signaling information from molecules that

normally impinge upon the cytoskeleton. Along this line, during axon guidance, Dpod1

functions together with the Robo receptor and its binding partner Enabled to regulate

axon turning (see Chapter 2); perhaps in S2 cells and/or developing trichogens, Dpod1

functions with Enabled to regulate actin dynamics (although Enabled has not yet been

shown to have a role in those cells). Dpod1 may also function with small GTPases, a

class of molecules that has been shown to regulate cell shape (Heo and Meyer, 2003) and

functionally connect the actin and MT networks (Manser, 2002). Another possibility is

that Dpod1 overexpression changes the activity or localization of the Arp2/3 complex, an

important stimulator of actin polymerization. Interestingly, in yeast, Coronin physically

associates with the Arp2/3 complex and regulates its activity (Humphries et al., 2002).
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CHAPTER 5 FIGURES

Figure 5.1: Dpod1 overexpression can remodel sensory bristle shape

(A.) In a fly containing a mitotic clone, comparison of wild type sensory bristles (arrows)

to Dpod1-null sensory bristles (arrowheads) shows that loss of Dpod1 does not affect

overall bristle length, width, or shape.

(B.) A normal bristle is shown. Notice the parallel longitudinal ridges (arrow).

(C.) A Dpod1-null bristle is shown. The parallel ridges appear grossly normal (arrow),

but some defects can be seen (arrowhead).

Panels D-F are from neuralized-GalA UAS-dpod■ flies (one copy of each, 25°C)

(D.) This bristle is branched (arrow) and is abnormally thickened near the branchpoint.

Also, the longitudinal ridges abnormally converge (asterick).

(E.) This bristle has a sharp bend (arrow) and displays clubbing at its tip (asterick).

(F.) This bristle has split near its base (arrow).
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Figure 5.2: Dpod1 overexpression can remodel S2 cell shape in a dose-dependent

J/1(1/1/162/"

(A.) A cell expressing low levels of Dpod1GFP (arrowhead) is round, while another cell

expressing high levels of Dpod1GFP (arrow) projects long, branched processes.

(B.) Tubulin stain

-

(C.) Merge of Panels A and B shows that MTs invade many (arrow) but not all

(arrowhead) of the processes.

(D.) Closeup of several regions of the upper left cell in Panel C shows MTs at the

lamellar edge invading Dpod1 foci (arrowheads).

(E.) Another cell expressing high levels of Dpod1GFP

(F.) An actin (rhodamine-phalloidin) stain shows actin structures induced by Dpod1

overexpression. Also note that the transfected cell has higher overall actin levels that

untransfected cells.

(G.) Tubulin stain

(H.) Merge of Panels D-F. Notice that untransfected (not green) cells are round. Also,

notice that MTs invade many (arrows), but not all (arrowheads), of the processes in the

cell overexpressing Dpod1GFP.
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Chapter 6

Conclusions and Future Directions
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CONCLUSIONS

In this chapter, I review conclusions about Dpod1 reached from work presented in

previous chapters. Then, I present several possible lines of future experimentation that, if

completed, would offer significant advances into our understanding of Dpod1 in several

different biological contexts.

Conclusions from Chapter 2

Like C. elegans, Drosophila possesses a single pod-1 gene, called dpod■ , that encodes a

protein that is 1074 amino acids long. Dpod1 contains two coronin domains (each of

which contains three WD repeats, a protein-protein binding motif), a central region

(between the coronin domains) of weak homology to the MT stabilizing region of the MT

associated protein MAP1B, a putative class IK SH3 binding domain (as well as several

other PXXP domains that may bind to SH3-domain containing proteins), and a highly

conserved C-terminal tail of unknown function. Purified Dpod1 can function in-vitro as

an actin bundling protein, a MT crosslinker, and an actin/MT crosslinker. All three of

these activities may be important in Dpod1's cytoskeletal regulatory functions in-vivo.

In cells, Dpod1 is primarily an actin-associated protein: it localizes strongly to the newly

assembled actin at the lamellar edge, where it can be found in a punctate pattern. It also

can be found in intralamellar actin bundles. Interestingly, the Dpod1 puncta at the cell’s
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edge often colocalize with the ends of MTs that have extended from the cell center to

reach the cell’s edge; this hints that Dpod1 could have a role in the capture and

stabilization of MTs. Consistent with the colocalization of Dpod1 and actin in fixed

cells, live imaging of Dpod1-GFP in S2 cells shows that it exhibits retrograde flow at a

similar rate to actin. The localization of Dpod1 to the lamellar edge depends on actin but

not on MTs. Importantly, when actin is disrupted, Dpod1 relocalizes to MTs, consistent

with the idea that it has a stronger affinity for actin than MTs (as coronin does), or that its

association with MTs may be regulated.

Depletion of Dpod1 from S2 cells, which are non-polarized macrophage-like phagocytes,

has no obvious effect on their cytoskeletal dynamics, showing that Dpod1 is not

constitutively required for cytoskeletal maintenance. In contrast, overexpression of

Dpod1 causes dramatic remodeling of both actin and MTs in a dose-dependent manner.

Cells extend neurite-like processes that are dynamic, occasionally branched, actin rich,

actin-dependent (but not MT dependent), and often invaded by MTs. The tips of many of

these processes contain a focus of Enabled, an important cytoskeletal regulator that

localizes to the tips of growth cone filopodia and plays an important role in axon steering.

In developing Drosophila embryos, Dpod1 is expressed at low levels in epithelial cells

and at high levels in the developing nervous system (both the CNS and PNS). In

epithelial cells, Dpod1 localizes constitutively to the cell cortex and strongly accumulates

at the cleavage furrow of mitotic cells. Within the nervous system, in addition to

localizing cortically around neuronal cell bodies, Dpod1 localizes to the tips of extending
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neurites (both axons and dendrites). Notably, it appears to concentrate markedly at

navigational choice points, places along an axon’s trajectory where the growth cone

slows down, enlarges, actively explores its immediate environment, and coordinates the

regulation of actin and MTs to translate signaling cues into directed axonal turning and

extension.

Complete removal of Dpod1 from embryos by generating germline clones shows that

Dpod1 is required in motorneurons for proper axon guidance, but not for continued axon

extension. This is consistent with the S2 cell results which show that Dpod1 is not

constitutively required for cytoskeletal maintenance; instead, Dpod1 may play a

regulatory or specialized role. The requirement for Dpod1 in neurons is at least partly

postmitotic, since driving expression of Dpod1-GFP in germline clone embryos with

elavGalA, a driver expressed in differentiating neurons, significantly rescues axon

targeting defects. Several different kinds of targeting errors occur in the complete

absence of Dpod1: bypass of targets, stopping short of targets once in the target vicinity,

abnormal defasciculation, failure to defasciculate and turn normally, switching

abnormally from one trajectory to another, meandering out of a target region, abnormal

midline crossing, and abnormal crossing of segment boundaries. Such a diverse range of

defects suggests that Dpod1 may function to coordinate or regulate the growth cone

cytoskeleton at several times during axon targeting, rather than functioning in a single

turning or branching decision.
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Dpodl is also required in the PNS for proper axon guidance as well as cell migration.

Neurons that migrate along the body wall to reach their final positions (e.g., lateral

chordotonals) are often irregularly positioned in the absence of Dpod1. Thus, in addition

to having a function in axon guidance, Dpodl appears to regulate cell migration. Perhaps

this is unsurprising, as many molecules with roles in axon guidance also have important

functions in neuronal migration.

Overexpression of Dpod 1 postmitotically in neurons disrupts axon targeting, showing

that proper levels of Dpod1 must be maintained in growth cones for normal axon

guidance. The defects observed are somewhat similar to those seen in the absence of

Dpod1, suggesting that manipulating Dpod1 levels either significantly above or below

normal may lead to the dysregulation of the growth cone cytoskeleton.

As an important regulator of the growth cone cytoskeleton, dpod1 probably functions

downstream of axon guidance receptors and helps to link extracellular guidance cues to

the cytoskeleton. In support of this idea, dpod■ genetically interacts with the robo

receptor and its intracellular binding partner enabled. While reduction of robo, ena, or

dpod■ alone never causes midline crossing erros in the CNS, when either robo or ena is

reduced in the context of lower dpod■ levels, frequent midline crossing errors are

observed. This suggests that Dpod1 may have a role in regulating the cytoskeleton

during midline repulsion and may function downstream in the Robo pathway.

Interestingly, many aspects of the dpod■ and enabled mutant phenotypes are quite

similar, but the exact relationship between Dpod1, Ena, and Robo remains unknown.
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Also unknown is whether dpod■ functions downstream of other receptors and is a general

factor linking guidance information to the cytoskeleton.

Pod-1 is highly conserved, and like flies and worms, vertebrates possess a single Pod-1

gene. Interestingly, in developing mouse embryos, mpod 1 is expressed in the developing

spinal cord and dorsal root ganglia at a time when axon guidance is occurring.

Conclusions from Chapter 3

Dpod1’s role in embryonic axon guidance prompted me to ask whether it is required in

other axon guidance events such as photoreceptor axon targeting. Thus, I undertook a

preliminary analysis of Dpod1 in the developing visual system.

Dpod1 is expressed dynamically in several visual system structures throughout

development. In the 3" instar larval eye imaginal disc, Dpod1 is expressed throughout

the epithelium, but is enriched in the morphogenetic furrow and is markedly concentrated

in developing photoreceptor cells at an early stage in their differentiation. There, as in S2

cells, Dpod1 is predominantly found in actin-rich structures, such as the rhabdomere and

the cell cortex. Significant overlap is also seen between Dpod1 and 22c10/Futsch, a MT

associated protein. In the developing optic lobes, Dpod1 is broadly expressed in a

complex pattern and is found in both the cell bodies and neurites of subsets of neurons. It

is abundant in the target regions of the photoreceptor axons: the lamina and the medulla.

184



Again, as in other tissues, in the optic lobes Dpod1 colocalizes extensively with actin,

and overlaps significantly with 22c10/Futsch. In the adult, Dpod1 is highly expressed in

the retina, and is found in a striking layered pattern in the lamina and medulla. In this

region, Dpod1 appears concentrated in foci of unknown significance. Lower levels of

expression also appear throughout the brain.

Removal of Dpod1 from developing photoreceptors does not affect cell fate or

ommatidial organization but significantly disrupts axon targeting, as in the embryo.

Targeting errors are particularly obvious in the lamina: photoreceptors fail to form a

smooth, regular array of axonal termini there. The exact nature of the targeting errors in

the developing visual system is not yet known. Also, it is unknown whether the defects

are cell autonomous to the photoreceptors.

Preliminary data suggest that Dpod1 may physically interact with the N-terminal spectrin

repeat region of the RhoGEF Trio, a cytoskeletal regulator implicated in axon guidance in

several cell types including photoreceptors. The in-vivo significance of this potential

interaction is not yet known.

Conclusions from Chapter 4

Because of the role of Pod-1 in C. elegans early embryonic polarity, I wondered whether

Dpod1 is important in cellular polarity in the Drosophila nervous system. (In fact, this
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was the original motivation for studying dpodl.) Interestingly, Dpod1 does not appear to

be required for cell fate determination or apicobasal polarity in embryonic neuroblasts.

All early markers used to assess apical polarity, basal crescent formation, and proper

spindle orientation are normal in the complete absence of Dpod1. Similarly, later

markers of cell fate show no defects in neuronal fate determination when Dpod1 is

absent.

Dpod1 is also not required for cell fate determination or spindle positioning in the

developing adult PNS. Mutant sense organ precursor cells give rise to normal external

sensory organs. Furthermore, as described in the previous section, Dpod1 has no role in

cell fate determination in the developing visual system. Thus, in contrast to the situation

in C. elegans, in Drosophila Dpod1 does not appear to be a crucial protein in cellular

polarity or cell fate determination. More likely, Dpod1 may be a specialized cytoskeletal

regulator, and this difference between flies and worms may illustrate that the

cytoskeleton is regulated or utilized differently in the establishment of cell polarity in the

C. elegans one cell embryo and the Drosophila nervous system.

Although Dpod1 does not appear to function in cell polarity, it may have a role in

cytokinesis. As in C. elegans, Dpod1 strongly localizes to the cleavage furrow, an

observation noted in many different cell types. However, different from C. elegans

where pod-1 mutants have a partially penetrant cytokinesis defect, removal of Dpod1

does not cause an obvious problem with cytokinesis. Of course, it remains possible that

very careful analysis of cytokinesis in the absence of Dpod1 may reveal a defect.
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Conclusions from Chapter 5

Mechanosensory bristles are large cellular protrusions that rely on precise cytoskeletal

coordination and regulation for their normal morphogenesis. Dpod1 appears to have a

role in the development of these structures. While loss of Dpod1 does not prevent the

extension of grossly normal bristles (i.e., length and shape are not markedly affected), it

does cause slight defects in actin bundle organization: the parallel longitudinal

membrane-associated actin bundles are occasionally seen to converge abnormally. Thus,

Dpod1 is necessary for cytoskeletal organization in bristles. Similarly, excess Dpod1 is

sufficient to disrupt normal cytoskeletal organization. Overexpression of Dpod1 in

developing mechanosensory bristles dramatically changes cell shape in a dose dependent

manner. (This overexpression phenotype can be suppressed by a genomic deletion of

dpod■ , further confirming Dpod1’s role in bristle elaboration.) Bristles with excess

Dpod1 are strikingly abnormal and exhibit sharp bends, branches, clubbing at the ends,

and abnormal thickening. This is most likely due to interference with the normal

regulation of actin bundling or the organization of actin bundles, as longitudinal actin

bundles often abnormally converge and exhibit abnormalities. However, the MT-binding

function of Dpod1 may also be relevant here.

As discussed ealier, overexpression of Dpod1 in S2 cells also causes a dose-dependent

remodeling of both the actin and MT cytoskeletal networks, leading to dramatic changes
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in cell shape. Most likely, the changes in actin organization precede or lead to changes in

MT organization. Interestingly, overexpression of Dpod1 leads to increased overall

levels of actin, suggesting that Dpod1 can somehow protect actin from depolymerization

or change the regulation of actin turnover. Whether actin levels are generally higher

when Dpod1 is overexpressed (i.e., in developing bristles and neurons) is unknown.

FUTURE DIRECTIONS

Although the experiments described above represent a solid first step in the

understanding of Dpod1, many questions remain. Here, I articulate some of these

questions and propose experiments to address them.

Are growth cone dynamics or the cytoskeleton dysregulated when Dpod1 levels are

altered, and if so, how?

Several possible approaches might provide insight here. First, live imaging of CD8-GFP,

a cell surface marker, in motorneurons of normal embryos and doodl GLC embryos (or

dpod■ MARCM clones) would provide a means to compare the dynamic behavior of

growth cones with or without dpod■ . Such an analysis could also be performed in retinal

axons. This line of experimentation would benefit from the use of GalA lines which drive

expression in a small number of defined neurons. These experiments may reveal whether

º

>

;
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depletion of Dpod1 causes differences in growth cone filopodial behavior, leading edge

motility, the stabilization or retraction of nascent branches, or other dynamic parameters.

Such observations would be particularly interesting at axonal choice points.

Second, a similar analysis (i.e., live imaging in dpod! GLCs, doodl MARCM clones, and

wild type neurons) of actin-GFP or tubulin-GFP in growth cones might offer insight into

cytoskeletal dynamics underlying growth cone motility with and without Dpod1.

Although such an analysis would be difficult, would require very high magnification (as

Drosophila growth cones are extremely small), and would probably require state-of-the

art imaging technology, such a careful dynamic analysis of cytoskeletal behavior would

represent an important advance in the Drosophila axon guidance field. Importantly, it

may reveal a subtle problem with these networks (or their coordination) in axon guidance

when Dpod1 is absent. (For example, perhaps only the behavior of pioneer filopodia

would be affected, i.e., those few that encounter attractive guidance cues and redirect the

growth cone in part by capturing and stabilizing invading MTs.) Furthermore, as Dpod1

could affect both actin and MTs and may in fact be an actin/MT crosslinker in the growth

cone, perhaps actin and tubulin could be simultaneously imaged with the use of different

fluorophores (e.g., GFP and RFP). Again, particular attention should be paid to choice

points.

Similar approaches may provide insight into the Dpod1 overexpression phenotypes.

Ideally, such analyses would connect the cell culture work to the behavior of axons in

vivo. It is also possible that cell culture experiments using a different cell type (i.e., one
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that does not simply behave as a non-polarized phagocyte but instead could migrate

directionally or otherwise function more like a neuron) might provide more insight into

the role of Dpod1 in the regulation of growth cone cytoskeletal dynamics.

Cell culture experiments suggest that Dpod1 may not only remodel actin networks but

may also protect actin against depolymerization. For example, S2 cells exhibit increased

actin levels when they overexpress Dpod1. Is this a direct effect of Dpod1, or does

Dpod1 increase actin levels by repressing ADF/cofilin, a molecule that disassembles

actin networks? (Interestingly, yeast coronin coimmunoprecipitates with ADF/cofilin.)

Does the threshold dose of latrunculin change when Dpod1 levels are manipulated, i.e.,

do higher levels of latrunculin need to be applied to cells to eliminate f-actin or to

neurons to disrupt axon targeting?

By what mechanism does Dpod1 regulate the cytoskeleton in-vivo?

Although purified Dpod1 can function in-vitro as an actin crosslinker, a MT crosslinker,

and an actin/MT crosslinker, we do not know which of these activities is most important

in the growth cone. A structure/function analysis would reveal which regions of the

protein bind actin and which bind MTs, and would enable one to ask whether the

different domains need to be present simultaneously in the same molecule for Dpod1 to

function normally. (Such an analysis has been performed with another actin/MT

crosslinker, Kakapo/Short stop.) Ideally, this analysis would be done biochemically
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(where the binding/crosslinking domains could easily be defined), then in cultured cells,

and then in-vivo (by testing rescue of the germline clone mutant phenotype as well as

testing for an overexpression phenotype).

Determining exactly where in the growth cone Dpod1 is localized (e.g., central domain,

peripheral domain, filopodia, etc.) and where it is found with respect to actin and MTs

might also shed light on this question. Perhaps immuno-electron microscopy could be

conducted. Most likely, this analysis would be quite difficult in Drosophila neurons and

would be more easily performed in the growth cones of another species (animals with

very large growth cones such as Aplysia, Xenopus, etc.), where the technique has been

used before. Of course, this would probably require the generation of a new antibody

specific to the Pod-1 from that species.

Another important question about Dpod1’s mechanism is exactly how Dpod1 crosslinks

actin and MTs. Does it bundle them together by assembling parallel bundles? Does it

prefer to bind to plus ends of MTs, or does it bind along the length of MTs? Can Dpod1

dimerize, as coronin does? Careful biochemical analyses may provide insight into these

issues.

Also interesting—especially in light of Dpod1’s genetic interactions with Enabled as well

as its colocalization with only a subset of MTs—is the possibility that it may be regulated

by phosphorylation. Many kinases (such as Abl, Pak, Misshapen, and others) and

phosphatases (such as Dlar, Ptp69D, and others) are known to be involved in axon
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guidance, and they likely play important roles at navigational choice points. Ultimately,

their signals converge upon the cytoskeleton. A first step to addressing this question

would be to immunoprecipitate or purify Dpod1 and then probe with antibodies to

phosphoserine, phosphothreonine, and phosphotyrosine.

What molecules does Dpod1 function with to regulate axon targeting?

Although the exact mechanism by which Dpod1 affects axon targeting is still unknown,

dpod 1 displays strong genetic interactions with robo and enabled—suggesting that it may

function downstream of those molecules and link extracellular guidance cues to the

cytoskeleton. However, though the genetic interaction data are a strong first step, the

nature of Dpod1’s role in the Robo signaling pathway is unknown. Epistasis experiments

between dpod■ , robo, and ena must be conducted to determine where in the pathway

Dpod1 functions. Also, the physical basis for the genetic relationship must be explored:

does Dpod1 physically bind to the Robo intracellular tail? Does it bind to Ena? Is the

Abl tyrosine kinase involved? What other binding partners might Dpod1 associate with?

Experiments to address these questions as well as the more general question of what

molecules Dpod1 associates with may further our understanding.

One important question is whether Dpod1 might function downstream of several different

guidance receptors and helps connect multiple different signaling cues to the cytoskeleton

(like Enabled). In other words, how specific is the genetic interaction with robo and ena?
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To address this, genetic and physical interactions between dpod 1 and other guidance

receptors (such as Netrin receptors, Semaphorin receptors, and Ephrin receptors) need to

be tested.

An intriguing but preliminary result is that Dpod1 is capable of binding to the spectrin

repeat region of the RhoGEF Trio. This interaction needs to be explored in more detail,

both in-vitro and in-vivo. If the interaction indeed occurs in-vivo, this could implicate

Dpod1 in the regulation or localization of small GTPases, switch-like molecules that link

signaling cues to both actin and microtubule networks.

How does Dpod1 function in other cellular processes?

Dpod1 clearly has roles beyond functioning in axon guidance. In particular, it seems to

be required for neuronal migration: lateral chordotonal neurons, which normally migrate

to their final position on the body wall, are found at varying positions in embryos

depleted of Dpod1. (This phenotype is also seen in ena mutants.) Perhaps this

phenotype is unsurprising, as many molecules involved in axon guidance also function in

neuronal migration. Are neurons lacking Dpod1 defective in migration per se, or in

transmitting migration cues to the cytoskeleton, or both? How does Dpodl regulate the

cytoskeleton in migrating cells? Does Dpod1 function together with Enabled in neuronal

migration, as it seems to in axon guidance?

193



Dpod1 also appears to be involved in cytoskeletal organization in developing

mechanosensory bristles. Both loss of dpod■ and overexpression in bristles causes

abnormalities in the organization of actin bundles. Bristle shape is markedly affected

when Dpod1 is overexpressed. Perhaps it has a role in the higher order organization of

actin (and possibly MTs) in bristles. A careful analysis of actin and MT organization in

bristles lacking (and overexpressing) Dpodl needs to be conducted. This would include

confocal microscopic analysis of cytoskeletal assembly, time course experiments, as well

as electron microscopic studies of mutant bristles. In addition, double (and triple) mutant

combinations of dpod■ and other actin bundling proteins such as singed/fascin and forked

may reveal whether Dpod1 functions redundantly with (or in the same pathway as) those

actin bundling proteins.

Another interesting question, especially in light of Dpod1’s localization to the tips of

some extending dendrites (ES and Chordotonal dendrites), is whether Dpod1 is required

for dendrite morphogenesis. Preliminary MARCM experiments suggest that Dpod1 is

not required for the normal elaboration of the dendrites of MD neurons, but this is not

unexpected, as Dpod1 expression levels are not very high in those cells. Perhaps Dpod1

is important in motorneuron dendritogenesis, or in the elaboration of other dendrites

where the protein is abundant—such as the subset of mushroom body neurons where it is

highly expressed.

The strong localization of Dpod1 to the cleavage furrow suggests that it may also have a

role in cytokinesis. Since the cytokinesis defect in pod-1 mutant embryos in C. elegans is
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not very penetrant, perhaps a defect in Drosophila cells is also infrequent. If so, I may

not have detected it. Perhaps careful analysis to address this question will reveal a

phenotype. Alternatively, Dpod1 may function redundantly in the cleavage furrow with

its close relative, coronin. If so, dpod!/coronin double mutant studies may reveal a

cytokinesis defect. Interestingly, the connection of Pod-1 to the cleavage furrow is being

solidified in C. elegans. One group has reported that Pod-1 physically interacts with

Mel-26, a protein that functions in the early worm embryo as part of the cullin-based

ubiquitin-ligating complex. This complex localizes to the cortex and the cleavage furrow

and regulates both actin-dependent and MT-dependent processes during mitosis.

Suggestively, loss of Pod-1 leads to destabilization of Mel-26, and loss of Mel-26 leads to

increased Pod-1 levels. Although these data are still preliminary, perhaps Dpod1 will be

shown to physically associate with and function with the Drosophila Mel-26 homolog,

CG9924.

Is the function of Dpod1 in axon guidance conserved in evolution?

Because the primary defect of embryos lacking all Dpod1 seems to be errors in axon

targeting and because Dpod1 is so highly conserved, perhaps Pod-1 plays has an

evolutionarily conserved role in axon guidance. In C. elegans, pod-1 seems to be a strict

maternal effect lethal gene, suggesting that it is not required for axon guidance. (If it

were, then it would be expected to be an essential gene.) However, it remains possible

that disruption of pod-1 causes a partially penetrant axon guidance defect and that
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homozygous mutant mothers are escaper animals that have only mild (or no) axon

targeting errors. Interestingly, in C. elegans, many early-acting genes appear to be strict

maternal effect lethals (e.g. all the par genes), but the homologs of these genes in other

species are required for viability.

A preliminary analysis of the expression of mammalian Pod-1, mpod 1, in developing

mouse embryos shows that the gene is expressed in neural tissues (e.g., neural tube and

dorsal root ganglia) at a time when active axon guidance occurs. This warrants a more

careful developmental analysis of mpod 1 expression, both at the mRNA and the protein

levels. Although the anti-Dpod1 antibody appears to crossreact with vertebrate Pod-1, an

antibody against mPod1 should be generated. In addition, turning assays on cultured

neurons could be conducted under conditions in which mPod1 levels were manipulated.

If these early experiments were promising, then mpod 1 would be an excellent candidate

gene to knock out—especially since mammals only possess a single copy of the gene, a

situation that minimizes the chance of redundancy. Perhaps axon guidance and/or

neuronal migration defects will be seen where mpod! is eliminated. In case a phenotype

were seen, it would be interesting to determine whether mpod 1 genetically interacts with

a mammalian enabled (mena). In fact, mena genetically interacts with profilin I in mice,

just as ena and profilin genetically interact in Drosophila, suggesting that genetic

pathways involving Enabled homologs are evolutionarily conserved.

Finally, it would be interesting to determine whether the human isoform of Pod-1, hpod1,

might be implicated in any neurological and/or genetic diseases. Although no such

;
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diseases currently map close to hpod 1 locus, it seems plausible that a mutation in hpod 1

might cause congenital mental retardation, movement disorders, epilepsy, or other

neurological abnormalities. In addition, since Dpod1 is an important molecule in the

growth cone, perhaps Hpod1 is upregulated or functional in growth cones during axonal

regeneration following neuronal injury.

:
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Appendix

The role of Phosphoinositide 3-Kinase in Neuroblast Polarity
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INTRODUCTION

The involvement of G protein signaling in Drosophila neuroblast polarity (see Chapter 4)

raises the possibility that there may be deeper parallels between neuroblasts and other

polarized cells that use G protein signaling during polarization. For example, during

chemotaxis, G proteins in both the slime mold Dictyostelium discoideum and human

neutrophils activate phosphoinositide 3-kinases (PI3Ks) at their leading edge (for review

see Chung et al., 2001; Parent and Devreotes, 1999; Rickert et al., 2000). PI3Ks are

enzymes that generate important lipid signals that can polarize the actomyosin

cytoskeleton, activate other downstream effectors in polarization, and ensure normal

chemotaxis. Here, I briefly review PI3Ks and then present preliminary results suggesting

that PI3K plays an important role in asymmetric cell division in the neuroblast.

A brief summary of phosphoinositide 3-Kinases

Phosphoinositide 3-Kinases (PI3Ks) are a group of lipid kinases that are involved in an

astounding variety of biological processes: chemotaxis, cell polarity, cytoskeletal

regulation, proliferation, growth, survival, membrane trafficking, glucose homeostasis,

and immune function. Not surprisingly, their dysregulation has been implicated in a

number of diseases, including cancer and diabetes (for review see Katso et al., 2001;

Vanhaesebroeck et al., 1997).

;
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PI3Ks phosphorylate phosphatidylinositol (PI) lipids at the 3-OH position to generate

PI(3)-phosphate, PI(3,4)-bisphosphate, and PI(3,4,5)-trisphosphate. The PI3K enzyme

family consists of three different classes (class I, II, and III) that have distinct domain

structures, substrates, downstream effectors, regulatory mechanisms, and cellular

functions.

Class I PI3Ks phosphorylate PI(4,5)-bisphosphate (PIP2), a rare but potent signaling

lipid, to create PI(3,4,5)-trisphosphate (PIP3), a different lipid second messenger even

more rare than PIP2 that regulates a diverse group of downstream targets. Although

mammals possess different subclasses of Class I PI3Ks (class IA and IB) with structural

and functional differences, flies have a single Class I PI3K, called p110 (Leevers et al.,

1996). This Class I PI3K is constitutively bound to its regulatory subunit, pó0, an SH2

domain-containing molecule that recruits p110 to the cell membrane and stimulates its

activity there (Weinkove et al., 1997). During unstimulated conditions, pó0 inhibits the

activity of p110. To date, p110 and pé0 have been implicated in the regulation of cell

growth, proliferation, organ size, and insulin signaling (Britton et al., 2002; Leevers et al.,

1996; Weinkove et al., 1999). Any potential role in cell polarity has not been described.

Although mammalian Class IB PI3Ks are activated by G-protein 6 y subunits (Brocket

al., 2003), the relationship of Drosophila p110 to G-protein (3) subunits remains

unknown. Interestingly, a G-protein 3 subunit, G313F, has been implicated as an

important signaling molecule in neuroblast asymmetric cell division (Knust, 2001;
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Schaefer et al., 2001). In addition, in mammals, one of the many downstream targets of

G-protein 3) subunits is atypical PKC (aPKC), an important molecule in Drosophila

neuroblast polarity that associates with Bazooka and dmPar6 at the apical cortex of the

neuroblast and phosphorylates Lgl, a cytoskeletal-associated phosphoprotein that

functions with myosins in the basal localization of cell fate determinants (Betschinger et

al., 2003).

Class II PI3Ks are larger enzymes that have a substrate specificity and domain structure

different from Class I PI3Ks. In vitro, they phosphorylate PI and PI(4)-phosphate, but

not PIP2. Much less is known about Class II PI3Ks than Class I PI3Ks, but they appear

to have a role in regulating clathrin-mediated membrane trafficking (Gaidarov et al.,

2001). It also remains possible that they function downstream of various receptor

tyrosine kinases, cytokine receptors, and integrin receptors (Arcaro et al., 2000; Brown et

al., 1999; Turner et al., 1998; Urso et al., 1999); however, no clear link between Class II

PI3Ks and these signaling pathways has been established (Katso et al., 2001). The

function of the Drosophila Class II PI3K (MacDougall et al., 1995; Molz et al., 1996) is

currently unknown.

Class III PI3Ks are homologous to the yeast vesicular protein sorting protein Vps34p

(Schu et al., 1993), and their main function appears to be a constitutive function in

intracellular trafficking and vesicle morphogenesis (Wurmser et al., 1999). They

specifically phosphorylate PI, and they may heterodimerize with other protein(s) that

could be important for their targeting (Panaretou et al., 1997; Stack et al., 1993). The
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function of the Drosophila Class III PI3K (Linassier et al., 1997) is also currently

unknown.

Apicobasal polarity in the neuroblast requires G protein signaling and aPKC activity

During asymmetric cell division, a Drosophila neuroblast first establishes an axis of

apicobasal polarity, then localizes cell fate determinants (such as Numb and Prospero) to

the basal side of the cell, and finally orients the mitotic spindle so as to asymmetrically

segregate those determinants into one of the daughter cells (see Chapter 4). The initial

cue for apicobasal polarity is provided by the Bazooka/dParé/aPKC complex that the

neuroblast inherits in its apical stalk during delamination from the polarized epithelial

layer. This complex then recruits Inscuteable and its binding partner Pins, a protein with

three GoLocomotifs (Kimple et al., 2002; Yu et al., 2000). In turn, Pins (by virtue of the

GoLocomotifs) causes a heterotrimeric G-protein complex (containing Goi, G313F, and

a GY) to dissociate into its of and 3) subunits, and Pins maintains this dissociation in the

absence of Go! activation, i.e., when Goi is bound to Pins it is in its GDP-bound state

rather than its GTP-bound state. Most likely, the G8) heterodimer at the apical cortex

then goes on to signal to downstream effectors (Knust, 2001).

Two of the many downstream effectors of G6) in other systems include atypical PKC as

well as class I PI3Ks. Although the role of p110 in neuroblast asymmetric cell division is

currently unknown, aPKC activity plays an important function. Active aPKC in the

f
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apical complex phosphorylates Lgl (a cortical protein that functions together with

myosins in basal crescent formation), apparently releasing it from its association with

cortical actin and membranes and thereby restricting its activity to the basal side of the

cell (Betschinger et al., 2003). The mechanism of aPKC activation in this case is

unknown.

I hypothesized that PI3K might also play an important role in neuroblast asymmetric cell

division, perhaps by functioning as a downstream effector of the G8) heterodimer. To

test this, I analyzed the localization of PIP3 in neuroblasts and tested the effects of

pharmacological disruption of PI3K activity. When PIP3 localization was probed with a

protein that specifically bound PIP3 (a PH domain-GFP fusion), the protein formed a

cell-cycle dependent apical crescent in neuroblasts. In addition, treatment of stage 9/10

embryos with LY294002 or wortmannin, two different PI3K inhibitors, caused dose

dependent defects in Miranda localization (as well as mitotic spindle orientation) but did

not affect the localization of apical complex proteins such as the Bazooka/dParé/aPKC

complex. While still preliminary, these results are consistent with the idea that active

PI3K, and thus lipid signaling by PIP3, is an important aspect of neuroblast asymmetric

cell division. Future experiments will hopefully reveal a genetic requirement for p110

and resolve whether G8) heterodimers in the apical cortex activate PI3K (and probably

also apkC), thus facilitating both normal localization of basal cell fate determinants as

well as proper mitotic spindle orientation.
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EXPERIMENTAL PROCEDURES

The SMART (Simple Modular Architecture Research Tool) protein analysis tool was

used to determine domain structure of the different PI3K genes shown in Figure A.1

(Letunic et al., 2002; Schultz et al., 1998). Pictures in Figure A.1 were taken directly

from the website (http://smart.embl-heidelberg.de/). In-situ hybridization was performed

on embryos as describe in Chapter 2. Unique regions of the PI3K genes were used.

Fixation and staining was performed as described in Chapter 2. For Figure A.2A, a

special fix was used to preserve the cytoskeleton as well as membrane lipids that included

3.7% formaldehyde in cytoskeleton (CSK) buffer containing 10 mM HEPES pH 7.2, 138

mM KCl, 3 mM MgCl2, 2 mM EGTA, and 0.32 M sucrose.

Antibodies (and dilutions) used included Mouse IgM anti-PIP3 (1:20), Rabbit anti

Miranda (1:1500), Mouse anti-Tubulin (1:1000) (Sigma), Rabbit anti-atypical PKC

(1:1000) (Santa Cruz Biotechnologies). Toto3 (1:800) was used to visualize DNA; it was

applied for 15 minutes to the penultimate wash before mounting.

Live imaging was conducted on embryos from the homozygous viable to PH stock from

B. Edgar which expresses PH-Grp1-GFP constitutively (Britton et al., 2002).
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For the drug treatments LY294002 (Sigma) and Wortmannin (Sigma) were dissolved in

DMSO at 50 mM (LY) or 1 mM (WM) and stored at –20°C as stock solutions. Drug

treatments were performed as follows. Embryos from w-flies were collected on grape

plates and staged to stages 8/9. Embryos were dechorionated in 50% bleach (4 minutes),

washed extensively in dB2O, and transferred with a paintbrush to heptane. Immediately,

room temperature Schneider's medium (without serum or antibiotics) with predissolved

drug (or DMSO control) was added, and embryos were shaken at 300 RPM for 30

minutes. Then, Schneider's medium was removed, and immediately thereafter fixation

was performed. Devitellinization and staining was then followed as in standard antibody

staining. Drug treatments were performed blind.

;
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RESULTS

Drosophila possesses three different Phosphatidylinositol 3-Kinases

As previously reported, flies have three different phosphatidylinositol-3 kinase genes,

each corresponding to a different class. All three PI3Ks have several domains in

common: a catalytic domain, a PI3K accessory domain, and a PI3K putative C2 domain

(Figure A.1). The class I PI3K is CG4141 (also called p110) (Leevers et al., 1996); it

constitutively associates with a regulatory subunit pó0 (CG2699) that regulates both its

subcellular localization and activity (Weinkove et al., 1997). It contains 1088 amino

acids and several additional domains besides the ones shared by all PI3Ks: a regulatory

subunit (p60) binding domain and a Ras(GTP) binding domain (Figure A.1). The class II

PI3K is CG11621—also called Cpk (Molz et al., 1996). It is much larger than the other

PI3Ks, consisting of 1876 amino acids. It has a long, unique N-terminus as well as

several additional domains: a Ras(GTP) binding domain, a putative C2 domain, a PX

(PhoX homologous) domain, and a C-terminal C2 domain (Figure A.1). The class III

PI3K is CG5373 and is 949 amino acids long (Linassier et al., 1997). It has no

recognized motifs besides the domains all PI3Ks share (Figure A.1).

In-situ hybridization with several different probes for each PI3K revealed that the

expression pattens are all fairly ubiquitous, consistent with what has been reported for

PI3K expression in Drosophila. PI3Ks are also ubiquitously expressed in other
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organisms (Katso et al., 2001). None of them was particularly neural specific, but all

three appeared to be expressed in the nervous system (data not shown). In addition, all

three appear to have a maternal contribution (data not shown).

PIP3 is present in neuroblasts and is asymmetrically localized to the apical cortex

To test whether PIP3 is indeed found in neuroblasts, I fixed and stained stage 9/10

embryos with a monoclonal antibody against PIP3 (Chen et al., 2002). Costaining for

Asense, a neuronally expressed transcription factor, demonstrated that PIP3 was present

in neuroblasts (Figure A.1.A). PIP3 was also present in epidermal cells. Unfortunately,

several factors made this staining quite difficult and limited my ability to determine the

subcellular localization of PIP3. First, although the antibody is much more specific for

PIP3 than PIP2, it is of the IgM subtype—a class of antibody characterized by relatively

low affinities (when compared to IgG antibodies) and poor penetration into fixed tissues

(due to a very large size). In addition, phosphatidylinositol lipids are very rare

constituents of cell membranes, making up less than 1% of membrane phospholipids

(Czech, 2000). Furthermore, PI lipids are quite difficult to preserve during fixation for

immunohistochemistry. Thus, from this staining, I was only able to conclude that PIP3 is

present in epithelial cells and neuroblasts.

To better determine the subcellular localization of PIP3, I followed the localization of a

constitutively expressed PH domain GFP fusion protein (Britton et al., 2002). PH
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domains are small modular domains of approximately 100 amino acids which have

specificity for phosphatidylinositol lipids (for review see Maffucci and Falasca, 2001).

Different PH domains have different affinities for various PI lipids. For example, the PH

domain of Grp 1 has a high affinity and specificty for PIP3 (Britton et al., 2002), while the

PH domain of PLC-61 specifically binds PIP2 (Garcia et al., 1995), and the PH domain

of Akt binds both PIP2 and PIP3 (Servant et al., 2000). Recently, GFP fusions to PH

domains have been used to follow the subcellular localization of PI lipids in different

cells (Britton et al., 2002; Servant et al., 2000; Varnai et al., 1999).

In epithelial cells, live imaging with PH-Grp1-GFP revealed that PIP3 was mainly

basolateral during interphase (Figure A.2C) and appeared evenly cortical during mitosis

(Figure A.2B). However, in neuroblasts at stage 9, an apical crescent was apparent

(Figure A.2C, arrow). This apical crescent seemed to be cell-cycle dependent, since by

telophase (when the smaller GMC was budding off of the larger neuroblast) the signal

was evenly cortical (Figure A.2D, right panel). Cells with an apical enrichment—but not

a clear crescent—were also observed (Figure A.2D, middle panel). Fixing and costaining

for cell cycle markers (such as DNA and Tubulin) and GFP revealed that, indeed, PIP3

apical localization was cell-cycle dependent and was observed mainly during prophase

and metaphase (personal communication, Yang Hong).

s
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Pharmacological disruption of PI3K causes a dose-dependent disruption of Miranda

localization

To test whether PI3K activity is required for neuroblast polarity, I treated stage 9/10

embryos with a specific inhibitor of PI3K, LY294002 (LY), and assayed Miranda

localization and mitotic spindle orientation. Treatment with 10% DMSO (negative

control) as well as 50puM LY had no effect on the neuroblasts: normal basal Miranda

crescents and apicobasal spindles were observed (Figure A.3A, C). On the contrary,

treatment with 500 p.M LY caused frequent misoriented (e.g., lateral and apical) Miranda

crescents (Figure A.3D) as well as large, abnormal, cytoplasmic Miranda aggregates

(Figure A.3D). Additionally, mitotic spindles were often misoriented (Figure A.3D).

Interestingly, the apical localization of Miranda that occurs just after delamination

appeared unaffected (Figure A.3D, asterick), suggesting that PI3K may act during

prophase and/or metaphase.

Treatment with higher (5 mM) concentrations of LY caused more severe cytoplasmic

aggregation of Miranda (Figure A.3E, arrows), abnormal spindle orientations and

morphologies (Figure A.3E, all neuroblasts), and occasional complete delocalization of

Miranda (Figure A.3E). Treatment with 10 p.M wortmannin, another inhibitor of PI3K,

caused neuroblast polarity defects much like LY (Figure A.3F), with delocalized Miranda

and misoriented mitotic spindles.
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Disruption of PI3K activity prevents basal but not apical crescent formation

To test the effect of PI3K inhibition on apical polarity markers, I treated stage 9/10

embryos with LY and assayed for apical apKC localization and mitotic spindle

orientation. As expected, treatment with 10% DMSO had no effect (Figure A4A). In

fact, normal apical apkC localization, normal Miranda crescents, and normal mitotic

spindle orientation were invariably observed simultaneously in such embryos (Figure

A.4C). Interestingly, 2 mM LY—a concentration high enough to disrupt Miranda

crescent formation in the majority of neuroblasts—apparently had no effect on apical

aPKC localization (Figure A.4B). However, when such neuroblasts were stained for

aPKC, Miranda, and Tubulin, I observed that cells with apparently normal apical apkC

crescents often exhibited delocalized Miranda, Miranda aggregates, and misoriented

spindles (Figure A.4D). This suggested that the effect of the PI3K inhibition was quite

specific.

§
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DISCUSSION

In summary, I observed that a constitutively expressed PH-Grp1-GFP fusion protein—a

fluorescent probe of PIP3—localized to the apical cortex of dividing stage 9/10

neuroblasts in a cell cycle dependent manner. During metaphase, a strong apical crescent

was seen, but by telophase, PIP3 was evenly cortical. In addition, when embryos were

treated with drugs that specifically disrupted PI3K activity (LY294002 and wortmannin),

I observed a dose-dependent disruption of Miranda crescent formation and mitotic

spindle orientation in metaphase neuroblasts. Miranda was often seen in misoriented

crescents and abnormal cytoplasmic aggregates. This polarity defect was specific to the

basally localized determinants: apical markers such as aPKC were unaffected. Although

these results are still preliminary, (for example, more apical and basal markers need to be

tested, rigorous quantitative analysis of the pharmacology experiments needs to be

conducted, and genetic confirmation of the pharmacology is needed), they strongly

suggest that PIP3 is an important signaling molecule in asymmetrically dividing

neuroblasts.

Fitting PIP3 into neuroblast polarity

Previous work on neuroblast polarity suggests the following steps in asymmetric cell

division. As a neuroblast delaminates from the polarized epithelial layer, it inherits a
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Bazooka/dPar6/aPKC complex in its apical stalk, providing an important apical polarity

cue. Next, the neuroblast begins to express Inscuteable, which is recruited with Pins to

the Bazooka/dPar6/aPKC complex; these molecules all reinforce each other's asymmetric

localization. Pins then binds to Goi, releasing a G8) heterodimer at the apical cortex

(including G313F and a GY subunit) from a heterotrimeric G-protein complex. Although

staining for G613F shows that it is not asymmetrically localized (Schaefer et al., 2001), it

may only be active at the apical cortex (see below). This G3) heterodimer is required for

polarity, but its downstream effectors are currently unknown. Interestingly, in other

systems G3) has been shown to activate aPKC, which, in the neuroblast, is an important

component of the apical complex. Whether G3) activates apkC in the neuroblast is

unknown. However, aPKC does become activated, and it phosphorylates—and thus

inactivates—any apical Lgl, leaving basal Lgl active. Basal Lgl then works together with

myosins to localize basal cell-fate determinants in an actin-dependent manner. While

basal determinants are being localized, the apical complex somehow functions with

myosins (and undoubtedly other molecules) to properly orient and position the mitotic

spindle.

Evidence in the neuroblast suggests that the G6 yheterodimer is an active signaling

complex at the apical cortex (Knust, 2001). Any treatments which interfere with the

levels of free G3 yheterodimers cause a polarity defect: genetic removal of G313F (by

generation of germline clone embryos) as well as overexpression of wild type Goi (which

binds free G3) and thereby depletes the cell of free, active G8) heterodimers). Curiously,

overexpression of constitutively active, i.e., GTP-bound, Goi does not cause a polarity
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defect, suggesting that activated Goi is not signaling during polarity. However, it is

possible that GDP-bound Goi (which is associated with Pins in the apical complex) is

signaling (Schaefer et al., 2001). Future experiments will help sort this out.

So where does PI3K activity (and thus PIP3) fit in to the genetic pathway controlling

neuroblast asymmetric cell division? Perhaps PI3K is an important downstream effector

for the apically-active G6 yheterodimer. A precedent for this has been established in

other polarized cells: in chemotaxing Dictyostelium discoideum as well as neutrophils,

G3) at the leading edge activates PI3K and causes PIP3 accumulation. This PIP3 in turn

activates many downstream effectors which are important for establishing and

maintaining polarity. Importantly, PIP3 helps polarize the actomyosin cytoskeleton, a

step also likely to be important in the neuroblast (where depolymerization of the actin

cytoskeleton or inhibition of myosins blocks basal crescent formation). Perhaps the

apical PIP3 in the neuroblast could function to help assemble the actomyosin

cytoskeleton, thus enabling Lgl and myosins to localize basal determinants.

Consistent with the idea that high PIP3 levels are needed apically during polarization, the

PDZ domain region of Bazooka has been reported to physically associate with PTEN, the

phosphatase that converts PIP3 to PIP2 (Wodarz, 2002). PTEN and Bazooka

coimmunoprecipitate from embryos and colocalize at the apical cortex of neuroblasts.

This PTEN localization differs from that of chemotaxing cells, where PI3K and PTEN

have reciprocal localizations (Comer and Parent, 2002; Funamoto et al., 2002; Iijima and

Devreotes, 2002). However, in chemotaxing cells, G3) may inhibit PTEN; perhaps that
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is what occurs in the neuroblast. Alternatively, perhaps the association of Bazooka with

PTEN inhibits its activity and helps reinforce high apical PIP3 levels.

Future directions

In order to firmly establish the role of PIP3 in neuroblast polarity, it will be important to

obtain genetic confirmation of the pharmacological experiments shown here. Based on

what is known about G-protein stimulation of PI3K in other systems, where G3) activates

class I PI3Ks, the most likely candidate is the class I PI3K (p110). Also supporting this

hypothesis is the fact that LY and wortmannin both inhibit class I PI3Ks. Unfortunately,

p110 zygotic mutants, as well as embryos injected with RNAi for p110, had no effect on

Miranda localization (data not shown). However, both of these negative results had

caveats: 1.) the maternal contribution of PI3K may have rescued an early polarity

phenotype, and germline clone analysis may be needed to see a polarity phenotype as in

the case of G613F, Goi, and many other apical polarity genes (Schaefer et al., 2001), and

2.) without an effective anti-p110 antibody, I was unable to assess RNAi effectiveness.

Perhaps conducting RNAi on tCPH embryos (i.e., expressing PH-Grp1-GFP) would

provide a means to assess the effectiveness of the RNAi against p110: a loss of apical

crescent formation at metaphase would be expected if PI3K activity were depleted. Or

maybe pl10 RNAi in embryos overexpressing PTEN would lower PIP3 levels enough to

see a phenotype. Also possible is that overexpression of dominant negative pl!0 will

cause a polarity defect.

214



If the role of p110 can be clearly established, other experiments will also need to be done

to better understand the role of PIP3. For example, more apical and basal markers will

need to be assayed in drug treated embryos to help determine exactly which molecules

PIP3 affects. Along this line, the relationship between the actomyosin cytoskeleton and

PIP3 will be important to determine. Also, to establish a connection between G protein

signaling and PI3K activation, it will be important to determine whether apical PIP3

localization is lost in G313F germline clone embryos or in overexpression of wild type

Goi. If these experiments can be done, an exciting new window into asymmetric cell

division in the neuroblast will be opened.
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APPENDIX FIGURES

Figure A. 1: Drosophila possesses three phosphatidylinositol-3 kinases

The domain structure and length of the three different PI3K genes in Drosophila are

shown. Yellow triangle indicates binding site for p85 (regulatory subunit of Class I

PI3K); orange arrowhead pointing left indicates a Ras(GTP) binding domain; blue

pentagon indicates a PI3K C2 domain; purple oval indicates PI3K accessory (PIK)

domain; blue rectangle indicates catalytic domain; orange arrowhead pointing right

indicates a PX (PhoX homologous) domain; green hexagon indicates C2 domain.

Schematic diagrams were taken from the SMART website.
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Drosophila PI-3 Kinases

Class I: CG4141 (1088 AA)

Class II: CG11621 (1876 AA)

: –EX—º)— I THE-QX

Class III: CG5373 (949 AA)
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Figure A.2: Localization of PIP3 in embryonic epithelial cells and neuroblasts

(A.) A stage 9/10 embryo stained with the anti-PIP3 antibody (green), anti-asense (red),

and Toto3 (blue) shows that PIP3 is found in neuroblasts (arrows). Signal is also seen in

epithelial cells (asterick).

(B.) Live-imaging of an en-face view of an embryo constitutively expressing PH-Grp1

GFP, a reporter for PIP3, shows even cortical localization in mitotic epithelial cells.

(C.) A saggital view (live image) shows basolateral signal in interphase epithelial cells

(arrowheads) and an apical crescent in mitotic neuroblasts (arrow).

(D.) Live imaging of neuroblasts at different stages of the cell cycle suggests a cell-cycle

dependent localization of PH-Grp1-GFP. Neuroblasts with apical crescents (left panel,

arrow) are most likely in metaphase, while neuroblasts with an even cortical localization

are in telophase (right panel).
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Figure A.3: Pharmacological inhibition of PI3K disrupts neuroblast polarity and spindle

orientation in a dose-dependent manner

All embryos are at stage 9 and are shown in a saggital view. In all images, Miranda is

green, DNA is red, and Tubulin is blue.

(A.) 10% DMSO (control) treatment does not affect polarity. Normal basal crescents

(arrow) and spindle orientations were observed.

(B.) Latrunculin treatment (positive control) disrupted Miranda localization so that

crescents did not form (arrows) and Miranda remained evenly cortical.

(C.) 50 pm LY did not affect Miranda localization or spindle orientation.

(D.) 500 p.M LY caused Miranda to accumulate in cytoplasmic aggregates (cell indicated

by arrow, and two right panels) and misoriented crescents (cell indicated by arrowhead

and second and third panels) in most neuroblasts. In addition, spindle orientations were

abnormal (arrowhead). Apical localization of Miranda at interphase appeared to be

normal (asterick).

(E.) 5mm LY also causes Miranda to form aggregates (arrows) or to become cytoplasmic

(arrowhead).

(F.) 10 p.M Wortmannin also disrupts Miranda localization at metaphase (arrow,

arrowhead, asterick) and spindle orientation (compare spindle orientations of the three

neuroblasts).
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Figure A.4: Disruption of PI3K blocks localization of basal but not apical polarity

markers

Saggital views of stage 9 embryos are shown.

(A.) 10% DMSO (control) causes no defect in apical apkC (red) localization in

metaphase neuroblasts. Staining for tubulin (green) and DNA (blue) shows a normal

mitotic spindle.

(B.) 2 mM LY also does not disrupt apical apkC (red).

(C.) 10% DMSO (control) does not affect apical localization of aPKC (green), basal

localization of Miranda (red), or spindle orientation in metaphase neuroblasts (arrow).

(D.) 2 mM LY does not affect apical apkC (green), but causes Miranda (red) to be

delocalized on the cortex and also form cytoplasmic aggregates in metaphase neuroblasts

(arrows).
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