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Abstract 

Microtubules, dynamic structures that make up the cellular cytoskeleton, are 

essential for cellular transport, motility, division, and structural stability. Accordingly, 

their dynamics must be tightly regulated. One such method of regulation utilizes 

microtubule severing proteins that use ATP to sever the microtubule by disrupting the 

tubulin-tubulin interactions within the microtubule lattice.  Knowledge of the in vivo 

function of the microtubule severing protein Katanin-60 (Kat60) in nervous system 

development remains lacking, despite numerous cell culture studies concerning its role 

in dividing cells and mammalian neurons. 

Genetic deletion of Drosophila kat60 results in only 15% of the expected number of 

adult mutant flies. kat60 null larvae show no morphological difference compared to 

wild-type in either the neuromuscular junction (NMJ) or sensory dendrites, where two 

other microtubule severing proteins have been shown to function. They also respond 

normally in behavioral assays for general mechanosensation. Strikingly, however, the 

development of the pupal central nervous system (CNS) is severely delayed, with brain 

development appearing to arrest between 16 and 24 hours after pupal formation (APF). 

The delay can be visualized by (1) a failure of constriction in the tissue between the 

subesophageal and thoracic portions of the ventral nerve cord (VNC) and (2) a failure to 

remodel the abdominal VNC. The eclosion lethality, subesophageal constriction, and 
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abdominal VNC remodeling phenotypes are rescued using the pan-neuronal driver elav-

GAL4, to drive UAS-FLAG-myc-kat60 expression. Thus Kat60 is required in neurons for 

the conversion of a larval brain into an adult brain, during metamorphosis. 

I investigated the potential role for kat60 in each of three processes that dominate 

metamorphosis: apoptosis, neurogenesis, and neuronal pruning. When remodeling a 

brain, larval tissues need to be destroyed (apoptosis) and adult tissues need to be 

generated (neurogenesis). I observed both a significant decrease in TUNEL staining 

within the abdominal VNC and a potential decrease in phosphohistone H3 staining. 

Further investigation into the apoptosis phenotype using a subset of Corazonin-

expressing neurons within the VNC that undergo apoptosis immediately following 

pupation suggest a non-cell autonomous role for kat60 in these neurons. Additionally, 

two populations of neurons that undergo pruning during metamorphosis were studied: 

Bursicon-expressing and mushroom body neurons. Within the first 24 hours APF, 

Bursicon-expressing neurons within the VNC are pruned and reorganize, as do 

mushroom body neurons, located in the brain. Although in both cases neuronal pruning 

was delayed in kat60 nulls, this delay phenotype was not observed until 24-48 hours 

APF, well after the apoptosis phenotype, indicating that delayed pruning is either 

downstream or a pleiotropic effect of kat60 loss. Given that a large pulse of ecdysone 

triggers both apoptosis and pruning during metamorphosis, one possibility is that loss 
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of kat60 affects ecdysone signaling, or some other common pathway upstream of these 

broader neuronal changes that occur during metamorphosis.  

The requirement for Kat60 during CNS metamorphosis indicates a distinct site of 

action from previously characterized microtubule severing proteins, supporting the idea 

that microtubule severing proteins have separate and unique roles in Drosophila nervous 

system development. Understanding how these proteins function will enhance our 

knowledge of how the cytoskeleton contributes to the developing nervous system.
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Chapter 1. Introduction 

 

1.1 Microtubules are a vital component of the cell, particularly in 
neurons 

Microtubules are a major component of the eukaryotic cellular cytoskeleton. The 

microtubule cytoskeleton is involved in many fundamental cellular processes such as 

cell division, cell motility (for example, as the structural basis of eukaryotic flagella and 

cilia), and intracellular transport as well as being important for maintaining cell 

structure. The microtubule role of intracellular transport is particularly important for 

neurons (van den Berg and Hoogenraad, 2012). Neurons are a specialized, polarized cell 

type wherein the cell consists of a cell body with dendrites and an axon. Depending on 

the type of neuron the length of the axon can be quite long, like spinal motor neurons, 

whose cell body lies in the spine and whose axonal processes innervate a limb. 

Molecules such as neurotransmitters and mRNA need to be transported from the cell 

body to the axon terminal, along the length of the axon. This transport can be 

accomplished using microtubules and their motor proteins. Additionally, microtubules 

also play a role in axon and dendrite outgrowth. Specific forms of modified 

microtubules are correlated with the relative stability of a neuronal process, denoting 

whether a neurite adopts an axonal fate or remains as a dendrite (Janke and Kneussel, 
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2010). Both intracellular transport and neurite fate specification are two important 

processes in neurons that are mediated by microtubules. 

 

1.2 Molecular properties of microtubules 

Microtubules are composed of α- and β-tubulin heterodimers, each subunit 

containing a GTP-binding site (de Forges et al., 2012). In vitro, these dimers bind end to 

end forming a protofilament, then usually 13 of these protofilaments associate into a 

tube, a microtubule.  The microtubule end with the exposed β-tubulin is referred to as 

the plus end, and α, the minus end. Addition of dimers occurs at the plus end. GTP 

bound to α-tubulin is trapped and cannot be hydrolyzed, whereas GTP is allowed to 

freely associate with β-tubulin and can undergo hydrolysis. GTP-bound-β-tubulin 

confers greater stability than GDP-bound-β-tubulin that changes the conformation of the 

protofilaments such that they curl. This inherent property of microtubules gives them 

the ability to both grow (polymerization) and shrink (depolymerization) rapidly, 

referred to as rescue and catastrophe, respectively. Mitchison and Kirshner (1984) called 

this model for how microtubule length is altered, dynamic instability. As the length of 

these polymers can be quickly altered, microtubules are used for a variety of dynamic 

cellular processes. 
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In vivo, γ-tubulin, a homolog of α- and β-tubulin, serves to nucleate microtubules 

from a microtubule organizing center (MTOC), the centrosome. γ-tubulin, along with 

several other proteins, form a ring complex, γ-TuRC, α- and β-tubulin heterodimers 

being added to form the microtubule, anchoring it to the centrosome and creating a 

radial array. Noncentrosomal microtubule arrays also exist in a variety of differentiated 

cell types, ranging from epithelial or neuronal cells to plant cells (Bartolini and 

Gundersen, 2006). Studies in these cell types suggest that microtubule arrays are formed 

in a three step process (1) generation of a pool of microtubules, (2) transport of the pool, 

and (3) rearrangement of the microtubule pool into a stable array. Typically, these arrays 

are linear and found in polarized, nonmigratory cells, while radial, centrosomal 

microtubule arrays are typically found in migratory or proliferative cells that necessitate 

more dynamic microtubules. Thus, microtubules are nucleated and organized in a cell 

type-specific way. 

 

1.3 Microtubule functions necessitate multiple mechanisms of 
regulation 

Microtubules function in a diverse number of events and cellular contexts, and 

there are a variety of mechanisms to regulate microtubule growth or shrinkage.  

Microtubule associated proteins (MAPs) have been shown to either stabilize (e.g. Tau) or 

destabilize (e.g. Stathmin) microtubules. Capping proteins, such as Patronin in 
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Drosophila, are bound to the minus ends to keep the microtubule from undergoing 

catastrophe (Goodwin and Vale, 2010). In contrast, the kinesin-13 family of proteins 

binds to and curves the end of protofilaments, enhancing catastrophe (Ems-McClung 

and Walczak, 2010). Many types of mechanisms thus exist to regulate the growth or 

shrinkage of microtubules, allowing for specificity in what microtubules are used for 

(structure or transport). The dynamic growth and shrinkage of microtubules, in 

conjunction with MAPs and motor proteins, are important for the movement of 

cytoplasmic components within the cell as well as cell polarization, events integral to 

neurite outgrowth (de Forges, 2012). 

One poorly understood way of regulating microtubule dynamics is by the action 

of microtubule severing proteins. Through ATP hydrolysis, these proteins undergo a 

conformational change that results in destabilization of the tubulin interactions within 

the microtubule lattice (Hartman and Vale, 1999). Microtubule severing can occur either 

in the internal, more stable, region of the polymer (McNally and Vale, 1993) or near the 

GTP cap on the plus ends (Zhang et al., 2011). In the former case, severing can 

potentially lead to stabilization or catastrophe depending on which proteins are 

associated with the microtubule, while the latter case results in depolymerization. 

Severing proteins are particularly interesting as severing can result in either a gain or a 

loss of microtubules and general microtubule re-organization. 
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1.4 Microtubule severing proteins are a part of the AAA family 

Microtubule severing proteins are members of the AAA (ATPases Associated 

with various cellular Activities) family.  These proteins all share the AAA consensus 

region in the carboxy terminus and form hexamers or dodecamers. Their members, 

while diverse in function, have in common the use of ATP hydrolysis to catalyze the 

assembly or disassembly of protein complexes that would otherwise be extremely stable 

(Erzberger and Berger, 2006). To date only three AAA ATPase proteins have been shown 

to sever microtubules in isolated microtubule preparations, Spastin (Roll-Mecak and 

Vale, 2005), Katanin-60 (Kat60, McNally and Vale, 1993), and Fidgetin (Mukherjee et al., 

2012). Orthologs of these three proteins exist broadly across phyla in organisms ranging 

from worms to flies to fish to mice to humans. In Drosophila, an additional protein that is 

very highly conserved with Kat60, Katanin p60-Like 1 (Kat-60L1), is also expressed. 

Understanding how these four microtubule severing proteins function will elucidate the 

role of microtubule severing in cell biology. 

 

1.5 Proposed mechanism of microtubule severing 

Roll-Mecak and Vale (2008) have proposed a mechanism for microtubule 

severing based on the X-ray crystal structure of Drosophila Spastin. Spastin, in the 

presence of ATP, oligomerizes into a hexameric ring complex once it surpasses 
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submicromolar concentrations. The formation of this ring creates a central pore, lined by 

microtubule-severing protein-specific helices and containing three highly conserved 

loops in the lumen, with six arms radiating out (Figure 1A). Mutations in any of these 

loops severely inhibit severing activity, emphasizing their structural importance. Using 

either peptides corresponding to or antibodies for the C-terminal tail of β tubulin 

inhibits severing activity as well, suggesting that Spastin interactions may necessitate 

specific modifications to the C-terminal tail of tubulin. Together, these results give 

credence to a model in which the C terminal tail of tubulin is pulled through the central 

pore of Spastin, causing a destabilization of tubulin interactions within the microtubule 

lattice and subsequent breakage of the microtubule polymer (Figure 1B). 
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Figure 1: Mechanism of microtubule severing by Spastin 

 (A) An axial face view of Spastin using light and small angle X ray scattering. For each 

subunit, the N-terminal helix/loop is labeled in magenta; while the C-terminal helix is 

labeled in purple. The Nucleotide Binding Domain (NBD) and Helix Binding Domain 

(HBD) were labeled in light and dark green respectively to denote one subunit. The 

NBDs and HBDs of the other subunits are labeled in light and dark blue, respectively. 

The diameter of spastin (from tip of radial arm to the opposing radial arm tip) is 220 Å. 

(B) The spastin AAA core (cyan), with pore loops 1, 2, and 3 marked, is shown pulling 

the C-terminal tail (red) of tubulin (heterodimers in green, ribbon representation) 

through the pore. The microtubule – interacting and –trafficking (MIT) domain of 

spastin is labeled in gold with hatched ovals denoting unassociated MIT domains. 

(Figure modified from Roll-Mecak A, Vale RD. Structural basis of microtubule severing by 

the hereditary spastic paraplegia protein spastin. Nature. (2008) 451(7176):363-7.) 

 

 

1.6 Katanin, the founding member of microtubule severing 
protein family, consists of the two subunits, p60 and p80 

Although microtubule severing activity was originally observed in mitotic 

Xenopus extracts (Vale, 1991), it was not until McNally and Vale (1993) characterized 

purified Katanin from sea urchin preparations, that the first microtubule severing 

protein was identified. Katanin consists of two subunits: p60, the catalytic AAA ATPase, 

and p80, a regulatory, non-catalytic subunit. Katanin-80 (Kat80) greatly enhances the 

ability of Katanin-60 (Kat60) to sever microtubules by increasing its affinity for 

microtubules in vitro. Additionally, Kat80 contains WD40 motifs, domains shown to be 

important for protein-protein interactions that allow Kat80 to localize to the centrosome 

in cell culture studies. Using deletion experiments involving the WD40 domain of Kat80, 

(Hartman et al., 1998) showed that these domains were not necessary or sufficient for 
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dimerization with Kat60. Indeed, when they fused human Kat80 WD40 domain to green 

fluorescent protein (GFP) and transfected it into a human fibroblast cell line, GFP was 

found to be co-localized with γ tubulin staining, indicating a localization of this 

heterologous protein to the centrosome. Deletion and pull down studies by McNally et 

al. (2000) showed that the C-terminal domain of human Kat80 (con80) interacts with the 

N-terminal domain of human Kat60. They go on to show that the con80 increases the 

disassembly of microtubules by human Kat60, visualized by a decrease in rhodamine-

labeled taxol-stabilized microtubules on a coverslip. This result was recapitulated in 

HeLa cells co-transfected with both human Kat60 and con80. Interestingly, if the WD40 

domain of Kat80 is also transfected into the cell, it nullifies the increased severing 

activity due to con80, suggesting that this domain negatively regulates severing. Thus, 

Kat80 may indirectly increase the severing ability of Kat60 by increasing the ability of 

Kat60 to localize to microtubules.  

Kat80  has also been shown to be required for meiotic spindle regulation of 

sperm production in mice, where its loss results in male sterility due to an abnormal 

manchette, a microtubule structure that shapes the sperm head and forms the tail 

(O'Donnell et al., 2012) and in the Caenorhabditis elegans female oocyte (Mains et al., 1990 

and Srayko et al., 2000), where its  loss results in a maternal-effect lethality resulting 

from mis-aligned metaphase chromosomes and its localization at the meiotic spindle, as 
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well as microtubule disassembly, relies on an interaction with Kat60. Together these 

studies support a role for Katanin during meiosis. 

 

1.7 Kat60 can contribute to microtubule stabilization during cell 
division 

Kat60 has been shown to regulate spindle length both during meiosis in C. 

elegans (McNally et al., 2006 and Sryako et al., 2000) and during mitosis in Arabidopsis 

thaliana (Panteris et al., 2011) and Drosophila cell lines (Zhang et al., 2007). In C. elegans, 

the Kat60 ortholog MEI-1 regulates the production of the acentrosomal meiotic spindle 

in the female oocyte (Sryako et al., 2000) by redistributing microtubule fragments from 

the poles to the midzone, shortening the spindle length (McNally et al., 2006). This 

supports the idea that Kat60 depolymerize microtubules, however two lines of evidence 

give credence to the opposite: (1) loss of MEI-1 increases microtubule density around 

chromosomes, disrupting meiotic spindle assembly (Clark-Maguire and Mains, 1994) 

and (2) decreased levels of MEI-1, using hypomorphs, results in fewer, longer spindle 

microtubules (McNally et al., 2006). From these results, a model where microtubule 

severing may create localized pools of microtubules was generated (Figure 2, Roll-

Mecak and Vale, 2006). 
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Figure 2: Model of microtubule severing creating pools of microtubules that can then 

go on to nucleate more microtubules or re-organize microtubule arrays. 

(A) Kat60 (scissors) severs microtubules (green) near chromosomes to create a pool of 

microtubules. (modified from Roll-Mecak and Vale, Making more microtubules by severing: 

a common theme of noncentrosomal microtubule arrays? Journal of Cell Biology. (2006) 

175(6):849-51) (B) Following cytokinesis, AtKTNL (black triangles) creates a pool of 

cortical microtubules (straight lines) by severing perinuclear microtubules from the 

nuclear envelope (nucleus denoted as circle) (1). AtKTN1 then re-organizes 

microtubules along the elongation axis (2) such that they can then guide the parallel 

deposition of cellulose microfibrils. (modified from Burk et al., A katanin-like protein 

regulates normal cell wall biosynthesis and cell elongation. Plant Cell. (2002) 13(4): 807-27)  
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 A similar model is proposed for epidermal cells of A. thaliana, where severing is 

thought to create smaller microtubule fragments that can then be bundled and re-

oriented to properly align the division plane (Stoppin-Mellet et al., 2006). Mutants in  

AtKTN1, the kat60 ortholog in Arabidopsis (formerly fra2), fail to correctly orient their 

cortical microtubules in infloresence stem cells that then undermines cell elongation 

(Burk et al., 2001), and their microtubule arrays in dividing root cells that then mis-

orients the division plane (Panteris et al., 2011). In both instances, severing is thought to 

allow small microtubule pieces to be re-oriented to generate the microtubule array, 

supporting the model where Kat60 works to create a concentrated source of 

microtubules.  

 

1.8 Kat60 can contribute to microtubule destabilization during 
cell division 

In contrast to situations where severing results in microtubule stabilization either 

through a localized increase in spindle density or formation of an array, severing by 

Xenopus Kat60 results in spindle microtubule depolymerization. Spindle length differs 

between species of Xenopus. Loughlin et al. (2011) showed that the shorter spindles 

observed in extracts from Xenopus tropicalis coincided with an increase in microtubule 

severing activity of Kat60. Evidence of the depolymerizing capability of Kat60 is also 

seen in S2 cells of Drosophila, where Kat60 functions to depolymerize microtubule plus 
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ends, rather than nucleate, to move chromosomes during anaphase (Zhang et al., 2007). 

To demonstrate this, fluorescence recovery after photobleaching (FRAP) was performed 

on S2 cell meiotic spindles containing with EGFP-α tubulin. Pacman velocities, the rate 

that chromosomes move toward the bleach mark resulting from depolymerization of 

microtubule plus ends near the kinetochores, were measured. In cells expressing Dm-

Kat60 RNAi, Pacman velocities were significantly decreased, while these velocities were 

not affected for either Dm-Spastin RNAi or Dm-Fidgetin RNAi. Whether severing is 

used to depolymerize or nucleate microtubules, Kat60 has been proven to play a role in 

cell division. 

 

1.9 Kat60 functions to regulate the cytoskeleton, in migratory 
cells 

In addition to its role in cell division, mammalian and Drosophila cell culture 

studies have also provided evidence for Kat60 severing microtubules at their tips, to aid 

in depolymerization, in migrating cells. Cells isolated from bone metastases (cancer cells 

that have migrated from their origin) from prostate cancer patients showed an increase 

in Kat60 expression. If Kat60 is overexpressed in prostate cancer cells, migration was 

enhanced, while proliferation was inhibited (Ye et al., 2011). Though they did not look at 

microtubule distribution, they do correlate Kat60 expression with increased migration. 

Similarly, in migrating neuronal populations isolated from mice, expression of a 
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dominant negative form of kat60 results in decreased cell motility (Toyo-Oka et al., 

2005). Migrating cell populations isolated from flies, in contrast, increase their motility 

upon kat60 knockdown. Zhang et al. (2011) showed that Kat60 localized to the leading 

edge of the D17, migratory cell culture line that resembles Drosophila hemocytes in gene 

expression, polarization, and motility, and that RNAi knockdown of Kat60 resulted in 

increased migration. In their proposed model, Kat60 severs cortical microtubules near 

their plus-ends that leads to destabilization of the microtubule, decreased interactions 

with the GTPase Rac (a known activator in leading edge formation and interactor with 

growing microtubules, Waterman-Storer and Salmon, 1999) and decreased cell motility. 

This model supports Kat60 functioning as a microtubule depolymerizing enzyme. The 

seemingly opposing results for the role of Kat60 in migratory cells, underscores the need 

for determining its role in vivo.  

These above studies into cell division and migration illustrate how Kat60 

function is very context-dependent. Tight regulation of its function and expression must 

be necessary in order to have many different roles within an organism. Further, these 

models of microtubule regulation; depolymerization, transport and nucleation, could 

occur in other cell types, such as neurons. 
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1.10 Kat60 is important for axon outgrowth in mammalian 
neurons 

A role for Katanin has been suggested in mammalian neurons, particularly 

during the period of axon outgrowth. On embryonic day 13 (E13) in mice, when axons 

are first developing, in situ hybridizations with kat60 mRNA and Kat60 antibody 

staining both reveal that Kat60 is more highly concentrated in the axons compared to the 

ganglia, where the cell bodies are located (for example, in neurons of the dorsal root 

ganglia).  By E16, Kat60 immunoreactivity is significantly decreased in both cell bodies 

and axons.  This developmentally regulated decrease, though not as dramatic, is also 

noted in axons of other neurons in the CNS such as those found in the embryonic tectum 

or cerebral cortex near ventricles and those that have migrated toward the pia, as well as 

the thalamocortical axons in the intermediate zone (Karabay et al., 2004). Notably, there 

is less peripheral axon outgrowth by E16, so Kat60 expression appears to be correlated 

with axon outgrowth. The same study also showed that injection of GFP constructs 

inhibiting Kat60 by transfection, via electroporator nucleofection, caused decreased axon 

length in sympathetic neurons, consistent with a role for Katanin in promoting axon 

outgrowth. The dominant negative form of rat Kat60 contains a single amino acid 

substitution in the ATP-binding domain abolishing severing activity. Of note, the 

nucleofection technique on its own stunts axon outgrowth. As such, the level of GFP 

expression was not correlated with the amount of axon outgrowth. Additionally, in 
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another study using cultured rat sympathetic neurons and using antibodies against 

Kat60, Ahmad et al. (1999) showed that Kat60 localizes to neuronal centrosomes and is 

also found throughout the neuron. When injected with an antibody against Kat60, 

shown previously to inhibit Kat60 function (McNally and Thomas, 1998), there was an 

increase in microtubules around the centrosome. This suggested that Kat60 is important 

for releasing microtubules from the neuronal centrosome. Based on these data, these 

authors propose that Katanin severs microtubules from the centrosome, or perhaps 

more distally along the growing axon, into small pieces to enhance the efficiency of their 

transport into the developing axon. As Katanin is required for axon outgrowth and 

given that it has many functions in cell division and migration, it likely also functions in 

other neuronal contexts throughout development. 

 

1.11 Both Spastin and Kat-60L1 function within the nervous 
system 

Though Kat60 has other roles in the development of the nervous system, it is 

important to remember that there are several additional microtubule severing proteins, 

Spastin and Kat-60L1, and these too are vital for neuronal development. Motor neurons 

in humans (Wharton et al., 2003), mice (Tarrade et al., 2006), zebrafish (Wood et al., 

2006), and flies (Sherwood et al., 2004) require Spastin for proper function in 

development and the adult. Spastin null flies cannot jump, fly or walk properly, and 
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have abnormal larval synaptic bouton morphology (boutons with “bunched” 

arrangement rather than linear) and increased bouton number. Loss of Spastin function 

leads to a decrease in microtubule staining, visualized by anti-Futsch staining, in 

boutons (Du et al., 2010). These findings support a model where Spastin creates 

additional microtubules by severing existent ones, akin to the models suggested for 

Katanin function in neurons, plants, and C. elegans meiosis. In this model, if Spastin is 

removed, microtubule density is reduced because the new pool is not created. 

Interestingly, overexpression will similarly lead to a loss of microtubule network 

(Sherwood et al., 2004), potentially through the mechanism of excessive severing. 

Similar to Spastin, Kat-60L1 has been shown to be involved in regulation of neuronal 

microtubules. Dendritic pruning of multidendritic (md) neurons during metamorphosis 

does not occur in kat-60L1 loss of function mutants (Lee et al., 2009). Dendrite pruning 

consists of microtubule loss, followed by dendrite severing and then concluding with 

debris removal. The authors propose that Kat-60L1 severs proximal microtubules prior 

to dendrite pruning, indicating a role for Kat-60L1 as a microtubule depolymerizing 

protein. In contrast, during earlier stages of development, loss of Kat-60L1 resulted in 

decreased dendritic arbor size, with dendrites having fewer EB1-GFP labeled 

microtubule plus ends, supporting the model of microtubule severing as a means to 

increase polymer number (Stewart et al., 2012). Overexpression of Kat-60L1 did not 
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result in a change in Futsch-positive, stable, microtubules, compared to w; Canton S 

(WCS) control suggesting that Kat-60L1 severing generates new microtubule fragments 

where additional plus-end polymerization occurs, stabilizing growing neurons. Thus, 

having multiple microtubule severing proteins in the nervous system allows for cell type 

specific microtubule regulation. 

 

1.12 Spastin and Katanin sever distinct populations of 
microtubules in mammalian neurons 

This regulation can occur through use of a specific microtubule severing protein 

either through associations with specific proteins or recognizing a post-translational 

modification on the microtubule itself. Many proteins associate with microtubules; some 

de-stabilize or stabilize them, while others do neither. Work by Sudo and Baas (2010) 

where they experimentally enhance microtubule acetylation have shown that 

overexpressed Katanin severs acetylated populations of microtubules lacking Tau, a 

microtubule associated protein (MAP) that stabilizes microtubules, from neuronal cell 

cultures, while overexpressed Spastin severing is independent of both acetylation or Tau 

association. By immunodepleting Tau, Qiang et al. (2006) showed that it protects 

microtubules from the severing activity of overexpressed P60-Katanin. Upon 

phosphorylation, Tau no longer associates with microtubules that allows overexpressed 

P60-Katanin to sever the microtubules (Yu et al., 2008). Conversely, severing resulting 
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from Spastin occurs whether or not Tau is associated with microtubules. This is 

particularly relevant for axonal branch points, where antibody staining of Spastin was 

found to be highly concentrated (Yu et al., 2008). Overexpression of Spastin resulted in 

an increase in axonal branches that led the authors to conclude that Spastin severing is 

the dominant method of increasing branch formation. Interestingly, branching still 

occurs even if both Spastin and Tau are depleted. This led the authors to surmise that 

P60-Katanin is now to able to sever the previously Tau-bound microtubules in the 

axonal branch. These models emphasize a difference for both subcellular distribution 

and regulation of function of Spastin and Katanin. Although both are expressed in 

neurons, Katanin targets specific populations of microtubules. 

 

1.13 Proposal of research 

The majority of data on Kat60 lends support to its role in cell division, while the 

in vitro work in neurons only begins to reveal its in vivo role there. in vivo studies directly 

address the function of Kat60 within the context of the entire organism like whether it is 

important for survival or what types of neurons are affected by its loss. Research using 

Drosophila is advantageous as the genome can be manipulated relatively easily and 

behaviors, some of which are also found in mammals. Thus, the current progress of the 

field warranted the study of Kat60 in Drosophila nervous system development.  
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This document describes the generation and in vivo characterization of a null 

deletion of kat60. 15% of expected kat60 null homozygotes eclosed. Re-introduction of 

Kat60 into neurons of kat60 nulls rescued the eclosion phenotype, demonstrating a 

requirement for Kat60 in neurons. Pupal brain development delayed and eventually 

arrested during early metamorphosis. In addition to characterizing the null phenotype, 

this document also will address possible redundancy between Kat60 and either Spastin 

or Kat-60L1 function. Loss of Kat60 did not affect the development of larval boutons or 

dendrites, where both Spastin and Kat-60L1 have strong phenotypes. These studies 

serve as the first characterization of Kat60 function in Drosophila nervous system 

development and support the idea that Kat60 is required for proper nervous system 

development.  
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Chapter 2. Loss of katanin-60 (kat60) affects pupal brain 
development 

 

2.1 Introduction/Rationale 

Microtubules are a very dynamic part of the cellular cytoskeleton, participating 

in a variety of cell processes such as cell division and cellular transport. As a result, 

microtubules must be highly regulated to ensure proper cell maintenance and 

development. Many mechanisms exist to regulate microtubule dynamics. One such 

mechanism, severing by microtubule severing proteins, regulates microtubule dynamics 

by binding to and creating a break in the microtubule. Severing is driven by ATP 

hydrolysis and can result either in the polymerization or depolymerization of 

microtubules, allowing for complete microtubule re-organization, as seen in C. elegans 

meiosis and Drosophila S2 cell mitosis respectively. Understanding microtubule severing 

will provide insight into how cytoskeletal changes are made as well as how these 

changes affect the cell. 

Severing was originally observed in Xenopus extracts (Vale, 1991). Soon after this 

first observation was made, Katanin, so named after the Japanese word for samurai 

sword, katana, was isolated and characterized from sea urchin preparations (McNally 

and Vale, 1993). Katanin is composed of two subunits: Kat60, the catalytic, ATPase-

containing, subunit and Kat80, the regulatory subunit. Kat60 has been studied 
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extensively in cell division in multiple model systems ranging from A. thaliana (Burk and 

Ye, 2002) to C. elegans (Srayko et al., 2000) to Drosophila (Zhang et al., 2007) to Xenopus 

(Loughlin et al., 2011) where its functions to re-orient either spindle microtubules or 

cortical microtubules. Recently there have been studies into how Kat60 functions within 

Drosophila migratory cell lines, where it has been shown to depolymerize microtubules 

at the leading edge, that decreases cell motility (Zhang et al., 2011). Interestingly in 

mammalian migratory cell lines of both cancer cells (Ye et al., 2011) and neuronal cells 

(Toyo-Oka et al., 2005), Kat60 activity has been shown to do the opposite, increasing 

cellular migration. Although many cell division studies indicate Kat60 microtubule 

severing re-orients or even generates a pool of microtubules, the seemingly opposite 

results for how Kat60 functions to depolymerize microtubules in migratory cells 

emphasize the need to ascertain the role of Kat60 in vivo. 

To this end, I characterized the available lines for hypomorphic or null alleles of 

kat60 to study its function in vivo. I characterized knockdown of several different types 

of insertion lines: PiggyBacs (PBac) and P elements that due to their genomic insertion 

site, would be predicted to interfere with transcription of kat60. Additionally, reduction 

of kat60 transcript in specific tissues due to tissue specific expression of kat60 RNAi lines, 

using the GAL4/UAS system (Fischer et al., 1988), was also compared to the insertion 

line transcript reduction. Since none of these alleles showed strong knockdown, a screen 

for deletion alleles was performed. Using imprecise excision, I generated a deletion 
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allele of kat60 (78H). I show that loss of kat60 results in a delay and eventual arrest of 

brain development during metamorphosis. 

 

2.2. Molecular characterization of kat60 alleles 

There are several alleles of kat60 designed to reduce its expression: (1) PBac 

f05910, inserted 360 bps upstream of the second exon of kat60, (2) Minos element 

MB06739, inserted 20 bps upstream of the fourth exon of kat60, and (3) five UAS-RNAi 

lines (Figure 2A, Table 1). The ability of these lines to reduce kat60 transcript expression 

was assessed using RT-PCR, a qualitative measurement of relative levels of transcript, to 

amplify a 475 bps (cDNA, 560 bps for genomic DNA) region at the start of the fifth exon. 

kat60f05910 showed some knockdown compared to wild-type control (data not shown), 

while kat60MB06739 displayed an increase in kat60 transcript expression (Figure 1D). Of the 

five UAS-RNAi lines available, three are from the Vienna Drosophila Research Center 

(VDRC) and two are from the Transgenic RNAi Project (TRiP).  Comparing potential 

reduction of transcript levels using the three VDRC lines, UAS-GD6908 (two lines with 

the insertion on the second or third chromosome), and UAS-KK108203, UAS-KK108203 

showed the greatest reduction of kat60 transcript levels in the fly, when driven with 

e22c-Gal4, sqh-Gal4 (Figure 2B), a ubiquitously-expressing driver (Franke et al., 2005). 

Compared to UAS-KK108203, UAS-TRiP.JF03012 showed greater reduction of kat60 

transcript levels (Figure 2C). To enhance kat60 transcript reduction a double RNAi line 
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was generated using UAS-TRiP.JF03012 and UAS-KK108203. Even when co-expressed in 

the brain using elav-Gal4, a neuronal driver (Berger et al., 2007), these two RNAi lines 

showed only partial knockdown (Figure 2C).  

Since these partial reductions of kat60 transcript levels may not be sufficient to 

reveal its loss of function phenotype, I generated new deletion alleles using imprecise 

excision (Ryder and Russell, 2003) of the EP element EY05593 (Figure 2A). In an 

imprecise excision, the ∆2-3 transposase is used to excise a P element insertion. While 

most excisions are precise, generating complete removal of only the P element insert 

from the genome, there are some instances where the transposase also removes a portion 

of the surrounding genomic region. From a PCR screen of 880 lines, eight lines were 

isolated that failed to amplify a 370 bp band 10 bp upstream of the second exon (grey 

arrows, Figure 2A). Of the eight deletions, three affected transcript levels of kat60. 

kat6078F showed strong knockdown of gene expression by RT-PCR, and both kat6048K and 

Df(3R)78H, showed no expression (Figure 2C and 2E). Of note, Df(3R)78H spans the 

entire gene region of kat60, as well as a portion of its neighboring gene, CG1115, an as 

yet uncharacterized gene that may be involved with the endosomal cargo sorting 

proteins of ESCRT complexes (Vaccari et al., 2009, Figure 2A). Consequently, any 

phenotypes characterized with Df(3R)78H could be due to loss of kat60 or CG1115.  

I tested for the presence of CG1115 in both Df(3R)78H and kat6048K, using primers 

flanking the intron of CG1115 that amplify a 480 bp cDNA band (775 bp genomic DNA 
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band). Unlike Df(3R)78H, kat6048K retains expression of CG1115, (Figure 2E). Of note, I 

characterized a homozygous viable line with an EP insertion in the 5’UTR of CG1115, 

EY06250 that showed a knockdown comparable to that seen in kat6048K (data not shown).  
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Figure 3: Df(3R)78H does not show any kat60 mRNA transcript 

(A) Schematic of kat60 and its downstream gene CG1115. An imprecise excision, using 

the EP element, EY05593 (black triangle), was performed, generating three alleles (lines 

below gene), kat6078F, kat6048K and Df(3R)78H (lines indicate mapped deletions, dotted 

lines indicate unmapped). Exons = black boxes, introns = black lines, UTR = gray boxes 

(pointed end is 3’), AAA region = white box. Genomic region used to PCR screen for 

kat60 deletion represented by grey arrows. Genomic region used in kat60 RT-PCR 

represented as black arrows. Genomic region used in CG1115 RT-PCR represented as 

blue arrows. Genomic target region of RNAi line represented as yellow boxes. kat60f05910 

denoted as purple triangle. (B) RT-PCR was performed on whole flies where three 

VDRC lines were driven with e22c-GaL4, sqhGaL4, with UAS-KK108203 showing the 

strongest reduction of kat60 transcript levels in flies. The second, higher molecular 

weight, band seen in the KK108203 lane is the genomic band for that primer set. 

GAPDH2 expression levels were used as loading controls. (C) RT-PCR was performed 

on two different deletion alleles of kat60, as well as other putative loss of function alleles 

(yellow boxes in (A)), that were compared to WCS. kat6078F showed very strong 

reduction of kat60 transcript levels, amplifying a predicted 475 bp piece, while 

Df(3R)78H showed loss of kat60 transcript levels. Two different RNAi lines, comparing 

the VDRC line to TRiP, were driven with elav-Gal4, with UAS-TRiP.JF03012 showing a 

stronger reduction of kat60 transcript levels. Expressing both RNAi lines showed 

enhanced reduction. GAPDH2 expression levels were used as loading controls. (D) RT-

PCR was performed on a kat60 allele containing the Minos insertion, MB06739 (green 

triangle in (A)) showed an increase in kat60 expression. GAPDH2 expression levels were 

used as loading controls. (E) RT-PCR shows that both Df(3R)78H and kat6048K result in no 

kat60 transcript expression, but kat6048K does not completely abolish CG1115 expression. 

GAPDH2 expression levels were used as loading controls. 
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Table 1: Available kat60 alleles and their location 

Name Type Location(Target Region, if RNAi) Source 

EY05593 EP 100 bps upstream of 1st exon Bellen et al., 2004 

f05910 PBac 780 bps downstream of 1st exon Thibault et al., 2004 

MB06739 Minos 20 bps upstream of 4th exon Metaxakis et al., 2005 

TRiP.JF03012† UAS-RNAi 3rd (3rd exon) TRiP* 

TRiP.GL00481† UAS-RNAi 2nd (3rd exon) TRiP** 

GD6908† UAS-RNAi 2nd and 3rd (3rd exon) VDRC*** 

KK108203† UAS-RNAi 2nd (5th exon) VDRC 
 

* Ni et al., 2009, Ni et al., 2008 

** Ni et al., 2011 

*** All VDRC lines from Dietzl et al., 2007 

† No predicted off targets 

 

 

2.3 Phenotypic characterization of Df(3R)78H 

To determine when Kat60 function is required, a lethality study was performed. 

kat6078F flies are homozygous viable, as are the transheterozygotes resulting from a cross 

between kat6078F and Df(3R)78H, suggesting either that a very low level of kat60 is 

sufficient for development or that CG1115 is responsible for the Df(3R)78H-induced 

lethality. In contrast to kat6078F flies, Df(3R)78H homozygous flies display a severely 

reduced eclosion rate of only 10% of the expected number of Df(3R)78H homozygous 

flies. The eclosion lethality was due to Df(3R)78H since re-introduction of a genomic 

region spanning the deletion, via a 20 kb Bacterial Artificial Chromosome (BAC) insert, 

is able to reverse this phenotype; Df(3R)78H flies containing the BAC insert are 

homozygous viable. Thus, the low eclosion rate is due to Df(3R)78H. 
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Kat60 and Spastin have both been proposed to play a role in axon outgrowth of 

cultured rat sympathetic neurons (Yu et al., 2008). In this model, Katanin severing of 

acetylated microtubules at branch points during axon outgrowth is inhibited by the 

presence of Tau. Spastin on the other hand, severs microtubules at these same branch 

points regardless of microtubule acetylation or Tau association. Earlier work in the lab 

has shown an in vivo role for Spastin in axons, therefore I examined if Df(3R)78H affects 

axon outgrowth through characterization of the neuromuscular junction (NMJ). Spastin 

has been shown to function at the NMJ, with loss of function null L3 larvae displaying 

abnormal bouton morphology (Sherwood et al., 2004). In contrast, general bouton 

morphology for Df(3R)78H homozygous larvae (Figure 2A) appeared normal, as 

visualized using anti-HRP, that labels neurons (Jan and Jan, 1982). This suggested that, 

in contrast to the model from in vitro studies, Kat60 is not working together with Spastin 

in these axons to specify branch points.  

Given that Kat60 and Kat-60L1 are very similar in sequence, I also checked 

whether loss of kat60 results in an overlapping phenotype with loss of kat-60L1. kat-60L1 

nulls display reduced sensitivity in assays for sensory neuron function and have 

reduced dendritic arbors (Stewart et al., 2012). As an assay for general 

mechanosensation, Kernan et al. (1994) developed the light touch assay, where an 

eyelash is used to stroke the anterior portion of the larva and the larval responses are 

scored. kat-60L1 null larvae exhibited an insensitivity to light touch (Stewart et al., 2012). 
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Unlike kat-60L1 null larvae, Df(3R)78H homozygous larvae respond in a manner similar 

to WCS controls for light touch (Figure 2B). Additionally, Class IV multi-dendritic (md) 

neurons have arbors that completely cover each segment of the larva and kat-60L1 null 

larvae have dendritic arbors with reduced complexity (Stewart et al., 2012). To visualize 

the morphology of Class IV md neurons, ppk1.9-Gal4, that drives strongly in Class IV 

neurons (Ainsley et al., 2003), was used to express GFP in Df(3R)78H homozygous 

larvae. Dendritic arbors of Df(3R)78H homozygous larvae appear similar to WCS 

controls, as visualized using anti-GFP (Figure 2C). Together, these results indicate that 

loss of kat60 (and CG1115) affects neither motor neuron bouton morphology nor sensory 

neuron morphology function and that Kat60 may function in tissues distinct from those 

previously characterized for either Spastin or Kat-60L1 loss. 
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Figure 4: Homozygous Df(3R)78H larvae display normal bouton morphology, as well 

as normal propioception and sensory neuron morphology. 

(A) Df(3R)78H homozygous larvae have normal, linear boutons, like those seen in WCS 

controls (top panel). Boutons were stained with anti-HRP. Average total bouton number 

is also unaffected by Df(3R)78H (bottom panel). Student’s t test (p=0.6) Scale bar = 5.2 µm 

(B Df(3R)78H homozygous larvae respond in a manner similar to WCS controls in the 

light touch assay, with an average summed response of approximately 10. Student’s t 

test (p=0.8) (C) Df(3R)78H  homozygous larvae have dendritic arbors of similar 

complexity compared with WCS controls. Neurons were visualized with anti-GFP. Scale 

bar = 94 µm 
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2.4 Gal4 lines with central nervous system (CNS) expression 
rescue kat60 induced lethality 

To determine tissue specificity of the requirement for kat60, a construct 

containing the genomic region beginning from the start ATG of kat60 through its 3’ UTR 

(UAS-FLAG-myc-kat60) was crossed to a variety of Gal4 drivers and the percentage of 

eclosions for each genotype analyzed. Crossing the above genotype with elav-Gal4 

(Berger et al., 2007), a pan-neuronal driver that expresses in all peripheral nervous 

system (PNS) and CNS neurons throughout development, partially rescued the 

Df(3R)78H (hereafter referred to as kat6078H) eclosion phenotype (80% eclosion), while 

using 24B-Gal4, an early mesoderm driver that continues to express in the muscles 

postembryonically (Brand and Perrimon, 1993), did not (Table 2). Using spin-Gal4 

(Sweeney and Davis, 2002), a CNS and motor neuron driver, also rescues adult eclosion. 

Kat60 is therefore required in at least some population of neurons for adult eclosion. 

  

Table 2: Different Gal4 drivers variably rescue the kat60 null induced lethality. 

 

Driver Expression Pattern 

Rescue Percentage of Eclosion 

Relative to Expected* SE 

elav pan-neuronal 80% ± 13.8% 

24B pan-muscle 0% ± 0% 

spin muscular and neuronal, L3 brain 65% ± 3.6% 

    * Explanation of calculation in Materials and Methods. 
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2.5 kat60 is required for pupal brain development 

As many kat6078H flies failed to eclose and no abnormal nervous system 

phenotypes during the L3 stage of development were uncovered, the pupal nervous 

system was analyzed. Pupal brain development was visualized with anti-Trio (Awasaki 

et al., 2000), that marks different subsets of neurons in the brain and mushroom bodies 

in particular, and anti-Fasciclin II (Grenningloh et al., 1991), the Drosophila ortholog of 

neuronal cell adhesion molecule (NCAM), that marks neurons, over the course of 48 

hours after pupal formation (APF). During the first 24 hours APF, the abdominal regions 

of the ventral nerve cord (VNC) normally remodel, decreasing in length (bracketed 

region, top row of Figure 5A), and the subesophageal region fuses and constricts (ovals, 

top row of Figure 5A). By 48 hours APF, there remains only a fine connection between 

the brain and the VNC, with the abdominal VNC having shrunk to half its larval length. 

In kat6078H homozygous pupae, both of these processes fail to occur. By 24 hours APF, 

the abdominal VNC in kat6078H homozygous pupae has remained the same length as 

observed in 16 hour APF (bracketed region, bottom row of Figure 5A). Additionally, the 

subesophageal region has not constricted (ovals, bottom row of Figure 5A), measuring 

1.5 times longer than those in wild-type controls (Student’s t test p< 0.005 Figure 5C). 

Thus, flies lacking kat60 fail to remodel their VNC properly. 

This delay can be rescued by re-introducing Kat60 into neurons (Figure 5B), 

using the elav-Gal4 to express UAS-FLAG-myc-kat60 (UAS-Fmkat60) in neurons, within a 
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kat6078H homozygous background. Similar to the behavioral rescue, the failure to 

constrict the subesophageal region can be rescued by re-introduction of Kat60 into 

neurons (Figure 5C). These results provide further evidence for a requirement for Kat60 

in pupal brain development. 

 

 

Figure 5: kat60 is required for neural development and its loss results in delayed 

pupal brain development 
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(A) kat6078H homozygous pupal brains stained with anti-Trio and anti-Fasciclin II at 0, 4, 

8, 16, 24 and 48 hours APF display delayed morphology such as unremodeled portions 

of the abdominal VNC (brackets) and non-constricted subesophageal region (circles) 

when compared to WCS controls. Scale bar = 50 µm. (B) Re-introduction of kat60, via 

UAS-Fmkat60, into neurons by elav-Gal4 results in a rescue of the null phenotype. Rescue 

brains show reduced abdominal VNC length (brackets) and subesophageal constriction 

(circles), similar to what is seen in WCS controls. Scale bar = 50 µm. (C) kat6078H 

homozygous pupal brains show a significantly increased width of the subesophageal 

region (white bar) compared to WCS controls (grey bar; p<0.005, Student’s t test). This 

phenotypic increase is rescued with re-introduction of kat60 into neurons (Rescue, dark 

grey bar). 
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2.6 Confirmation of rescue of eclosion lethality 

The UAS-FLAG-myc-kat60 line is lethal and exists over CyOKr-Gal4,UAS-EGFP. 

The presence of CyOKr-Gal4,UAS-EGFP in progeny could predispose a lethality, causing 

an enhancement of the number of rescue flies. To determine if CyOKr-Gal4,UAS-EGFP 

causes a lethality, I performed three separate crossing schemes. In the first crossing 

scheme, UAS-FLAG-myc-kat60/Vkg-GFP; kat6078H/TM6c flies were crossed to elav-Gal4, 

kat6078H/TM3SbSer, Twi-Gal4,UAS-EGFP. Numbers of flies that were of the genotype 

UAS-FLAG-myc-kat60/+; kat6078H/ elav-Gal4, kat6078H, represented “rescue flies.” 77% of 

expected rescue flies eclosed. This degree of rescue was similar to that observed in the 

Gal4 rescue crosses using UAS-FLAG-myc-kat60/CyOKr-Gal4,UAS-EGFP; kat6078H/TM6B, 

indicating that CyOKr-Gal4,UAS-EGFP did not enhance the number of rescue flies in the 

Gal4 rescue crosses (Table 2). The second and third crossing schemes used two different 

homozygous viable insertions of UAS-FLAG-myc-kat60 on the second, UAS-FLAG-myc-

kat602.3 and UAS-FLAG-myc-kat603.2, respectively. 58% of expected rescue flies eclosed 

from the crossing scheme where UAS-FLAG-myc-kat602.3; kat6078H/TM3Ser flies were 

crossed to elav-Gal4. 59% of expected rescue flies eclosed from the crossing scheme 

where UAS-FLAG-myc-kat602.3; kat6078H/TM3Ser flies were crossed to elav-Gal.  Together, 

the results from these crossing schemes validate the Gal4 rescue crosses. 

 



 

37 

2.7 Discussion and Conclusions 

I have shown that Kat60 is necessary for pupal brain development. 

Characterizing the relative ability of either insertion or UAS-RNAi lines to kat60 

expression yielded no possibilities of a strong knockdown. In kat6078H, a null allele 

generated by imprecise excision, flies pupated at a low rate and eclosed at an even lower 

rate. Loss of Kat60 resulted in an arrest of pupal brain development, and re-introduction 

of kat60 pan-neuronally, using elav-Gal4, rescued this arrest. This phenotype is distinct 

from those previously characterized in either spastin or kat-60L1 nulls, where bouton or 

sensory neuron morphology was affected. This indicates a unique role for Kat60 in brain 

development during metamorphosis. These results indicate that microtubule severing 

proteins play a role in the development of the Drosophila nervous system and that these 

roles are specific to the particular member of the microtubule severing protein family. 

 

2.8 Future Directions 

Since kat60 functions in pupal brain development, it would be interesting to see 

how pupal brain development is affected in either spastin or kat-60L1 nulls. No studies 

have yet been done on pupal CNS development in either spastin or kat-60L1 nulls. As 

very few spastin null flies eclose, dying during late pupation, it would be interesting to 

compare these pupal brains with kat6078H pupal brains. Additionally, looking at double 
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mutants of kat60 with either spastin or kat-60L1 would begin to reveal the interplay 

between these microtubule severing proteins.  

 

2.8 Materials and Methods 

Drosophila Stocks and Crosses: The genetic deletion, kat6078H, was created by imprecise 

excision of the EP, EY00593 in the 5’UTR of kat60. 880 potential deletion lines were 

screened by PCR to uncover eight deletions in kat60. Primers for the PCR screen are as 

follows: forward: TTTCCAATCGGCATTTGGCCCAC and reverse: 

GGAACAGGTTGTCGTCATTG. These primers amplify a predicated 372 bp genomic 

DNA product. Using a combination of primer walking and sequencing, I delineated the 

breakpoints of kat6078H to a 5645 bp region, 3R:1052235-1057880 with part of the EP 

remaining at position 1057880. 

 

For kat60 loss of function analysis, homozygotes from kat6078H/TM3SbSer, Twi-Gal4,UAS-

EGFP were used.  

 

For kat60 loss of function analysis within Class IV md neurons, I crossed ppk1.9-Gal4 

UAS-mCD8::GFP; kat6078H/TM6b to kat6078H/TM6b. 

 

kat60 RNAi lines: VDRC: GD6908 and KK108203. TRiP: TRiP.GL00481 and TRiP.JF03012.  
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For kat60 RNAi experiments I either crossed e22c-Gal4,sqh-Gal4/ CyOKr-Gal4,UAS-

EGFP;UAS-Dicer2 to single, VDRC RNAi lines or crossed elav-Gal4(X); UAS-Dicer2 to a 

double RNAi stock, TRiP.JF03012 RNAi(II);  KK108203 RNAi (III). 

 

For rescue experiments, I crossed any of the following three drivers: (1) elav-Gal4, 

kat6078H/TM3SbSer, Twi-Gal4,UAS-EGFP (2) 24B-Gal4, kat6078H/TM3SbSer, Twi-Gal4,UAS-

EGFP or (3) spin-GAL4, kat6078H/TM6B (from Sweeney) to UAS-FLAG-myc-kat60/CyOKr-

Gal4,UAS-EGFP; kat6078H/TM6B to obtain genetic rescue animals.  

 

Drosophila stocks were provided by the Bloomington Stock Center (Bloomington), the 

Vienna Drosophila RNAi Center (Vienna, Austria) and Transgenic RNAi Project 

(Harvard Medical School). 

 

RT-PCR to characterize transcript levels: Forward primer in exon 5: 

AGAGGAACAGGCCAAGGTG. Reverse primer in exon 6: 

CTCCTACAATCGCTAGCCATTCG. These primers amplify a predicted 475 bp cDNA 

product and 561 bp genomic DNA product. 

 

RT-PCR to characterize CG1115 transcript levels: Forward primer in exon 1: 

GCAAGCAAGCCGATAGATAAAC. Reverse primer in exon 2: 
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TCGATGAAGGGATCGTTGAC. These primers amplify a predicted 480 bp cDNA band 

and 775 bp genomic DNA band. 

 

RT-PCR to characterize GAPDH2 transcript levels: Forward primer spanning the 

5’UTR and exon: GCAAGCAAGCGGATAGATAAAC Reverse primer within the exon: 

GTCAACGATCCCTTCATCGA. These primers amplify only a predicted 140 bp cDNA 

band. 

 

RNA was isolated using Nucleospin RNA II (Macherey-Nagel) from the following 

tissues: third instar larvae, adult heads, and flies; cDNA was generated using the Bioline 

cDNA kit. 

 

Behavioral Analysis: Light touch assays were performed based off of work by Kernan et 

al. (1994). Wandering L3 larvae were removed from a vial and placed onto a grape juice 

plate. The larvae were then given 30 seconds to crawl around on the plate, in order to re-

requilibrate. The anterior portion of the larva was stroked with an eyelash. A score of 0-4 

was given depending on the response, ranging from no response (0) to multiple 

contractile waves backwards (4). Each larva underwent 4 trials, that were summed. Each 

genotype had a sample size of 5 larvae. The averaged results from the trials for a given 
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genotype were used to obtain a behavioral score and to generate the standard error of 

the mean (SEM), and statistical analyses were performed using the Student’s T test. 

 

For Gal4 rescue cross calculations numbers of “rescue” flies/total number of flies were 

compared with numbers of “null” flies/total number of flies. These numbers were 

normalized by the percent of that genotype expected. Rescue flies were flies containing 

UAS-FLAG-myc-kat60 and a driver Gal4, within the kat6078H homozygous background. 

Null flies were flies containing CyOKr-Gal4,UAS-EGFP and a driver Gal4, within the 

kat6078H homozygous background. 

 

Gateway Cloning of UAS-FLAG-myc-kat60: The kat60 genomic DNA clone (accession 

number, AC007532) was obtained from the Drosophila Genomics Resource Center 

(DGRC) and was amplified by PCR and gel extracted for purification. The forward 

primer included the ATG start site: CACCATGTCCATAACCGTAAGTC; the reverse 

primer included the 3’ UTR: GGGTGCTGGGCCAGCAGCCCGTAC, and amplified a 

1.84 kb product that was cloned into a pENTR™⁄D-TOPOR entry vector (Invitrogen) and 

verified by sequencing. The pTFMW Gateway vector (#1124 DGRC) was use for 

recombination. The final N-terminally FLAG-myc tagged kat60 vector, UAS-FLAG-myc-

kat60, was sent to Duke University Model Systems Genomics for injection and fly 

transformation services (Durham, NC). 
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Cloning of BAC insert: The BAC used was P[acman] BAC CH322-24P15 (3R: 

1048218..1068305) from the Childrens Hospital Oakland Research Institute (CHORI). The 

DNA was isolated using a Midi-prep Kit from Qiagen and then transformed into EPI-

300 cells. Cells containing the BAC were sent to Genetivision, Inc (Houston, TX) where 

the BAC was isolated and injected into flies. Genetivision uses the PhiC31site-specific 

integration system. I chose the VK31 (3L, 62E1) insertion site. 

 

Immunohistochemistry: Antibodies used: anti-HRP (1:100, from Cappel), mouse anti-

GFP (1:500, from Invitrogen), the remaining antibodies at 1:50 (from Developmental 

Hybridoma Studies Hybridoma Bank, University of Iowa) 1D4 (anti-fascilin), and anti-

Trio. Alexa-fluor 488 or 568 fluorescent secondary antibodies (1:200) were from 

Invitrogen. 

 

Larval preparations were as follows: larvae were filleted by opening either the dorsal 

side (NMJ preparations) or the ventral (dendrite preparations) side in either 1x PBS 

(NMJ preparations) or  HL3 Ringers solution (dendrite preparations), followed by 

fixation for 30 minutes in 4% paraformaldehyde. The fillets were then rinsed 3 times and 

washed 3 x 15 minutes in PBST (0.2% Triton-X in 1x PBS) and blocked with PBTNA (10% 

natural goat serum, 1% BSA and 0.01% Azide in 0.2% PBST) for 1 hour. Antibody 

solutions were prepared in PBTNA and the larvae were incubated with primary 
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antibody for either 3 hrs at room temperature or overnight at 4° C. Next, the fillets were 

washed 3 x 30 minutes in PBST. Secondary antibodies were incubated with fillets for 

either 2 hours at room temperature or overnight at 4° C and then washed in the same 

fashion as for the primary antibodies. Samples were then mounted in Vectashield 

(Vector Laboratories) for imaging. 

 

Pupal brain preparations were as follows: Properly aged pupae were removed from 

their cases and their brains dissected out, in 1x PBS, followed by fixation for 30 minutes 

in 4% paraformaldehyde. The brains were then rinsed 2 times and washed 2 x 15 

minutes in PBST and blocked with PBTNA for 1 hour. Antibody solutions were 

prepared in PBTNA and the pupal brains were incubated with primary antibody for 2 

days at 4º C. Next, the brains were washed 3 x 30 minutes in PBST. Secondary antibodies 

were incubated with brains overnight at 4° C and then washed in the same fashion as for 

the primary antibodies. Samples were then mounted in Vectashield with footed 

coverslips for imaging. 

 

Neuron Visualization and Analysis: Images were collected on a Zeiss 510 confocal 

microscope and converted to maximum intensity projections of Z stack images using 

LSM Image Browser software, and brightness and contrast were adjusted using Adobe 

Photoshop. 



 

44 

Using LSM Image Browser software, subesophageal constriction was quantified by 

measuring the width of anti-Fasciclin stained tracks at the thinnest portion of the VNC 

in maximum intensity projections of Z stack images of 24 hour APF WCS control, 

kat6078H, and UAS-FLAG-myc-kat60/+; elavGal4, kat6078H/ kat6078H pupal brains. 
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Chapter 3. Role of Katanin-60 in Drosophila pupal brain 
development 

 

3.1 Introduction/Rationale 

Several studies have implicated a role for Kat60 in nervous system development. 

Immunohistological studies of the developing mouse nervous system reveal that Kat60 

is present in developing axons, during the period of axon outgrowth (Karabay et al., 

2004). Kat60 also localizes to the neuronal centrosome in cultured rat sympathetic 

neurons where Ahmad et al. (1999) suggest it may function to release microtubules for 

transport down the developing axon based on the result that injection of antibodies 

against Katanin, thereby inhibiting its function, increases the amount of microtubules 

surrounding the centrosome. Studies in hippocampal cell cultures by Qiang et al. (2010), 

wherein they added basic fibroblast growth factor, reveal an upregulation in kat60 

expression that is then correlated with axon branching. These studies suggest that Kat60 

regulates axon outgrowth, in vivo. 

I have shown that loss of Kat60 affects brain development. During 

metamorphosis, larval neurons undergo apoptosis or prune/remodel, and neuroblasts 

divide to create adult-specific neurons. My goal was to examine whether loss of Kat60 

affected apoptosis or pruning of neurons, or neurogenesis. I show that both apoptosis 

and pruning are impaired in kat6078H homozygous pupae, while neurogenesis is 
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unaffected. Loss of Kat60 does not directly cause the apoptotic and pruning phenotypes, 

rather another upstream pathway is responsible.  

 

3.2 Cell autonomonous loss of Kat60 does not affect apoptosis 
of Corazonin-expressing neurons 

In early metamorphosis, many larval cells undergo apoptosis (Truman, 1990).  

The larval VNC, in particular, is remodeled such that neurons of the thoracic region 

reorganize, while those of the abdominal region either degenerate or undergo apoptosis. 

Since the abdominal VNC fails to remodel and decrease in size in kat6078H homozygous 

pupae, I focused on this region of the VNC and tested whether apoptosis was affected in 

kat6078H homozygous pupae. I performed a TUNEL assay on 4 hour APF WCS control 

and kat6078H homozygous pupal brains (Figure 6A). The  TUNEL assay utilizes terminal 

deoxynucleotidyl transferase (Tdt) to recognize severely damaged DNA,  a hallmark of 

apoptosis, and adds dUTP secondarily labeled with a fluorophore (Gorczyca et al., 

1992). Quantification revealed a 25% decrease in the number of TUNEL-positive cells, 

suggesting retention of larval cells within the abdominal VNC (Figure 6B). 

Given that TUNEL labels all cells undergoing apoptosis, it is possible that only a 

certain subset of cells is affected by loss of kat60. I thus examined a small and well-

characterized set of neurons, the Corazonin (Crz)-expressing neurons. These neurons in 

the VNC undergo apoptosis within 8 hours APF (Choi et al., 2006). By expressing PARP, 

a substrate for caspases, in these cells, it is possible to observe the onset of apoptosis (Lee 
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et al., 2011). In kat6078H homozygous pupae, Crz-expressing neurons did undergo 

apoptosis (as evidenced by the presence of cleaved PARP), but took twice as long to do 

so (Figure 7). Re-introduction of Kat60 into these neurons using crz-Gal4 did not restore 

apoptosis. This indicated that while apoptosis within Crz-expressing neurons is affected 

in kat6078H homozygous pupae, this delay is not the result of a cell autonomous loss of 

kat60. 

 

 

Figure 6: kat6078H homozygous pupae show a decrease in TUNEL staining compared 

to WCS controls at 4 hours APF. 

(A) The abdominal VNC for kat6078H homozygous pupae displays fewer TUNEL-positive 

cells, compared to WCS controls, at 4 hours APF. Scale bar = 50 µm (B) kat60 nulls (white 

bar) show an 27% decrease in the number of TUNEL-positive cells at 4 hours APF 

compared to WCS controls (black bar), using a student’s t test (p=0.05). 
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Figure 7: Crz-expressing neurons delay undergoing apoptosis in kat6078H homozygous 

pupae. 

In wild-type, apoptosis of VNC Crz-expressing neurons commences shortly after pupal 

formation (left panel, top row). At 4 hrs APF, caspases are active, as shown by the 

detection of cleaved PARP (left panel, bottom row). By 8 hrs APF, only the adult-specific 

brain neurons remain and no cleaved PARP is detected. In contrast, the VNC Crz-

expressing neurons of kat6078H homozygous pupae persist into 8 hrs APF (right panel, 

top row) and cleaved PARP staining is still apparent (right panel, bottom row). Crz-

expressing neurons were visualized with GFP. Scale bar = 50 µm 
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3.3 Loss of Kat60 potentially decreases neurogenesis 

In addition to apoptosis, another process occurring during metamorphosis (as 

well as throughout development) is neurogenesis of adult-specific neurons. As many 

studies have characterized a role for kat60 in cell division, I decided to see if 

neurogenesis was affected in kat6078H homozygous pupae. Of note, the majority of 

abdominal neuroblasts proliferate mainly during the third larval instar, while thoracic 

neuroblasts and those within the central brain and optic lobe occurs throughout 

development (Figure 8A). Thus I analyzed kat6078H homozygous pupal brains for defects 

in neurogenesis. kat6078H homozygous pupal brains were stained with an antibody to 

phosphorylated histone H3 (ph3), a marker of dividing cells. There was a decrease in 

staining within the abdominal VNC compared to WCS controls (Figure 8B). These 

results indicate that neurogenesis may be impaired in kat60 null pupal brains. 
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Figure 8: in kat6078H homozygous pupae show a potential decrease in cells undergoing 

neurogenesis compared to WCS controls 

(A) Summary of proliferation of neuroblasts during postembryonic development of the 

CNS. A: abdominal neuromeres; B: brain; L1-L3: larval instars; OL: optic lobe; PO: pupal 

stage; T1-T3: thoracic neuromeres (Figure modified from Tissot and Stocker. 

Metamorphosis in Drosophila and other insects: the fate of neurons throughout the stages. 

Progress in Neurobiology. (2000) 63(1): 89-111.) (B) L3 and 0 hr APF in kat6078H 

homozygous pupae and WCS control brains were stained with an antibody directed 

against phosphorylated histone H3. Scale bar = 50 µm 
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3.4 Loss of Kat60 may affect pruning of both mushroom body 
and Bursicon-expressing neurons 

There are many neuronal cell types that undergo pruning during 

metamorphosis. Pruning is where the neuron changes its structure such that the 

synaptic connections are re-formed in a more efficient configuration. One of the most 

well characterized set of neurons that undergoes pruning is mushroom body γ neurons 

(Watts et al., 2003). These neurons begin to remodel as early at 2 hr APF, continuing 

through till 18 hr APF. Using OK107-Gal4 to drive GFP expression, I see that by 24 hr 

APF, mushroom body neurons, particularly γ, have undergone pruning (arrows, Figure 

9A). In contrast, by 24 hr APF these same neurons in kat6078H homozygous pupal brains 

fail to undergo pruning and resemble larval mushroom body neurons (arrows, Figure 

9A).  

Pruning of individual mushroom body γ neurons can be visualized through the 

use of mosaic analysis with a repressible marker (MARCM, Lee et al., 1999) that allows 

the generation of labeled, individual homozygous mutant cells within a population of 

wild-type cells. Unfortunately, the FRT transgene used to generate these lines is inserted 

very close to kat60, having a recombination frequency of 0.4%. Nevertheless, I tested 500 

lines by PCR and did not get any recombinants. As a result, I did not pursue the kat60 

loss of function phenotype in mushroom body pruning. 

Another set of neurons that have been shown to undergo pruning during the 

pupal stage are Bursicon-expressing neurons. The longitudinal processes of these 
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neurons that appear as parallel lines flanking the VNC midline, show evidence of 

pruning 3 hours APF, and accomplish the majority of pruning by 24 hours APF, when 

these processes no longer appear as defined parallel lines (Zhao et al., 2008). Using burs-

Gal4 to drive GFP expression, I saw that in kat6078H homozygous pupal brains these 

neurons do not complete pruning by 24 hours APF, retaining the parallel, longitudinal 

processes similar to that seen at just a few hours APF (Figure 9B). Bursicon-expressing 

neurons failed to undergo pruning in kat6078H homozygous pupal brains, as observed 24 

hours APF, well after the early apoptotic defects seen in Crz-expressing neurons. Thus 

loss of kat60 may affect pruning of mushroom body and Bursicon-expressing neurons. 
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Figure 9: kat6078H homozygous pupal brains display incomplete pruning in both 

mushroom body neurons and Bursicon-expressing neurons. 

(A) One mushroom body is derived from four identical neuroblasts in each hemisphere. 

Asymmetric divisions through the embryonic, larval and pupal stages, generate about 

500 neurons. These neurons are divided into three types, classified by birth order. γ 

neurons (red) are born before the mid-3rd instar stage. α’/β’ neurons (green) are born 

between the mid-3rd instar and pupal stages. α/β neurons (blue) are born after pupal 

formation. During the early pupal stage, γ neurons change their axonal projection 

pattern after partial degeneration of their axons. (Figure modified from Lee et al. 

Development of the Drosophila mushroom bodies: sequential generation of three distinct types of 

neurons from a neuroblast. Development. (1999) 126:4065-4076) (B) By 24 hours APF, 

mushroom body neurons have undergone pruning, especially the γ lobes (arrows), in 

controls. In contrast, mushroom body neurons in kat6078H homozygous pupal brains did 

not. Mushroom body neurons were visualized with GFP. Scale bar = 50 µm (C) 

Bursicon-expressing neurons in the VNC normally prune and remodel within 48 hours 

APF (top row), in controls. In kat6078H homozygous pupal brains, these neurons do not 

undergo pruning or remodel (bottom row). Bursicon-expressing neurons were 

visualized with GFP. Scale Bar = 50 µm 

 

 

3.5 Discussion and Conclusions 

Both apoptosis and pruning of the CNS during metamorphosis failed to occur in 

kat6078H homozygous pupal brains, and neurogenesis might be decreased. Kat60 has 

previously been shown to have numerous roles in cell division. Consistent with this, I 

observed fewer cells undergoing neurogenesis in the abdominal region of the VNC. Of 

note, there are few populations of neurons in which apoptosis and pruning have been 

specifically characterized during metamorphosis. In most cases though, the specific 

identities of the cells undergoing these processes remain unknown. 

For both apoptosis and pruning I looked at specific subsets of well-characterized 

neurons that undergo these events.  For apoptosis analysis, I looked specifically at Crz-
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expressing neurons, within the VNC that undergo apoptosis during the first few hours 

APF.  I found that these neurons delay undergoing apoptosis in kat6078H homozygous 

pupal brains, and re-introduction of Kat60 into these neurons did not rescue this delay, 

suggesting that Kat60 does not function in a cell autonomous manner to regulate 

apoptosis within Crz-expressing neurons. For pruning analysis, I looked at two specific 

sets of neurons, mushroom body neurons and Bursicon-expressing neurons. Mushroom 

body neurons lie within the lobes of the brain and remodel during the first 24 hours 

APF. These neurons are also affected by loss of Kat60, failing to undergo pruning, 

especially the γ lobe neurons. Bursicon-expressing neurons within the VNC also 

remodel during the first 24 hours APF. Like the mushroom body neurons, the Bursicon-

expressing neurons fail to undergo pruning, and rather, retain the neuronal morphology 

of younger brains. It remains to be shown whether the failure to undergo pruning 

results from cell autonomous loss of kat60. Now that several cellular events have been 

implicated in kat60 nulls, double mutants with potential interactors can be used to reveal 

molecular interactions between Kat60 and other proteins. 

 

3.6 Future Directions 

The phenotypes associated with loss of kat60 imply that many distinct cellular 

processes utilize Kat60 during metamorphosis and it is this combination of events which 

leads to the gross morphological pupal brain delay seen in kat6078H homozygous pupal 
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brains.  An alternative implication, however, is that ecdysone signaling is perturbed in 

kat6078H homozygous pupal brains, resulting in the secondary phenotypes of apoptosis 

and pruning of neurons as well as neurogenesis. Just prior to pupation, a large pulse of 

the steroid hormone ecdysone signals the onset of pupation (Thummel, 2001). Similar 

pulses are seen throughout development, such as the smaller pulses preceding each of 

the larval ecdyses, as well as a much larger pulse following head eversion. Ecdysone 

triggers many of the changes that occur during metamorphosis: larval neuron apoptosis, 

pruning/remodeling, and neuroblasts dividing to create adult-specific neurons.  

Ecdysone binds to its receptor, a heterodimer between ecdysone receptor (EcR) and 

ultraspiracle (USP) and activates transcription. There are 3 forms of EcR: EcRA, EcRB1, 

and EcRB2, and the first two isoforms predominate throughout metamorphosis (Talbot 

et al., 1993). I intend to look at both the ecdysone secreting cells as well as the cells 

expressing its relevant receptors. To address whether kat6078H homozygous larvae lack 

ecdysone, I will feed ecdysone and see if the larvae survive to adulthood. If so, then 

ecdysone signaling is likely affected in kat6078H homozygous larvae. To determine 

whether either ecdysone or receptor production is defective, I will use antibodies 

specific for EcRA and EcRB1, I will look at their distribution in L3 brains and see if it 

matches what is observed in wild-type. A difference in distribution would suggest 

receptor mis-localization with Kat60 functioning to help traffic these proteins. 

Additionally, I will use Gal4 drivers for ecdysone secreting cells and EcRA-expressing 
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cells to test if re-introduction of Kat60 in the pattern specified by these drivers results in 

rescue of the eclosion phenotype. If re-introduction of Kat60 in these lines rescues the 

eclosion phenotype, then this will further refine the cell type that is affected by loss of 

Kat60. It would be interesting if Kat60 is involved in regulating hormone or receptor 

production, perhaps in the role of ecdysone secretion. 

 

3.7 Materials and Methods 

Drosophila Stocks and Crosses: For kat60 loss of function analysis for either TUNEL or 

neurogenesis analysis, homozygotes from kat6078H/TM3SbSer, Twi-Gal4,UAS-EGFP were 

used. 

 

For kat60 loss of function analysis in specific tissues, I crossed the following drivers: crz-

Gal4; UAS-mCD8::PARP::Venus, kat6078H//TM6B (Corazonin-expressing neurons, Choi et 

al., 2006), burs-Gal4; UAS-mCD8::GFP, kat6078H//TM6B (Bursicon expressing neurons, 

Peabody et al., 2008), UAS-mCD8::GFP, kat6078H//TM6B; OK107-Gal4 (mushroom body 

neurons, from ) to kat6078H/TM3SbSer, Twi-Gal4,UAS-EGFP.  

 

For controls in experiments addressing the morphology of specific populations of 

neurons, I crossed the crz-Gal4 to UAS-mCD8::PARP::Venus, burs-Gal4 to UAS-

mCD8::GFP, and OK107-Gal4 to UAS-mCD8::GFP. 
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For rescue experiments, I crossed the following drivers: crz-Gal4; UAS-

mCD8::PARP::Venus, kat6078H//TM6B, burs-Gal4; UAS-mCD8::GFP,  kat6078H//TM6B, UAS-

mCD8::GFP, kat6078H//TM6B; OK107-Gal4 to UAS-FLAG-myc-kat60/CyOKr-Gal4,UAS-

EGFP; kat6078H/TM6B to obtain genetic rescue animals.  

 

Immunohistochemistry: Antibodies used: anti-cleaved PARP (1:300, from Abcam), anti-

GFP (1:500, from Invitrogen), and anti-phosphorylated histone H3 (1:500 from Upstate). 

Alexa-fluor 488 or 568 fluorescent secondary antibodies (1:200) were from Invitrogen. 

TUNEL Staining: Brains were fixed as stated previously, then the protocol outlined for 

cells was performed using a Fluorescein In Situ Cell Death Detection Kit (Roche). 
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Appendix A 

Molecular characterization of kat80 alleles 

Kat80 has been shown to enhance the severing activity of Kat60 (McNally et al., 

2006) and may help localize it to microtubules (Hartman et al., 1998). In addition to 

kat60, I characterized alleles for kat80, with the goal of studying its role in regulating 

Kat60. kat80 is predicted to have two transcripts, each with ten exons and nine introns 

(Figure 10). Kat80-RA is 3268 bp, while kat80-RB is 3188 bp, the difference lying within 

the 5’ UTR. Additionally, another gene, Mfe2, lies within the third intron of kat80, on the 

opposite strand. Mfe2 is a multifunction enzyme that functions as both a hydratase and a 

dehydrogenase in the second and third steps, respectively, of β-oxidation cycle of an 

acyl-CoA during the breakdown of fatty acids within either peroxisomes or 

mitochondria (Haataja et al., 2011). Its expression may also be affected by some of the 

alleles predicted to reduce transcript levels of kat80. 

Several alleles of kat80 are predicted to reduce its expression: (1) PBac KG02315, 

inserted 400 bps upstream of the third exon, and (2) three UAS-RNAi lines (Figure 10, 

Table 3). The ability of these lines to inhibit kat80 expression was assessed using RT-PCR 

to amplify a 330 bp cDNA band (970 bps for genomic DNA). kat80KG02315 did not show 

any knockdown compared to WCS. The UAS-RNAi lines can potentially knock down 

the expression of a gene, when crossed to a tissue-specific-Gal4. One UAS-RNAi line, 

KK100477, was crossed to elav-Gal4. This line showed very strong knockdown of kat80 
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expression. I also tested the ability of both kat80KG02315 and UAS-KK100477 to reduce 

expression levels of Mfe2. Similar to the reduction of kat80 expression, Mfe2 expression 

was not affected by kat80KG02315, but strongly affected by UAS-KK100477. As a result, 

UAS-KK100477 cannot be used to assess kat80 knockdown phenotypes without also 

affecting the expression level of Mfe2. Additionally, any significant deletion (>50%) of 

kat80 would affect Mfe2 expression. Despite targeting a similar region of kat80, it remains 

possible that the remaining two untested UAS-RNAi alleles, GD8181 and KK100477, will 

specifically reduce levels of kat80, and not Mfe2, transcript. If so, these will be useful in 

studies with kat6078H. These lines can be crossed with elav-Gal4 in the kat6078H 

homozygous background to see if there is an enhancement of the kat6078H homozygous 

phenotype in the nervous system. 
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Figure 10: Two separate lines reduce kat80 mRNA transcript. 

 (A) Schematic of kat80 and Mfe2. Exons = black boxes, introns = black lines, UTR = gray 

boxes (pointed end is 3’). Genomic region used in RT-PCR for kat80 is delineated as 

black arrows. Genomic region used in RT-PCR for Mfe2 is indicated by grey arrows. 

Genomic target region of RNAi line is represented as yellow boxes. SUP element 

KG02315 denoted as a black triangle. (B) kat80KG02315 showed no reduction of kat80 

expression compared to WCS control. One VDRC line, UAS-KK100477, driven with elav-

GAL4, showed strong reduction of expression for both kat80 and its overlapping gene, 

Mfe2. GAPDH2 expression levels were used as a loading control.  
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Table 3: Available alleles for kat80 

Name Type Location(Target Region, if RNAi) Source 

KG02315 SUP 390 bps upstream of 4th exon Bellen et al., 2004 

GD8181† UAS-RNAi 2nd (6th exon) VDRC* 

GD13808‡ UAS-RNAi 2nd (4th exon) VDRC 

KK100477† UAS-RNAi 2nd (6th exon) VDRC 

 

* All VDRC lines from Dietz et al., 2007 

† No predicted off targets 

‡ One predicted off target 

 

Materials and Methods 

Drosophila Stocks and Crosses: kat80 RNAi lines: KK108203 (VDRC) For kat80 RNAi 

experiments I crossed elav-GAL4(C155); UASDicer2 to UAS-KK100477. 

 

Drosophila stocks were provided by the Bloomington Stock Center (Bloomington), the 

Vienna Drosophila RNAi Center (Vienna, Austria) and Transgenic RNAi Project 

(Harvard Medical School). 

 

RT-PCR to characterize kat80 transcript levels: Forward in exon 5: 

GGATCGTGAGCTGGACCAT. Reverse in exon 6: AATCCACTGTTGTCGCCCTC. 

These primers amplify a predicted 220 bp cDNA product and 930 bp genomic DNA 

product. 
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RT-PCR to characterize Mfe2 transcript levels: Forward in exon 1: 

CTGCCGCCAGTAGAATGA. Reverse in exon 2: GGCCTTGGACATGTCGGT. These 

primers amplify a predicted 220 bp cDNA product and 525 bp genomic DNA product. 

RNA was isolated, using the method described previously in Chapter 2, from adult 

heads and flies; cDNA was generated also using the method described previously in 

Chapter 2. 
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Appendix B 

An eye overexpression screen for genetic interactors with Kat60 

To begin to understand the gene networks that regulate kat60, I decided to look 

for genes that interact with kat60. In order to look for candidate genes interacting with 

kat60, I performed a loss-of-function genetic screen in the eye, where mutant phenotypes 

are non-lethal. Using GMR-GAL4, an eye specific driver, and P elements EP680 and 

EY09078 that contain a UAS element inserted in the 5’UTR of kat80 and kat60 

respectively, I overexpressed both in the eye.  This co-expression of kat80 and kat60 

causes a reduction in eye size and an uneven texture (Figure 11). These flies were 

crossed with stocks containing individual deletions on chromosomes X, 2, and 3, from 

the 2004 Bloomington deficiency kit, as well as non-overlapping lines from Exelixis for 

chromosomes 2 and 3. Eye phenotypes from the resulting progeny were then analyzed 

for enhancement, a decrease in eye size, or suppression, an increase in eye size. Once a 

particular stock was shown to modify the Katanin overexpression eye phenotype, then 

smaller deficiencies or insertion lines were used to map the source of phenotype to a 

particular gene.  

This screen yielded 11 candidate enhancer (Table 4) and 19 suppressor (Table 5) 

regions. The strongest suppressor was found to be Df(3L)Exel6127 (Figure 11B, top 

panels, deleted region shown in Figure 11E), while the strongest enhancer was found to 

be Df(3L)BSC219 (Figure 11C). Of note, the extent of the suppression using 
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Df(3L)Exel6127 may be masked by the genetic background of the inversion chromosome. 

I prioritized following up on stocks that show suppression, as they are more likely to be 

specific for an interaction with kat60, rather than a non-specific enhancement caused by 

genes that are necessary for eye development. Thus, for the Df(3L)Exel6127 suppressor, I 

found another deficiency that overlapped with half of the deleted region, Df(3L)ED220 

(green bar, Figure 11E). A cross of this line to the Katanin overexpressing line revealed 

only minor suppression of the reduced eye phenotype (Figure 11B, bottom panels), 

suggesting that either the main contributor of the strong suppression seen in 

Df(3L)Exel6127 is a gene outside this region (purple region in Figure 11B) or that another 

gene in Df(3L)ED220 is occluding the suppression. Although, this screen did not yield 

any candidate genes, several regions of the genomes were identified that contained 

interactors. 

Although I did not identify any candidate genes from the forward genetic screen, 

I was still able to use the eye phenotype resulting from Katanin overexpression in a 

reverse genetics approach, to test claims of candidate interactors from the literature. 

Two predicted interactors from the literature are nudE and short stop (shot). Shot was 

predicted, through a yeast two hybrid screen, to interact with Kat60 (Giot et al., 2011). 

Using Drosophila S2 cells, Applewhite et al. (2010) showed that Shot, the single Drosophila 

spectraplakin that contains a NH2-terminal actin-binding and COOH-terminal 

microtubule binding domains, acts as a actin-microtubule cross-linking protein. Shot has 
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3 isoforms: A, B, and C. Through co-localization studies with EB1, they show that Shot C 

lacking the first of two actin-binding domains present in both Shot A and B, 

preferentially binds microtubule plus ends in the cell interior. In contrast, Shot A and B 

preferentially bind to the microtubule lattice, while maintaining an association with 

actin, in the cell periphery. The authors suggest that these two mechanisms exist to 

regulate microtubule dynamics in different ways. They propose that Shot functions to 

link the actin and microtubule cytoskeleton in order to prevent lateral movement of the 

microtubule cytoskeleton due to motor proteins. In the model, an “inactive” Shot 

interacts with growing microtubule plus ends via EB1. After being activated by a 

stimulus, Shot undergoes a conformational change, releasing EB1, and binding to actin 

and the microtubule lattice. From here, it can then organize the growth of either 

microtubules or actin or prevent de-stabilization of the cytoskeleton by motors. Studies 

of Drosophila growth cones based on primary cell cultures from embryos by Sanchez-

Soriano et al. (2010), places this model in the context of neuronal growth cones where 

coordination between the actin and microtubule cytoskeleton is regulated by Shot. 

I overexpressed shot (form A) using UAS-shot (Lee and Kolodziej, 2002), in the 

background of Katanin overexpression, in the eye, and saw moderate enhancement of 

the reduced eye phenotype (Figure 11D, compare left, sibling control, with right, UAS-

shot). There are several isoforms of Shot and it is possible that there is an isoform specific 

interaction between Shot and Kat60. Perhaps the other “active” form, Shot B, would also 
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cause enhancement, while the “inactive” form would cause suppression. An 

enhancement seen in Shot overexpression indicates a possible synergistic relationship 

between Shot and Kat60. Perhaps Shot can substitute for Kat60. I can use this transgene 

to see if it can rescue kat60 function in kat60 null individuals, by seeing if pupal brain 

development is rescued.  In addition to using UAS-shot, further studies with either loss 

of function alleles or UAS-RNAi knockdown is needed, specifically in the context where 

kat60 is required, before the interaction is confirmed. 

Similar to how the Shot interaction was identified, yeast two hybrid studies by 

Toyo-Oka et al. (2005) showed an interaction between NDEL1 and Katanin p60. Mouse 

NDEL1 is required for proper neuronal migration and granule cells lacking NDEL1 

exhibit amorphous microtubule organization (Sasaki et al., 2005). In NDEL1 null mouse 

embryonic fibroblasts, Kat60 accumulates abnormally in the nucleus (Toyo-Oka et al., 

2005). Additionally, phosphorylation of NDEL1 by Cdk5 facilitates its interaction with 

kat60. Together these results strongly suggest a synergistic relationship where both 

molecules regulate microtubule organization in migrating cells. It would be interesting 

to look at either an overexpression or RNAi knockdown of the Drosophila ortholog of 

NDEL1, nudE, in the background of Katanin overexpression in the eye and kat60 loss of 

function more generally. 

To date, the Katanin eye screen has not yielded strong candidate gene enhancers 

or suppressors of kat60 or kat80 interactors. However, it did reveal that (1) kat60 and 



 

69 

kat80 functionally interact in the eye and (2) the reduced eye phenotype due to Katanin 

overexpression can be used to test known interactors in a reverse genetics approach. 



 

70 

 

 

 



 

71 

Figure 11: Several lines modify the reduced eye phenotype resulting from 

overexpression of both kat80 and kat60 using GMR-Gal4. 

(A) Overexpression of either kat80 or kat60 alone, in the eye, does not alter eye 

morphology. Overexpression of both kat80 and kat60 results in an eye morphology 

distinct from Oregon R, reducing eye size and modifying texture. Scale bar = 100 μm. (B) 

The line, Df(3L)Exel6127 showed strong suppression (right) of the katanin overexpression 

phenotype (left, sibling control). A line with an overlapping deficiency, Df(3L)ED220, 

showed mild suppression. (C) The line, Df(3L)BSC219, showed strong enhancement 

(right) of the katanin overexpression phenotype (left, sibling control). (D) The line, 

UASShot, showed strong enhancement of the Katanin overexpression phenotype. (E) 

Genomic map of the entire region deleted in Df(3L)Exel6127 with only the region of 

Df(3L)ED220 which overlaps (a green arrow). The region potentially containing the 

strong suppressor is denoted by a purple bar. Figure is modified from flybase.org.  
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Table 4: Enhancer candidate regions 

Name Cytology Breakpoints (if mapped) # of genes affected 

Df(1)N105 10F7-11D1 

 

40+ 

Df(1)ED7364 14A9--14C6 15985520..16340978 40+ 

Df(2R)ED3181 53C9--53F11 12471454..12996322 50+ 

Df(2R)ED2076 47A10--47C1 6364289..6707491 25 

Df(2R)ED2219 47D6--48B6 7084917..7552896 50+ 

Df(2R)ED1673 42E4--43D3 2873307..3421058 50+ 

Df(3L)ED4486 69C4;69F6 12507519..13025585 50+ 

Df(3L)ED4543 70C6;70F4 13928325..14751140 50+ 

Df(3L)ED4416 66E1--67A9 8820579..9342724 50 

Df(3L)BSC219 66D4--66D6 8499739-8499740..8538484 10 

Df(3L)BSC367 63A3--63B8 3047163..3165999--3166029 19 
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Table 5: Suppressor candidate regions 

Name Cytology Breakpoints (if mapped) # of genes affected 

Df(2L)BSC110 25C1--25C4 5029595..5064620 14 

Df(2L)Exel7081 39C2;39E6 21309519..21662938 50 

Df(2L)BSC104 39D3;39E2 21403833..21572830 50 

Df(2R)Exel6062 49E6;49F1 8868689..8922684 2 

Df(2R)BSC273 49F4--50A13 9047084..9389655 50+ 

Df(2R)Exel6070 57A6;57B3 16470285..16723538 35 

Df(2R)Exel7123 49D5--49E6 8749715..8868687 18 

Df(2R)Exel8057 49F1;49F10 8922352..9106852--9106854 29 

Df(2R)Exel7130 50D4;50E4 9960585..10100288 19 

Df(2R)Exel7149 54C10--54D5 13469001..13579292 23 

Df(2R)ED1618 42C3--43A1 2556592..3074730 50+ 

Df(3L)Exel6095 63E1;63E3 3460609..3545153 8 

Df(3L)ED224 75B1;75C6 17962303..18391619 22 

Df(3L)ED4858 76D3;77C1 19888473..20394920 50+ 

Df(3L)Exel6106 64D6--64E2 5601375..5684101-5684102 4 

Df(3L)BSC119 62E7;62F5 2600282..2823614 23 

Df(3L)Exel6127 72D1;72D9 16040040..16122754 16 

Df(3L)ED220 72D4;72F1 16080584..16404777 50+ 

Df(3L)Exel6114 67B11;67C5 9501746..9687751 30 

Df(3L)ED229 76A1;76E1 19163806..19995811 50+ 
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