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ABSTRACT 

Mind bomb I is a newly identified RING finger type E3 ubiquitin ligase with 

only a few known associated-proteins. Using a proteomic-based approach, I identified 

an array of associated-proteins of Mind bomb I, including the plus-ended kine sin Eg5. 

In this dissertation, I characterize in more detail the interaction between Mind bomb I 

and Eg5. Mind bomb 1 and Eg5 can co-immunoprecipitate, an association that requires 

the N terminal region of Mind bombl. Furthermore, Mind bombi can promote the 

monoubiquitination of Eg5. Both Eg5 and Mind bomb 1 co-localize at the centrosome 

and alteration of their levels or activity cause centrosome defects. Specifically, Eg5 

inhibition and Mind bomb overexpression can both cause excess centrosomes and 

centrioles. Conversely, Mind bomb1-silencing can reduce the number of centrosomes 

produced in normal and Aphidicolin-induced centrosome duplication. Moreover, Eg5 

overexpression can rescue Mindbomb1-induced centrosome overproduction. Together, 

these data indicate that Mind bomb I and Eg5 function in the same pathway to ensure 

the proper number of centrosomes. This novel finding of two critical regulators of the 

centrosome contributes to our understanding of how centrosome number is 

maintained. 
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CHAPTER ONE 

Introduction and Background 
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Death-Associated Protein Kinase (DAPK), a regulator of apoptosis [7]. Despite 

extensive efforts, a comprehensive understanding of Mibl is lacking. One way to 

reveal other functions of Mibl is to identify additional interacting-proteins of Mib I. 

To this end, I initiated a proteomic-based screen to identify co-purifying 

proteins of Mibl by mass spectrometry. This dissertation examines the relationship 

between Mibl and one of the proteins identified, Eg5. A member of the kinesin-5 

class of plus-end directed kinesins. Eg5 has been proposed to regulate bipolar spindle 
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Introduction 

The Notch pathway is a highly conserved pathway that regulates a wide array 

of cellular processes, including stem cell self-renewal, cell proliferation, and cell fate 

specification [1, 2j. Notch signaling is initiated when the Notch receptor interacts with 

one of its ligands, Delta, Serrate, or Lag2, collectively referred to as DSL [1]. Ligand­

binding promotes two cleavage events in the Notch receptor and ultimately leads to 

the translocation of the intracellular domain of the receptor into the nucleus, where it 

promotes transactivation of Notch target genes, such as her4 [1]. Although much is 

known about the Notch signal transduction cascade, little is known about the 

regulation of DSL. Recently, Mind bombl (Mibl), a RING finger E3 ubiquitin ligase, 

was found to regulate DSL ligands by promoting their ubiquitination and in many 

instances internalization [3-6]. This ubiquitination is essential for activation of Notch 

signaling. Consequently, mibl mutants lack many cell types and die during embryonic 

development. In addition to regulation of DSL ligands, Mibl also regulates other 

proteins involved in different cellular processes. For example, Mibl also regulates the 

Death-Associated Protein Kinase (DAPK), a regulator of apoptosis f7]. Despite 

extensive efforts, a comprehensive understanding of Mibl is lacking. One way to 

reveal other functions of Mib 1 is to identify additional interacting-proteins of Mibl. 

To this end, I initiated a proteomic-based screen to identify co-purifying 

proteins of Mibl by mass spectrometry. This dissertation examines the relationship 

between Mibl and one of the proteins identified, Eg5. A member of the kinesin-5 

class of plus-end directed kinesins. Eg5 has been proposed to regulate bipolar spindle 
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formation [8J. Although the role of Eg5 in spindle formation has been extensively 

investigated, clear, mechanistic proof of its spindle function is currently unavailable 

[9]. The function of Eg5 is not limited to the spindle as Eg5 could also have a role at 

the centrosome. Eg5 inhibition studies found centrosome disorganization and 

separation defects [10, 11 ]. However, the role of Eg5 at the centrosome has not been 

sufficiently investigated. 

Interestingly, I found that Mib1 and Eg5 could regulate centrosome numbers. 

Centrosomes are classically thought to be the microtubule-organizing center of the cell 

[121. The centrosome consists of a pair of centrioles surrounded by pericentriolar 

matrix (PCM) [13]. This pair of centrioles is duplicated, so that only a single pair is 

passed on to both the mother and daughter cell during cytokinesis [14]. This process of 

duplication occurs only once per cell cycle, during S phase [15 ]. However, it is unclear 

exactly how centrosome duplication is controlled, as few regulating-proteins are 

known. 

As excess centrosomes have been observed in a large number of solid tumors 

and hematological malignancies, a better understanding of centrosome duplication is 

necessary to determine whether it contributes to or is the consequence of cancer [ 16, 

171. The finding that Eg5 and Mibl, as described in this dissertation, are two critical 

regulators of centrosome duplication contributes to our understanding of this process. 

This dissertation is broken down into the following chapters: the remainder of 

Chapter One gives an overview of Notch signaling and describes what is currently 

known about Mib1 function including the current findings for the second known 
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substrate of Mib 1, DAPK. Also covered in this chapter are the currently known 

mechanistic and cellular functions of Eg5. Since a role for Eg5 and Mibl in 

centrosome duplication will be described in Chapter Three of this dissertation, current 

knowledge of centrosome duplication and its implications to tumorigenesis will be 

discussed. 

Chapter Two reports the results of the proteomic screen for Mib !-interacting 

proteins. It will describe the biochemical interaction between Mib1 and one of its 

identified substrates, Eg5, including the finding that Eg5 is monoubiquitinated by 

Mibl. It will also address the significance of this monoubiquitination by examining 

whether Mibl promotes Eg5 relocation. Also included is the characterization of the 

zebrafish eg5 hypomorphic mutant that was generated through insertional 

mutagenesis. These eg5 mutants, along with previously characterized mibl null 

insertional mutants, were used to address whether Eg5 and Mib 1 share common roles 

in spindle formation or Notch signaling. 

Chapter Three describes a novel role of Eg5 and Mib 1 in regulating 

centrosome numbers. Evidence is presented that shows that both Eg5 and Mibl are 

localized to the centrosome and regulate centrosome amplification. The consequence 

of this centrosome defect on spindle formation and pericentriolar protein localization 

will be described. 

Chapter Four summarizes the findings of the first three chapters and describes 

the significance of Mibl mediated monoubiquitination of Eg5. In addition, the greater 
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implications of Mibl and Eg5 mediated centrosome regulation and future directions 

will be discussed. 

Back~:round 

Mibl mutants have defects in cellular specification 

The highly conserved Notch signaling pathway regulates a diversity of cellular 

processes, including cellular specification, proliferation, and apoptosis [ 11. The 

primary components of the pathway are the receptor Notch and its transmembrane 

ligands, Delta, Serrate/Jagged, and Lag2 (DSL) [ 11. Binding of Notch to DSL 

promotes two proteolytic cleavage events, releasing an active form of Notch, the 

Notch intracellular domain [18]. The Notch intracellular domain translocates to the 

nucleus, where it coordinates with the DNA binding protein CSL (CBFl/RBPjK, 

Su(H), Lagl) and the co-activator Mastermind, to promote transcription of genes 

involved cellular specification, including the bHLH transcription factor, her4 [19]. 

Although much is known about transduction pathways downstream of Notch, little is 

known about the regulation of DSL ligands. 

Recently, the E3 ubiquitin ligase, Mibl, was found to regulate the activity of 

Notch. In two independent mutagenesis screens in zebrafish, the mibl mutant was 

discovered and had a phenotype suggestive of a Delta-Notch signaling pathway defect 

[20, 211. The Notch signaling pathway is best known for its role in cell fate 

specification during neurogenesis [22J. Mutants of the Notch signaling pathway have 

defects in the relative abundance of primary and secondary neurons in the nervous 
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system [22]. Similarly, mibl mutants have an excess of pnmary neurons at the 

expense of secondary neurons and glia, which could suggest that mibl is a component 

of the Notch signaling pathway [4, 5J. Since these initial studies, Mib1 was found to 

function not only during neurogenesis, but also in many developmental processes, 

such as development of the lateral line hair cells [19], hematopoiesis [231, 

differentiation of the pronephros [24], retina specification 125], and specification of 

the intestinal epithelium [26]. 

Mib 1 encodes an E3 ubiquitin ligase 

After the initial discovery of the Mib1 mutant, the mibl gene was cloned and 

found to encode an E3 ubiquitin ligase, a component of the ubiquitination reaction. 

The ubiquitination reaction involves a sequential series of ubiquitinating enzymes: the 

E1 activating-enzyme, the E2 conjugating-enzyme, and the E3 ubiquitin ligase [271; 

(Figure 1.1 ). In the final step of this process, the ubiquitin is transferred to its substrate 

mediated by the E3 ubiquitin ligase. E3 ubiquitin ligases are a crucial part of the 

ubiquitin reaction as they contain domains involved in substrate recognition [27 J. It is 

the ability of E3 ubiquitin ligases to recognize substrates that confers specificity to the 

ubiquitination reaction. Therefore, the study of E3 ubiquitin ligases, like Mib1, IS 

important for the understanding of specificity of the ubiquitination reaction. 

Mib1 contains several conserved protein domains: a ZZ zinc finger and two 

conserved Mib1-specific domains in theN terminal region, six to eight ankyrin repeats 

in the center of the protein, and most notably three RING domains in the C terminal 

region [SJ. RING fingers, consisting of eight histidine or cysteine residues that 
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coordinate zinc in a cross-brace arrangement, are characteristic of the RING finger 

type of E3 ubiquitin ligases [28] [27]. Unlike other types of E3 ubiquitin ligases, the 

RING finger type lack catalytic activity and are not directly involved in the transfer of 

ubiquitin to the substrate protein [27, 29]. Crystallography of several RING finger E3 

ubiquitin ligases with E2-conjugating enzymes show that the RING finger directly 

interacts with the E2-conjugating enzyme [29-33]. Therefore, it was proposed that the 

E3 ubiquitin ligases act as scaffolds to bring the substrate in close proximity to E2-

conjugating enzyme to promote direct transfer of ubiquitin from E2-conjugating 

enzyme to the substrate [29, 34, 35]. One identifying feature of RING finger type of 

E3 ubiquitin ligases is self-ubiquitination activity, a feature that Mibl possesses 15]. 

Substrates of Mibl 

As E3 ubiquitin ligases play an essential role in substrate recognition, E3 

ubiquitin ligases are often described in terms of the substrates that they regulate. The 

identity of a potential substrate of Mibl was revealed by phenotypic analysis of mibl 

zebrafish mutants. The phenotype of mibl null mutants was very similar to that of the 

delta mutants; therefore, it was proposed that Mibl could regulate Delta [4, 5]. Indeed, 

immunoprecipitation experiments showed an association between Delta and Mibl. 

Furthermore, in vivo ubiquitination assays demonstrated Mibl promoted the 

ubiquitination of the Notch ligand Delta 14, 5]. In vitro ubiquitination assays also 

found Mibl, along with E2 and El, is sufficient to ubiquitinate Delta, which suggests 

that Mib 1 functions as a single protein type E3 ubiquitin ligase and not a 

multicomponent E3 ubiquitin ligase [5]. 
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Ubiquitin ligases can modify their substrates by a number of structurally 

distinct ubiquitin modifications. The substrate can be conjugated by a single ubiquitin, 

monoubiquitination, or by one of approximately seven structurally distinct lysine­

linked ubiquitin chains, polyubiquitination 136 J. These distinct ubiquitin modifications 

can potentially signal diverse outcomes for the substrates. The most well studied 

ubiquitin modification is the Lysine48 -linked polyubiquitin [37]. Modification of a 

substrate with the Lysine48 -linked polyubiquitin can target the substrate to the 

proteasome for degradation [37]. Moreover, polyubiquitin chains linked through 

Lysine'' and Lysine29 have also been shown to target its protein substrates to the 

proteasome [37 -40 ]. Conversely, ubiquitin modifications can signal non proteolytic 

events and regulate localization, activity, or interactions of a substrate 136]. The most 

highly studied of these non-proteolytic ubiquitin modifications is monoubiquitination, 

which can regulate a number of cellular processes such as endocytosis, protein 

trafficking, transcription, and histone function 1361. Lysine63 -linked polyubiquitin 

chains can also promote proteasome-independent events such as endocytosis, protein 

trafficking, inflammatory response, and DNA repair [41-45]. 

The type of ubiquitin modification that Mibl conjugates on Delta could reveal 

the significance of their interaction. In an ubiquitination assay, used to determine the 

ubiquitin modification of Delta by Mib 1, ubiquitin laddering of Delta was observed on 

a Western blot 15 ]. This laddering was interpreted to be polyubiquitination. However, 

as Mibl migrates close to Delta, this laddering could also be from Mibl self­

ubiquitination [5]. Therefore, it is currently unknown the type of modification that 
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Mibl conjugates on Delta. More extensive studies are necessary to determine the 

answer to this important question. 

Mibl mediated endocytosis of DSL Ligands 

As discussed in the previous section, the type of ubiquitin modification 

conjugated on a substrate determines diverse outcomes for a substrate. Although it is 

unknown the type of ubiquitin that Mibl conjugates on DSL ligands, the consequence 

of its interaction is suggested by evidence in the literature. Previously, it was shown 

that DSL ligands need to be endocytosed to be able to fully activate Notch [3, 46]. 

Furthermore, endocytosis of DSL ligands require Epsin, a protein that recognizes 

ubiquitin modifications of extracellular membrane proteins and promotes clathrin­

mediated endocytosis by causing the extracellular membrane to bend [47, 48]. Taken 

together, this evidence would suggest the ubiquitin-mediated endocytosis of DSL 

ligands is required for their activation. Since Mibl promotes ubiquitination of DSL 

ligands, it could be possible that it could promote endocytosis of DSL ligands as well. 

The possibility of Mibl mediated endocytosis of DSL ligands was addressed in 

Drosophila and in tissue culture. Mibl loss- and gain- of- function experiments found 

that Mibl is necessary and sufficient for endocytosis and degradation of Serrate [6, 

49-51[; (Figurel.2). These results support the theory of a Mibl mediated endocytosis 

and degradation of Serrate [3-6, 51]. However, examination of Mibl mediated 

endocytosis of Delta gave conflicting results. Overexpression of Mibl in both 

vertebrate tissue culture cells and Drosophilia wing discs showed enhanced 
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extracellular membrane depletion of Delta, suggestive of enhanced endocytosis. 

However, the wing discs of Drosophila loss-of-function mibl mutants showed no 

difference in the level of Delta at the extracellular membrane compared to wild type 

[3-6, 51]. Furthermore, Drosophila loss-of-function mibl mutants also did not exhibit 

enhanced endocytosis of Delta as demonstrated by lack of uptake of a Delta antibody 

in an antibody uptake assay [51]. Although, Mib1 gain-of-function experiments in 

Drosophila support Mib1 mediated degradation of Delta, no degradation of Delta was 

observed by overexpression of Mib1 in HEK-293 cells. The necessity of Mib1 for 

degradation of Delta was addressed in Drosophila by overexpression of a Mibl RING 

finger deletion construct, which could act as a dominant negative for endogenous 

Mib1 [6]. Upon overexpression of this deletion construct, a increase in the levels of 

Mib1 at the extracellular membrane of the wing disc was observed [6]. However, an 

increase in Mib1 levels in loss-of-function or null Mibl mutants has yet to be 

described. Taken together, these results suggest that Mibl can promote endocytosis 

and in some tissues, degradation, of Delta, but Mibl may not be necessary for these 

processes in all tissues. 

One explanation for this apparent discrepancy between Mib1 loss-of- and gain­

of-function experiments is the existence of a paralog of Mib1, Mind bomb2 (Mib2) 

[52J. Mib2 could possibly substitute for Mibl in the loss-of-function experiments. The 

amino acid sequences of Mibl and Mib2 have 36% identity and 52% similarity [52]. 

The protein domains and their organization of Mib2 are nearly identical to Mibl, 

except Mib2 has only two RING finger domains as opposed to three RING fingers 
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domains of Mibl [52]. Unlike mibl, which is abundantly expressed in zebrafish 

embryos, the expression of mib2 in embryos is weak [52]. However, Mib2 is 

abundantly expressed in the mouse adult tissues of the heart, liver, kidney, and brain 

[52]. Most importantly, mib2 can rescue the neurogenic and vascular defects of mibl 

zebrafish mutants [52]. Furthermore, it was shown that Mibl and Mib2 share the same 

substrate, DeltaC ]53]. Both Mibl and Mib2 can both immunoprecipitate and promote 

internalization of DeltaC in Cos7 cells [53]. However, not all substrates are shared, 

since only Mibl can regulate DeltaD [53]. 

DAPK is also a substrate of Mibl 

Understanding Mib 1 regulation is further complicated by the discovery of an 

additional substrate for Mibl. This substrate, DAPK, was found to interact with the 

human homolog of Mibl l7J. DAPK, a serine-threonine kinase, regulates apoptosis 

and acts as a tumor suppressor in early stages of tumor development. [7]. DAPK 

responds to multiple triggers, including IFN-y, Fas, TNFa, ceramide, TGF~, or 

oncogene-induced proliferation, then promotes apoptotic or autophagic cell death 

through caspase-dependent and -independent pathways [54]. Mibl, through 

ubiquitination and degradation of DAPK, antagonizes its pro-apoptotic function [55 J. 

The fact that Mibl is capable of regulating substrates with uniquely, different cellular 

functions demonstrate that we are just beginning to understand the function of Mib 1. 
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Proteomic Approach to Identifying Mibl-Associated Proteins 

Despite significant advances made in understanding the function of Mib 1, 

there are limitations because few Mibl-interacting proteins are known. One method to 

identify novel interacting proteins is by proteomics. Proteomic methods have become 

an efficient method for identification of protein complexes because of improvements 

made in purification of protein complexes, development of highly sensitive mass 

spectrometric techniques, and advances in bioinformatics analysis making it a simpler 

and more accessible method to identify novel protein interactions [56-58]. 

Epitope-tag affinity purification, in combination with mass spectrometry, is the 

most widely used method to purify protein complexes [59, 60]. In particular, a few 

epitope tags (such as FLAG, GST, and His) are often used, as there small size is 

unlikely to interfere with the biological function of the purified proteins. FLAG 

affinity purification particularly offers some significant advantages since the 3X 

FLAG peptide, used for elution of purified complex, is the most effective and purest 

method for elution [59]. 

The most significant advance in proteomics was the development of the gentler 

ionization techniques for mass spectrometry, Electrospray (ESI) and Matrix-Assisted 

Laser Desorption Ionization (MALDI) [58]. These techniques ionize molecules and 

transfer them to the gaseous phase without excessive fragmentation. Prior to 

development of ESI and MALDI, ionization was done by chemical ionization or fast 

atom bombardment; these methods are too harsh for fragile biomolecules [57, 58]. The 

advent of these gentler and less expensive ionization techniques has made mass 
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spectrometry widely available to biochemists [57, 581. For these reasons, I decided to 

use mass spectrometry to identify associated-proteins of Mibl. 

Eg5 may function in mitotic spindle formation 

As described in Chapter Two, I took a proteomics approach to identify novel 

interacting-proteins of Mibl. One of the proteins identified in the screen was Eg5, a 

member of the kinesin-5 subclass of kinesins L8J. This subclass of plus-end-directed 

kinesins share high homology (about 50-60%) within their N-terminal motor domains, 

but share virtually no homology in their stalk and tail domains. Rotary shadow 

electron microscopy of the family member KRP130, suggested the kinesin-5 family 

forms homotetramers with a pair of motor domains at each opposing end [8]; 

(Figurel.3). 

The best-described function of Eg5 is its regulation of the mitotic spindle. 

Before the function of Eg5 at the mitotic spindle can be described, an introduction to 

the structure and function of the mitotic spindle is necessary. 

During mitosis, the bipolar microtubule-based structure, the mitotic spindle, is 

formed whose main function is to separate chromosomes [61]. The microtubules at the 

mitotic spindle are usually assembled at the centrosome, located at polar ends of the 

cell 162, 63]. The mitotic spindle consists of an array of antiparallel microtubules with 

minus ends of the microtubules focused at the polar ends and plus ends of the 

microtubules directed towards the equator [64]. The spindle consists of two major 

populations of microtubules: the kinetochore microtubules, which dock with 
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kinetochores of chromosomes, and interpolar microtubules, which interact with 

interpolar microtubules from the opposite pole [64]. The interpolar microtubules are 

dynamic, that are characterized by microtubule assembly at the spindle equator and 

microtubule disassembly at the pole, the centrosome [64J. At the same time, interpolar 

microtubules slide slowly toward the pole [64]. This sliding must be coordinated with 

the dynamically instability of spindle microtubules to promote poleward translocation 

of spindle microtubules, a state called poleward flux [64]. This poleward translocation 

of the interpolar microtubules will also drive poleward translocation of the associated 

kinetochore microtubules and their attached chromosomes apart during anaphase [64]. 

Eg5 may function in the poleward translocation of interpolar microtubules. 

Eg5 localization to the anti parallel radial array of the mitotic spindle is consistent with 

this function [65]. Furthermore, Eg5 inhibition studies also suggest Eg5 functions at 

the mitotic spindle. Inhibition of Eg5 activity or expression causes a single mitotic 

spindle to form around a central pole, a monastral spindle [66, 67]. Therefore, it was 

proposed that the opposing motor domains of Eg5 tetramers interact with antiparallel 

microtubules of the mitotic spindle [65]. Through this interaction, Eg5 could generate 

a force that promotes poleward translocation of spindle microtubules during poleward 

flux [68]. Alternatively, Eg5 could promote stabilization of these microtubules [68]. 

The monostral spindle generated by Eg5 inhibition could be caused by failure of Eg5 

to either slide or stabilize spindle microtubules, which leads to a collapse of the 

dynamic spindle microtubules [69, 70]. 
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Whether Eg5 promotes either sliding or stabilization of spindle microtubules 

would depend on the mode of Eg5 movement along microtubules [68]. There are two 

major modes of movement for kinesins: processive and non-processive [71]. A non­

processive motor will dissociate shortly after a single step; a processive motor has 

sustained contact taking multiple step along a microtubule before dissociating [71 ]. 

For Eg5 to promote antiparallel sliding, it would have to function as a processive 

motor, since this would require sustained contact with the antiparallel microtubules 

[9]. 

To understand the function of Eg5 at spindle microtubules, its processivity 

would need to be known. Whether Eg5 is a processive motor is under intensive 

investigation and debate. Initial measurements of Eg5 movement, based on the number 

of ATP molecules consumed per microtubule contact, suggested that Eg5 was a 

nonprocessive motor [72, 73]. These estimates are imprecise as assumptions are made 

about the rate of dissociation of ATP [74]. A more precise measurement of Eg5 

processivity was provided by optical trapping experiments. Two independent studies 

using this method, found that Eg5 was able to take about 8 step runs with a step size of 

8.1 nm before dissociation, measurements expected for a processive motor [75, 76]. 

However, these optical trapping experiments only examined the dimeric forms of Eg5, 

native tetrameric forms could significantly differ in their processive properties [68]. 

Furthermore, these studies only measure the function of a single motor protein. If Eg5 

cooperates with multiple motor proteins it function could also differ [77J. Therefore, 
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the question whether Eg5 is a processtve motor awaits the development of more 

sophisticated techniques. 

Although a definitive answer to whether Eg5 promotes stabilization or 

sliding of spindle microtubules would depend on its processivity, some evidence of 

Eg5-promoted sliding is supported by a study by Shirasu-Hiza et al [78]. The study 

Eg5-generated poleward movement independent of dynamic behavior of interpolar 

microtubules requires stabilization of spindle microtubules [78]. To that effect, 

Shirasu-Hiza et al. stabilized the isolated bipolar spindle microtubules with Taxol [78]. 

Upon addition of partially purified Eg5, they noticed poleward movement of the 

spindle microtubules, which suggests that Eg5 promotes microtubule-sliding 178]. 

Eg5 may regulate the centrosome 

While much research has focused on how Eg5 organizes the mitotic spindle 

during mitosis, several groups found that Eg5 may have an additional role in 

centrosome regulation. Whitehead et al. found that Eg5 may have a role in centrosome 

separation independent of its role in spindle stabilization LlOJ. Injection of an Eg5 

interfering antibodies into interphase cells that contain unseparated centrosomes, 

caused a prometaphase block and monopolar spindles 110]. However, if the antibody 

was injected into cells containing separated centrosomes, initial spindle formation was 

not blocked, but later in mitosis the spindle collapsed [10]. These results suggest that 

Eg5 may be essential during two phases critical during spindle formation: the 
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separation of centrosomes required for bipolar spindle formation and maintenance of 

the structure of a formed bipolar mitotic spindle. 

Studies of the S. cerevisiae ortholog of EgS, Cin8p, provided a potential 

mechanism for the role of EgS in centrosome separation. In Cin8p mutants, separation 

of the yeast analogous structure of the centrosome, the Spindle Pole Body (SPB), was 

inhibited. The SPB contains an electron-dense bridge structure that serves as the site 

of its duplication and eventually joins the resultant SPBs together [791. Crasta et al. 

found in S. cerevisiae bundling deficient mutants of Cin8p, the bridge connecting 

these two SPBs failed to break [11]. They proposed that Cin8p generates force 

required for SPB separation [II]. Additional work by de Gramont et al. determined the 

consequences of failed SPB separation in Cin8p mutants, including abnormal 

orientation and number of astral microtubules, microtubules that projects from the 

spindle to the cortex and function to orient the mitotic spindle and the nucleus [801. To 

that effect, de Gramont et al. also noted abnormal nuclear positioning in Cin8p 

mutants [80]. 

Further evidence for a role of Eg5 at the centrosome was provided by the 

observation that inhibition of Eg5 caused centrosome disorganization. This 

disorganization was characterized by a diffuse localization of the key centrosomal 

proteins, ninein, and Cep250 flO, 811. However, the cause of this abnormal 

distribution of centrosomal proteins was not explained. 
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Taken together, these studies suggest that Eg5 may have a role at centrosome 

independent of its role at the mitotic spindle. However, the exact function of Eg5 at 

the centrosome has not been investigated. 

Centrosome structure 

Centrosomes are classically thought to be the Microtubule Organizing Center 

(MTOC) of the cell, a region where cytoplasmic interphase microtubules and mitotic 

spindle microtubules are assembled [62]. The structure of the centrosome is just 

beginning to be understood, but it is known to be composed of a pair of microtubule­

containing barrel shaped structures, centrioles, that are surrounded by filamentous 

matrix, the pericentriolar material (PCM) [82]; (Figure 1.4A). The mature centriole is 

composed of nine triplets of complete 13 protofilament microtubules and two 

incomplete 10 or 11 protofilament microtubules [13]. The centriole has a polarized 

organization. The proximal end of the lumen contains a cartwheel like disc structure, 

but the distal end contains an undefined electron dense structure [ 131. This polarized 

nature of the centriole is also exhibited by the outer surface of the centriole. At the 

proximal end of the outer surface resides immature centrioles, procentrioles, whereas 

the distal end has appendages [ 13 ]. There are functional differences between the 

proximal and distal ends. The proximal end is the exclusive site of new centriole 

formation and the distal end is the site for primary cilia formation and microtubule 

nucleation [62]. 
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The PCM surrounds the centriole, although it is preferentially localized to the 

mature centriole. The PCM contains two major components: ring complex and lattice­

like filaments [83 ]. The ring complex contains y-tubulin, the template for microtubule 

nucleation. y-tubulin forms a complex with a major component of the lattice-like 

network, Pericentrin. Although the significance of this Pericentrin-y-tubulin complex 

is still being investigated, it is thought to be essential for microtubule nucleation 184]. 

Much still remains to be learned about the composition and structure of the 

centrosome. Large-scale proteomic screens have recently identified many previously 

unknown components of the centrosomes [85, 86]. Further characterization of these 

components may elucidate not only how the centrosome is structured, but could also 

reveal how the centrosome is regulated. 

Centrosome duplication cycle 

The centrioles of the centrosome must be duplicated to ensure that the single 

pair of centrioles is passed on to the mother and daughter cell during cytokinesis [12]. 

Failure of centrioles to properly segregate during cytokinesis can result in abnormal 

mitotic spindle assembly during mitosis [87 J. The centrosome duplication cycle 

temporally corresponds to the DNA replication cycle and consists of three main 

stages: (1) centriole disengagement, (2) centriole duplication, and (3) separation of the 

centrosomes [88]; (Figurel.4B). After cytokinesis, each centrosome contains a mother 

and daughter centriole oriented orthogonally to each other by a poorly defined 

cohesive structure that joins them at their proximal ends [13]. The centrosome cycle 

19 



begins in early G 1 when the cohesive structure dissolves, a process called 

disengagement, which results in loss of the orthogonal arrangement of the mother­

daughter centriole pair [12]. The mother and daughter centriole are then joined by a 

microtubule-based intercentriolar bridge at their proximal ends [89, 90]. Beginning at 

the G liS phase transition, centrioles duplicate creating new centrioles, called 

procentrioles [ 12J. These procentrioles grow orthogonal to both of the mother and 

daughter centrioles and will continue to elongate until G2 [12]. The development of 

these procentrioles creates a total of four centrioles contained within two centrosomes. 

After the intercentriolar bridge connecting the mother and daughter centrioles breaks, 

the two centrosomes will separate to opposite poles of the cell [90]. This separation 

ensures that during cytokinesis each cell will inherit a single centrosome, containing a 

one pair of centrioles, during cytokinesis. 

Regulation of centrosome duplication 

Because centrosomes must duplicate to form precisely one centrosome per cell 

cycle, control mechanisms must exist to regulate this process. Currently, there are four 

major theories of how the process of centrosome and centriole duplication is regulated. 

One theory describes centriole duplication as a templated process in which the 

mother centriole acts as a template for the formation of precisely one centriole, the 

procentriole. The close proximity of the procentriole to the mother centriole suggests 

that this could be a possibility [12]. Specific template or seed structures, neighboring 

the mother centrioles, were observed in duplication of structures analogous to the 
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centriole, the spindle pole body and basal body [91-931. But the existence of seed 

structures in centriole duplication has yet to be proven. However, upon removal of the 

mother centriole, formation of procentrioles is prevented [87, 94]. This experiment 

demonstrates not only the requirement of the mother centriole for duplication, but may 

further suggest that the mother centriole may serve as a seed structure [87, 94]. 

A second theory, proposed by Tsou and Sterns, suggests that the process of 

centriole disengagement could be required for centrioles to duplicate [95]. As 

described above, a cohesive structure joins the orthogonally arranged mother and 

daughter centrioles. At the beginning of G 1 phase, this structure is lost in a process 

called disengagement. Tsou and Sterns found that disengagement of the centrioles is 

necessary for centriole duplication and requires Separase, a protease well-known for 

its role in sister chromatid separation [95, 96[. Tsou and Stearns demonstrated the 

requirement of centriole disengagement for centriole duplication with an in vitro 

system consisting of purified centrosomes and Xenopus egg extracts [95J. When these 

purified centrosomes were combined with egg extracts containing an inhibitor of 

Separase, centrioles were not disengaged and were unable to duplicate [95 ]. They 

proposed that cohesion of centrioles during their development prevents extraneous 

centrosome duplication and the process of disengagement itself was a "licensing 

mechanism" required for centriole duplication [95]. Although this model is intriguing, 

some issues will need to be addressed. In particular, it will need to be established 

whether Separase acts directly on the centriole to cause disengagement. Furthermore, 
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it would also interesting determine what mechanism prevents centriole overduplication 

once the centrioles have been disengaged. 

A third theory of regulation of centrosome duplication implicates the 

requirement of centrosomes to split to inhibit further centrosome duplication [97[. 

Parental centrioles are linked by the microtubule-based intercentriolar bridge [89, 90 [. 

This intracellular bridge tethers parental centrioles and in many cells, keeps them in 

close proximity usually through most of S phase [90]. The coiled-coil protein, C­

Napl, acts to anchor this intracellular bridge to the proximal ends of centrioles [98]. 

Phosphorylation of C-Napl by NIMA-related kinase, Nek2A, displaces C-Nap1 from 

the centriole, which promotes splitting of the centrioles [97[. Centriole splitting is 

required for centriole migration to opposite poles of the cell in preparation for mitosis. 

If Nek2A activity is inhibited by expression of a dominant-negative construct, 

centrosomes fail to split and monoastral spindles form [97]. Furthermore, expression 

of this dominant-negative Nek2a caused excess centrosomes [97]. This result suggests 

that centriole splitting is required to cease centrosome duplication. 

The fourth theory of centrosome duplication suggests the existence of 

"candidate licensing molecules" which regulate centrosome duplication [ 12[. As 

centrosome duplication corresponds to be cell cycle, candidate licensing molecules 

would have to be tightly regulated in a temporal or spatial manner to coordinate with 

the cell cycle. One proposed licensing-molecules is BRCAl, an E3 ubiquitin ligase, 

whose gene is linked to familial breast cancer. BRCAl localizes to the centrosome 

during mitosis where it promotes ubiquitination of y-tubulin [99-1 01 ]. Overexpression 
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of a mutant y-tubulin, which lacks the lysine sites required for ubiquitination, 

promotes centrosome overduplication [102]. Therefore, it was proposed that 

ubiquitination of y-tubulin by BRCA 1 was required to prevent centrosome 

overduplication [102]. As ubiquitination of y-tubulin does not cause degradation, it 

was proposed that this ubiquitination may serve as a signal to mark centrosomes post­

duplicated centrosomes, thereby preventing reduplication [99]. 

Another promising candidate licensing factor is a member of the Polo-like 

kinases of serine-threonine kinases, SAK (also called PLK4); [103-105]. SAK/PLK4 

is required for centrosome duplication, as both SAK/PLK4 RNAi in S2 cells and a 

SAK/PLK4 hypomorphic mutation in Drosophila lead to loss of centrosomes and 

centrioles [ 104-106]. Furthermore, overexpression of SAK/PLK4 in U20S cells 

promotes centrosome overduplication [107]. Interestingly, SAK/PLK4 is expressed 

and localized at centrosomes only during mitosis [108]. Levels of SAK/PLK4 peak at 

the anaphase and dramatically drop at G 1 [108]. As the disappearance of SAK/PLK4 

corresponds to when centriole disengagement occurs, SAK/PLK4 could possibly 

function to prevent disengagement. 

An additional potential licensing factor is Nucleophosmin (NPM), a nucleolar 

phospho-protein. During S to G2 transition, NPM is mostly associated with the 

granular region of the nucleolus, but beginning in mitosis NPM associates with the 

centrosome [ 109]. The shuttling of NPM between the nucleolus and the centrosome is 

regulated Ran/Crm1 which recognizes the nuclear export signal (NES) of NPM [ 110]. 

Mutations in the nuclear export signal motif of NPM prevented its localization to the 
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centrosome thereby reducing centrosome duplication [109]. Conversely, silencing 

NPM with siRNA results in excessive centrosomes [109]. It was proposed that the 

release of NPM from the centrosome during mitosis, licenses centrosome duplication 

to occur, providing a spatial mechanism to regulate centrosome duplication. Despite 

the promise of NPM as a centrosome "licensing factors", it is unclear how NPM might 

regulate centrosome duplication, as its effectors are unknown. 

Although significant advances have been made in understanding centrosome 

duplication, we still know very little about this process. Whether centrosome 

duplication is dependent on a template, centriole disengagement, centriole splitting, or 

a "licensing factor" for its regulation will require further investigation and may depend 

on finding additional molecular players. 

Restriction of centrosome duplication to S phase 

It has been known for some time that centrosome duplication is restricted to S 

phase. For example, centrosome duplication continues when sea urchin eggs were 

blocked in S phase, but not when blocked in M phase [ 1111. Similarly, when CHO 

cells or U20S were blocked at S phase with Hydroxyurea or Aphidicolin, respectively, 

the centrosomes continue to duplicate [112, 113]. However, the mechanism that 

restricts centrosome duplication to S phase is under considerable debate. The temporal 

relationship between the DNA replication cycle and centrosome cycle suggests they 

are regulated similarly. Indeed, Cdk2 paired with either Cyclin E or Cyclin A, known 

regulators of DNA replication, are able to promote centriole duplication [ 114-1181. 
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Some evidence suggests that Cdk2 promotes centrosome duplication through 

nucleophosmin (NPM), a proposed licensing factor for centrosome duplication [119]. 

Cdk2-cyclin E phosphorylates NPM during mitosis, promoting its release from the 

centrosome, and allowing centrosome duplication to proceed [120]. 

The centrosome duplication cycle may also be controlled independently of the 

cell cycle using a centrosome intrinsic mechanism. Evidence of a centrosome intrinsic 

control was demonstrated in experiments performed by Wong and Stearns [ 121]. 

Since centrosomes duplicate in S phase they wanted to determine whether an 

activating factor is present in S phase cytoplasm [121]. To examine this, cells 

containing duplicated or unduplicated centrosomes were fused to cells at different 

stages of the cell cycle [121]. When cells with duplicated 02 centrosomes were fused 

to S phase cells they were unable to re-duplicate the centrosomes [121]. This result 

suggests that a centrosome-activating factor is not present in S phase cytoplasm. An 

alternative mechanism is that an inhibitory factor is present at 02 that prevents 

extraneous duplication. To investigate whether an inhibitory factor exists, Wong and 

Stern fused cells with unduplicated centrosomes to 02 cells. However, they found that 

02 cytoplasm did not prevent centrosome duplication [ 121]. These results suggest that 

centrosome duplication is regulated by some intrinsic factor. 

From these studies, it is unresolved whether cell-cycle regulators or an intrinsic 

centrosome regulator controls centrosome duplication. However, it is clear that 

centrosome duplication must be controlled. For in the absence of these control 
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mechanisms, centrosomes overduplicate. As discussed in the following section, 

aberrant centrosome duplication has implications to tumorigenesis. 

Centrosome duplication in tumor development 

In most instances, centrosomes direct the formation of the mitotic spindle. 

When there is overduplication of centrosomes, multipolar spindles can often result, 

leading to failed chromosome segregation and ultimately DNA aneuploidy [ 122[. 

Excess centrosomes and DNA aneuploidy are often observed in a large number of 

solid tumors and hematological malignancies [17]. 

It has been speculated that centrosome overduplication promotes aneuploidy, 

smce excess centrosomes has been observed at the earliest stages of malignant 

progression before aneuploidy [122-129]. This idea is not a new one, as Theodor 

Boveri in 1901 proposed that properties of malignant tumors, such as aneuploidy, 

could arise from centrosome defects [ 130, 131[. However, only recently is there 

evidence to support centrosomal-promoted carcinogenesis. Human cervical cancer, 

which is associated with excessive centrosomes, is often linked to infection with high 

risk Human Papillonavirus (HPV), HPV -16 and HPV -18. One study found that in 

neonatal human keratinocytes infected with the HPV oncoprotein E7, excessive 

centrosomes were present early in neoplastic progression prior to development of 

aneuploidy [ 132-134]. 

Additional evidence of centrosome promoted tumorigenesis is provided by a 

study of the early breast tumor lesion, ductal carcinoma in situ (DCIS). In this study, 
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excessive centrosomes were observed in these early lesions prior to aneuploidy [ 124]. 

Further support for a centrosome-mediated tumorigenesis is demonstrated by BRCA1, 

a gene mutated in about one half of familial breast cancers including women with 

DCIS [ 135, 136]. As described above, BRCA 1 regulates centrosome duplication and 

is proposed to be a centrosome-licensing factor. 

Although evidence suggests centrosome overduplication promotes aneuploidy, 

experiments with Aurora A suggests otherwise [137]. Overexpression ofthe candidate 

oncogene, Aurora A in mouse embryo fibroblasts results in cell division failure and 

polyploidy before excess centrosome accumulation [137]. This result suggests that 

excessive centrosome may reflect one of the cellular abnormalities associated with 

tumorigenesis, but is not the cause of aneuploidy and tumorigenesis. 

Most of the evidence that examines the relationship between centrosome 

duplication and DNA aneuploidy in tumorigenesis is correlative. A definitive answer 

to whether excess centrosomes drives tumorigenesis awaits a better understanding of 

the molecular mechanisms governing centrosome duplication. As additional molecular 

players required for centrosome duplication become known, we will become closer to 

understanding the complex process of centrosome duplication. 
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Figure 1.1 Ubiquitination and the significance of ubiquitin modifications 

The process of ubiquitination involves a sequential series of ubiquitinating enzymes. 

The first of these enzymes, the El ubiquitin-activating enzyme (El), activates 

ubiquitin in an ATP-dependent process. The activated ubiquitin is transferred from El 

onto the active-site cysteine of an E2 ubiquitin-conjugating enzyme (E2), where it 

forms a thioester bond. In the last step of this process, the E3 ubiquitin ligase (E3) 

transfers ubiquitin to the lysine residue of a substrate. Different types of structural 

distinct ubiquitin modifications can be transferred to a substrate. The type of ubiquitin 

modification conjugated to a substrate can signal different outcomes for a substrate. 

This figure shows an example of the three most common types of ubiquitin 

modifications: Lysine 48-linked polyubiquitin chains, Lysine 63-linked polyubiquitin 

chains, and monoubiquitin. Lysine 48-linked polyubiquitin chains promote 

proteasome-mediated degradation, whereas Lysine 63-linked polyubiquitin chains and 

monoubiquitins promote proteasome-independent processes. 
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Figure 1.2 Regulation of the Notch signaling pathway by Mibl 

DSL binding to the transmembrane receptor Notch promotes two cleavage events in 

the receptor. The released Notch intracellular domain translocates to the nucleus and 

promotes activation of target genes such as her4. Mibl promotes Notch activation 

through ubiquitin-mediated endocytosis of DSL. Two models have been proposed 

how Mibl promotes Notch activation. In the first model, Mibl promotes endocytosis 

and activation of DSL. The activated DSL recycles back to the extracellular surface to 

activate Notch. In the second model, Mibl promotes endocytosis and degradation of 

DSL and the Notch extracellular domain. The degradation of Notch extracellular 

domain prevents its accumulation in the extracellular space that would be inhibitory to 

further Notch activation. 
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Figure 1.3 Proposed structure of the kinesin-5 family member, Eg5 

Eg5 is a plus-end-directed homotetrameric kinesin that forms tetramers through 

dimerization of its coiled-coil stalk domain. This dimerization creates a molecule with 

two motors and two neck linkers at each end. It is through these motor domains that 

Eg5 interacts with adjacent microtubules. Figure adapted from [8]. 
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Figure 1.4 Ultrastructure of the centrosome and the centrosome duplication cycle 

(A) Two late G 1 phase/ early S phase centrosomes that each consist of a single 

centriole, called the mother and daughter centriole. As shown in orange, these 

centrioles are linked together at the proximal end by microtubule-based intercentriolar 

bridge. As shown in green, the centrioles are surrounded by a non-membranous 

pericentriolar material (PCM), which is the site of microtubule nucleation. 

Collectively, the centriole and the PCM make up the centrosome. 

(B) The centrosome cycle. The centrosome cycle temporally corresponds to the DNA 

replication cycle. After cytokinesis, the centrosome consists of an orthogonally 

oriented mother and daughter centriole connected by a cohesive structure. At the 

beginning of G 1, cohesive structure dissolves and the mother and daughter centrioles 

lose their orthogonal arrangement, but become connected through an intercentriolar 

bridge. During S phase, procentrioles develop orthogonal to parent centrioles and 

continue to elongate until the end of G2. By the end of G2, the daughter centriole have 

matured and acquired distal and subdistal appendages. Prior to mitosis, the mother and 

daughter centrioles will separate to opposite ends of the cell. This separation is 

dependent on severing of the intercentriolar bridge which can occur as early as S 

phase or as late as prophase, depending on the cell type. Separated centrioles will help 

organize the mitotic spindle during mitosis. Figure adapted from [ 123]. 
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CHAPTER TWO 

Characterization of the 

Mind bombl-Associated Protein Eg5 
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Introduction 

Ubiquitination is a post-translational modification in which an 8 kD ubiquitin 

protein is added to its substrate protein [5, 29, 138]. There are a number of structurally 

different types of ubiquitin modifications: monoubiquitination and approximately 

seven different types of polyubiquitination [36]. The consequence for the substrate 

depends on the type of ubiquitin modification [139]. For example, modification by a 

single ubiquitin promotes endocytosis or protein trafficking, whereas modification by 

polyubiquitin, such as the lysine 48-linked ubiquitin chain, promotes proteasome­

mediated degradation [36, 139]. The process of ubiquitination consists of an 

enzymatic reaction cascade involving an El activating-enzyme, an E2 conjugating­

enzyme, and an E3 ubiquitin ligase [140]. E3 ubiquitin ligase is a key component of 

this reaction, as it selects substrates for ubiquitin modification, thereby conferring 

specificity of the reaction [37]. Together, the use of distinct ubiquitin modifications 

and the specificity of E3 ubiquitin ligase make ubiquitination a versatile post­

translational modification [36, 139]. Therefore, it is not surprising that ubiquitination 

can also regulate numerous cellular pathways, including a pathway important for this 

dissertation, the Notch signaling pathway [139]. 

As outlined in Chapter One, the Notch signaling pathway is an evolutionary 

conserved pathway that regulates a wide range of cellular functions, such as 

specification, proliferation, and apoptosis [1, 141]. The core components of the Notch 

signaling pathway are the transmembrane receptor, Notch, and its transmembrane 

ligands, DSL (Delta, Serrate or Lag2). DSL ligand-binding promotes two proteolytic 
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cleavages in the Notch receptor, leading to the release of Notch intracellular domain 

[ 1]. Once cleaved, the Notch intracellular domain translocates to the nucleus, where in 

cooperation with the DNA binding protein CSL and its co-activator Mastermind, 

promotes transcription [ 1]. 

There are several known E3 ubiquitin ligases that regulate the Notch pathway 

(e.g. Sel-10, Deltex, Su(dx) and Neuralized); most of these are involved in regulating 

the Notch receptor [18]. Recently, an additional E3 ubiquitination ligase, Mib1, was 

found. Mutations in the mibl gene in zebrafish cause defects resembling those 

observed in Notch-signaling pathway mutants [20, 21, 142, 143]. Significantly, Mibl 

was found to regulate DSL ligands 15, 138). Although much is known about how 

Notch and its downstream processes are regulated, little is known about the regulation 

of Notch activation by Delta [49]. Mibl was found to promote ubiquitination and 

extracellular membrane depletion of the DSL ligands, Delta and Serrate [3, 5, 6, 138, 

144, 145). The necessity of Mib1 for DSL ligand regulation appears to be tissue- and 

species-specific [3, 5, 6, 138, 144, 145]. Surface depletion of DSL ligands suggests 

that Mibl promotes endocytosis, though currently there is no direct evidence for this 

involvement. However, such a role would be consistent with previous observations 

that endocytosis is required for DSL ligand-Notch signaling [3, 46, 50]. A direct 

mechanism for Mib 1 mediated endocytosis of DSL ligands has not been demonstrated. 

Mib1 also regulates another substrate, one that is not involved in the Notch 

signaling pathway. This substrate, DAPK, regulates apoptosis and is a potential tumor 

suppressor [7]. In response to multiple triggers, including IFN-y, Fas, TNFa, 
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ceramide, TGF~, or oncogene-induced proliferation, DAPK induces apoptotic or 

autophagic cell death through caspase-dependent and -independent pathways l54J. 

Some authors have proposed that DAPK may act as a tumor suppressor to sensitize 

cells to apoptosis during tumorigenesis [54]. Mibl was found to promote ubiquitin­

mediated degradation of DAPK, inhibiting its pro-apoptotic functions l7J. Mibl 

regulation of these distinct substrates, DSL ligands and DAPK, reveals that Mibl has 

a complex role in the cell. 

To advance the understanding of Mibl function and its regulation, I used a 

proteomic approach to identify interacting-proteins of Mibl through mass­

spectrometry. In this chapter, I report on the results of that proteomic screen. I 

describe in detail the interaction between Mibl and one of the associated-proteins 

identified, Eg5. Here, I report that Mibl promotes monoubiquitination of Eg5. As 

monoubiquitin modifications can promote translocation of proteins, I examine whether 

Mibl is necessary for localization of Eg5 to the mitotic spindle and whether Mibl is 

essential for mitotic spindle formation. Finally, I examine eg5 and mibl zebrafish 

mutants for shared defects in Notch signaling and spindle formation. 

Materials and Methods 

Cell Culture and Transfection 

HEK-293 and HeLa cells were maintained in high glucose DMEM containing 

10% heat-inactivated fetal calf serum (Gibco BRL) and 100 U penicillin/streptomycin 
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at 37°C in 5% C02• Cells were transiently transfected with a 2: 1 ratio of 

LIPOFECfAMINE 2000: DNA in antibiotic-free media, according to manufacture's 

instructions (Invitrogen). Media was changed 6 hours after the application of the 

DNA-lipid complex with normal culture media. 

siRNA transfection 

STEALTH-siRNA duplexes that target human MIBI (MIBIHSS126396) and a 

low GC content random siRNA control were obtained from Invitrogen. 

The sequence for the MIB 1 siRNA duplex is as follows: 

AAUACUGGAAUAUUCCCACUUGAGA. 

HEK-293 or HeLa cells were transfected with 100 nM of the siRNA duplexes with 

LIPOFECTAMINE 2000 according to manufacturer's instructions. The media was 

replaced 6 hours after the addition of the complexes with normal culture media. 

Protein Purification and Mass Spectrometry 

HEK-293 cells were stably transfected with 2XFLAG-Mib1-pcDNA3 or 

pcDNA3 as a control, washed with 1X PBS, lysed in CelLytic M buffer (SIGMA), 

pelleted to remove cellular debris, and purified over a FLAG-Agarose column 

(SIGMA). After extensive washes with Wash buffer (50 mM Tris-Cl, pH7.4 and 150 

mM NaCl), bound proteins eluted off the column by competition with 200 ng/f!L of 

3XFLAG peptide (SIGMA) in Wash buffer. Elutants were concentrated in an Amicon 

Ultra 4 column and eluted with wash buffer. Concentrated elutants were run on a 4-
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12% Bis-Tris gradient gel in IX MOPS. The gel was then fixed in 50% ETOH, 8% 

phosphoric acid and stained with Bio-Safe Coomassie blue (Bio-Rad). Bands that 

were in the 2XFLAG-Mibl lane, but not in the control lane, were extracted with a 

Leap 2DiDx spotcutter for further analysis. Tryptic digests were prepared and 

analysed on a LC/MS/ MS (Applied Biosystems QStar XL) at the OHSU Proteomics 

Shared Resource. Peptides identified by mass spectrometric analysis were identified 

with MASCOT. Putative interacting-proteins were identified with the Global 

Proteomics Machine (GPM). Only those proteins scoring a confidence value of 95% 

or greater were considered for further analysis. 

Immunoprecipitation 

Twenty-four hours after transfection, cells were lysed in a buffer containing 

Protease Complete Inhibitor (Roche), an EDTA-free lysis buffer was used for 

ubiquitination assays (50 mM Tris-Cl, pHS, 150 mM NaCl, 10% Glycerol, 1% NP40), 

or a NP40/Tris IP buffer (20 mM Tris-Cl pH 8, 1% NP-40, 137 mM NaCl, 10% 

Glycerol, 2 mM EDTA, 10 mM NaF) for all other immunopreciptations. In all 

experiments, 500 [!g of lysates were pre-cleared in Protein G-Sepharose (GE 

Healthcare), then immunoprecipitated with one of the following antibodies: rabbit 

anti-Eg5 (Cytoskelton), mouse anti-HA (Covance), or mouse anti-Myc (a gift from 

Monika Davare). Immunoprecipitates were washed four times with the appropriate 

lysis buffer then lysed with Laemelli buffer. 
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Fish Lines and Maintenance 

mib Hi904
, eg5Hi3112

A, and eg5Hi486 Danio rerio insertional mutants used in this 

study were derived from TAB lines obtained from the Hopkins Lab at MIT [142, 143]. 

Adult fish and juveniles were raised on an Aquatic Habitats system with a 14- to 10-

hour light-dark cycle. Embryos were raised at 28 oc in 0.3X Danieau's media 

supplemented with penicillin/streptomycin. Embryos were staged as hours post­

fertilization fl46J. Prior to use in experiments, all embryos were anesthetized with 

Tricaine [ 147]. 

Western blotting Analysis 

Samples were denatured in Laemelli buffer, and then run on a 4-12 % Bis-Tris 

Criterion XT gel in IX MOPS XT buffer. The gel was then transferred to PDVF 

membrane in Towbin buffer, according to standard protocols. Membranes were 

blocked then incubated overnight at 4°C with the following primary antibodies: mouse 

anti-VS (Sigma), mouse anti-GFP (Invitrogen), mouse anti-Myc (Gift of Monika 

Davare), mouse anti-~Actin (Sigma), and Rabbit anti-Eg5 (Cytoskelton). After 

incubation in HRP-conjugated secondaries (GE Healthcare), membranes were 

processed with ECL (Western Lightning, Perkin Elmer) and exposed to X-ray film for 

development. 
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In situ Hybridization 

To reduce pigment formation in embryos, 0.005% I-phenyl-2-thiourea (PTU) 

was added in Danieau's media when embryos were at 22 hpf. At the stated timepoints, 

embryos were fixed with 4% paraformaldehyde in IX PBS (pH 7.4). DIG-labeled 

sense and antisense RNA probes were generated against the full-length zebrafish Eg5 

(accession number BC048061) using DIG-labeling mix (ROCHE). In situ 

hybridizations were performed according to standard methods and developed with 

NBT/BCIP substrate [I47]. Embryos were mounted in 3% Methyl Cellulose and 

photographed using a Zeiss M2-Bio microscope equipped with a halogen lamp and a 

cooled CCD camera (Axio CAM HR). Images were processed with AxioVision 

software and Photoshop. 

Immunocytochemistry 

HEK-293 and HeLa cells plated on poly-D-lysine coated coverslides were 

fixed in methanol at 20 oc for IO minutes, washed with IX PBS, blocked with IO% 

goat serum in IX PBS, pH 7.4, and subsequently incubated overnight in primary 

antibody diluted in 3% goat serum at 4 oc. After 3 washes in IX PBS, cells were 

incubated in goat anti-mouse or goat anti-rabbit Alexa- 488 or 568 conjugated 

secondary antibodies (Invitrogen) at I: 1000 for 1 hour at room temperature. After final 

3 rinses in IX PBS, cells were stained with Hoechst 33342 and mounted in Prolong 
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Gold (Invitrogen). The following primary antibodies were used: mouse anti-a-tubulin 

(Sigma), rabbit anti-Eg5 (Cytoskeleton) and mouse anti-HA (Covance). 

Immunohistochemistry 

Embryos were fixed in 4% paraformaldeyde in lX PBS for 2 hours. Washed in 

PBST, then infiltrated in sequentially in 15% and 30% sucrose for 1 hour each. 

Embryos were embedded in OCT and cryosectioned to 12 microns. Sections were 

blocked in 5% goat serum, 1% BSA, 0.2% Triton X-100 for 2 hours, then incubated in 

primary antibodies overnight at 4°C. Sections were washed in 1% goat serum, 1% 

BSA, then incubated in Alexa-488 or -568 conjugated secondary antibodies for 1-2 

hours. Sections were washed 3 times in IX PBS, then mounted in n-propyl gallate 

mounting media (1% n-propyl gallate, 100 mM Tris-Cl pH8, 50% glycerol). The 

following primary antibodies were used: rabbit anti-phospho Histone3 (Cell 

signaling), mouse anti-Zrfl (ZIRC), Mouse anti-Islet-1 (ZIRC), mouse anti-HuC/D 

(Invitrogen), rabbit anti-PKCa (Cell signaling) and mouse anti-GAD-67 (Covance). 

Microscopy 

Most of the immunofluorescent-labeled samples were imaged under a Plan 

Apochromat 63X/1.4NA oil-immersion lense on a Zeiss Axioplan2 equipped with 

Hamamatsu CCD camera and the Openlab image acquistion program. Mitotic spindles 

were imaged on a Nikon Eclipse TE300 microscope equipped with a Bio-Rad 1024 ES 
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confocal imaging system using the 568 nm line of the krypton/argon laser (MMI Core 

facility). 

Results 

Proteomic screen to identify interacting-proteins of Mibl 

To identify potential interacting-proteins and substrates of Mib1, lysates from 

HEK-293 cells stably transfected with 2X FLAG-tagged Mib1-pcDNA3 or the control 

pcDNA3 were purified over a FLAG agarose column. After extensive washing, Mib1 

and its associated-proteins were eluted off the column by competition with a 3X 

FLAG peptide and elutants run on 4-12 % Bis-Tris gradient gel. Protein bands that 

were present in the 2XFLAG-Mib1 lane, but not in the control lane, were extracted 

and analyzed by mass spectrometry to determine the identity of the isolated proteins 

(Figure 2.1 ). 

The identified Mib1-associated proteins are involved in a wide array of cellular 

functions: ubiquitination, translation, transcription, cytoskeletal structure, methylation, 

centrosome regulation and spindle formation (Table 2.1 ). As expected, one of the 

identified proteins has functions related to ubiquitination, Ubiquitin-specific protease 

9. Ubiquitin-specific protease 9 is a deubiquitinating enzyme that is involved in the 

removal of ubiquitin from a protein substrate [148]. The mutant of fats facets, the 

Drosophila homolog of ubiquitin-specific protease 9, has a neurogenic phenotype. Fat 

facets was found to genetically interact with Epsin and promote Delta signaling in 
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Drosophila ommatidia [149J. Other lab members pursued characterization of this 

protein. Interestingly, two of the identified proteins, serine-threonine protein kinases, 

NDRl and NDR2, have recently been found to regulate centrosome duplication [ 150]. 

In this screen, I did not identify Delta. This is not unexpected as Delta is a 

transmembrane protein, and membranes were not purified for this study. 

A small subset of proteins identified by mass spectrometry were selected for 

small-scale co-immunoprecitations with Mibl: NDRl, NDR2, Arginine 

Methyltransferase 4, Fats-facets, and Eg5 and were found to be interacting-proteins of 

Mibl (data not shown and Figure 2.2). 

Mibl associated with EgS and promotes its ubiquitination 

As preliminary evidences suggested a strong association between Eg5 and 

Mibl, I decided to focus my attention on their interaction. Eg5 is a member of the 

kinesin 5 subclass of plus-ended kinesins [9]. Kinesins of subclass all share a 

homotetrameric structure with motor domains at each end [8]. It was proposed that 

Eg5 functions to stabilize and slide the spindle through interaction of its motor 

domains with the antiparallel microtubules of the mitotic spindle [151J. To verify that 

Eg5 associates with Mibl, I performed co-immunoprecipitations on lysates of HEK-

293 cells. A reliable antibody to immunoprecipitate endogenous expressed Mibl is not 

available, so I relied on the expression of a Myc-tagged Mibl. Immunoprecipitation of 

myc-tagged Mibl was able to pull down endogenous Eg5 (Figure 2.2A). Likewise, 
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immunoprecipitation of an endogenous Eg5 was also able to pull down Mibl (Figure 

2.2A). Therefore, I conclude that Mibl is associated with Eg5. 

To determine the Eg5 interaction site on Mibl, I prepared three myc-tagged 

Mibl deletion proteins: one lacking the N-terminal half of Mibl (Mib~N), another 

lacking the ankyrin repeats (Mib~M), and a third lacking all of the Ring-finger 

domains (Mib~C) (Figure 2.2D). The deletion constructs were immunoprecipitated 

with Myc antibody and examined for the presence of Eg5 by Western blot analysis. 

Eg5 could interact with all of them except Mib~N (Figure2.2C). It was shown 

previously that the N-terminal region of Mibl is required for interaction with Delta 

and Serrate, hence, this region may contain the substrate-recognition site of Mibl [5, 

6]. 

As Mibl is an E3 ubiquitin ligase, I investigated whether it could promote 

ubiquitination of Eg5. HEK-293 cells were transfected with Mibl-myc, Eg5-V5-His, 

and HA-Ubiquitin and harvested 24 hours later. Immunoprecipitation of ubiquitin 

revealed two distinct Eg5 bands, suggesting that Eg5 is modified by multiple mono­

ubiquitins (Figure 2.3). Furthermore, control-transfected cells also contain a 

monoubiquitinated band, which could indicate ubiquitin modification of Eg5 by 

endogenous Mibl. 

Taken together, these results indicate that Eg5 interacts with Mibl through its 

N terminal region. It is through this interaction that Mibl promotes ubiquitination of 

Eg5. 
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Mib 1 did not cause relocation of EgS from the mitotic spindle 

Eg5 has a dynamic localization pattern during the cell cycle. During 

interphase, Eg5 is localized in the cytoplasm along with interphase microtubules, but 

throughout mitosis, it is localized along the mitotic spindles along the spindle poles 

[151-153]. Since ubiquitination can affect the subcellular distribution of proteins, I 

was interested to see whether Mib1 could affect the localization of Eg5 to the mitotic 

spindle [140]. 3XHA-Mibl was expressed in HEK-293 cells and cells examined 48 

hours post-transfection by immunolabeling with Eg5 and HA. However, Eg5 showed 

normal localization at the spindle in all 100 mitotic spindles examined (Figure 2.4). 

Similar results were obtained with transfection periods of 24 and 72 hours and in 

comparable experiments in HeLa cells (data not shown). 

I then asked whether silencing Mib1 with siRNA could affect the localization 

of Eg5 to the spindle. To verify the effectiveness of Mib1 siRNA, Mibl siRNA and 

FLAG-Mib1 were co-transfected in HEK-293 cells, then the expression of FLAG­

Mib1 was examined by Western blot analysis of 48 hours post-transfection lysates. At 

48 hours, there was a significant decrease in the levels of Mibl in Mib1 siRNA­

transfected cells, relative to control siRNA-transfected cells, which suggests the 

siRNA effectively silences Mibl expression (Figure 2.5B). This Mib1 RNAi or 

control siRNA was transfected into HEK-293 cells to examine the necessity of Mib1 

in Eg5 localization. To mark mitotic spindles and transfected cells, cells were also 

transfected with a-tubulin-GFP. These transfected HEK-293 cells were then examined 

48 hours post-transfection for Eg5 spindle localization. One hundred mitotic spindles 
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were examined as determined by a-tubulin-GFP expression. However, Eg5 

appropriately localized to the spindle in Mib siRNA-transfected cells (Figure 2.5A). 

Similar results were observed at 24 and 72 hours post-transfection and in comparable 

experiments in HeLa cells (data not shown). Taken together, these results demonstrate 

that Mib 1 does not affect the spindle localization of Eg5. 

Alteration of Mibl expression did not cause mitotic spindle defects 

Although Mibl did not appear to have a role in promoting Eg5 localization to 

the spindle, it is possible it could regulate Eg5 function independent of its localization. 

It was previously observed when Eg5 was inhibited or its expression silenced, 

microtubules do not organize into bipolar spindles during mitosis. Instead, the spindles 

form an array of microtubules organized about a single pole, termed monastral 

spindles 167, 154]. Therefore, I examined whether normal spindle formation was 

disrupted if Mib1 expression levels were altered. HEK-293 cells were transfected with 

Mib1-eGFP, and a-tubulin and immunofluorescence was used to examine spindles 48 

hours post-transfection. One hundred spindles for each timepoint were examined, but 

no abnormal spindles were observed (Figure 2.6B). Similar results were seen at 24 and 

72 hours post-transfection and in comparable experiments in HeLa cells (data not 

shown). These results suggest that Mibl is not essential for spindle formation. 

I also examined whether silencing Mib1 using siRNA could disrupt normal 

spindle formation. HEK-293 or HeLa cells (data not shown) were co-transfected with 

Mib1 siRNA or control siRNA along with mRFP, a marker for transfection. I 
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inspected 100 spindles of transfected cells at each time point and did not find any 

abnormal spindles (Figure 2.6A). For this reason, I conclude that Mib1 does not 

regulate spindle formation in HEK-293 and HeLa cells. 

Characterization of the eg5Hi3ma zebrafish mutant 

Although shared function in spindle development of Eg5 and Mib1 was not 

seen in cell cultures, it is possible that there are similarities in vivo. Two retroviral 

insertions in the eg5 locus, Hi486 and Hi3112A, were previously generated in during a 

large-scale insertional mutagenesis at the Hopkins lab [143, 155]. These viral 

insertions are located within the first intron of the gene [143, 155]; (Figure 2.7A). 

These insertions reduced Eg5 transcript levels. Furthermore, this gross phenotype of a 

curved body shape was linked to a reduced transcript level, but no further 

characterization was performed [143, 155]. 

Therefore, further analysis of these mutants was necessary. Since the 

phenotype exhibited by zebrafish with the Hi486 insertion produced a mild phenotype, 

only the Hi3112A insertion will be discussed for the remainder of this chapter. Based 

on quantitative RT -PCR analysis, the Hi3112a insertion caused a 50.75% reduction in 

the level of Eg5 transcript (Figure 2.7B). An elevated number of cells exhibiting 

acridine orange uptake, a marker for apoptotic/necrotic cells, was observed in 

eg5Hi3JJ 2A mutant embryos [156]. A slight elevation in the number of dying cells was 

observed in eg5HiJll2A mutant beginning at 24 hpf (hours post-fertilization) and by 48 

hpf there was a significant elevation in the number of dying cells (data not shown). By 
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30 hpf, there was tail curvature, a smaller head, and smaller eyes were noticeable. 

Pericardia! edema, heart atrophy, brain disorganization, and underdeveloped gut were 

obvious by 56 hpf. The above described phenotypes persist throughout the remainder 

of their development. The eg5Hi3112a mutants do not survive past 6 dpf (days post­

fertilization). Interestingly, he eg5HiJma mutants look remarkably similar to the 

phenotype of mib1Hi904 insertional mutant described previously in our lab (Figure 2.7C, 

D); [5]. 

egS transcripts were expressed in regions similar to mibl 

An in vivo interaction between Eg5 and Mib 1 would require that the transcripts 

be localized in similar regions within the embryo. Using in situ hybridization, I 

examined the expression of pattern of eg5 throughout early development. eg5 was 

ubiquitously expressed throughout a gastrulating embryo at 6 hpf (Figure 2.8). 

However, at 18 hpf, transcripts of eg5 become increasingly restricted to neurogenic 

regions. By late neurogenesis at 48 hpf, eg5 transcripts were highly restricted to 

neurogenic regions especially at the midbrain-hindbrain boundary. This eg5 

localization Is similar to previously described mib 1 expression patterns. mib 1 

transcripts are initially ubiquitous, but become restricted to neurogenic regions as 

embryos proceed through neurogenesis 15 J. These in situ hybridization findings 

provide evidence for an interaction between Eg5 and Mib 1 in vivo. 
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Zebrafish eg58
i
3112

A mutants had monastral spindles, but mibHi904 had normal 

bipolar spindles 

In Drosophila, the mutant for the Eg5 ortholog, KLP61F, was observed to 

have monastral spindles. As my study is the first in vivo characterization of eg5, I 

investigated whether there were similar mitotic spindle defects to those observed in 

Drosophila KLP61F mutants [157, 158]. Fourty-eight hpf zebrafish embryos were 

examined for defects in the mitotic spindles of retina. The later developing retina was 

selected for observation to avoid rescue of zygotic mutations from maternally 

provided yolk transcripts [ 159, 160J. Using an antibody against a-tubulin, bipolar 

mitotic spindles were observed in wild type embryos localized primarily to the 

proliferative region of the retina at this stage, called the ciliary marginal zone (Figure 

2.9A). eg5HiJl12A mutants, in contrast, had predominantly monastral spindles that were 

not restricted to the ciliary marginal zone, but located throughout the retina (Figure 

2.9B). Furthermore, these spindles were oriented randomly and not aligned in the 

usual parallel orientation to the apical membrane. The monastral spindle phenotype of 

these eg5"i3112
A mutants is consistent with phenotypes observed in the Drosophila 

KLP61F mutant. However, it is a novel finding that cells with abnormal spindles are 

not restricted to the ciliary margin or the apical membrane, but instead localize 

throughout the retina. 

In cell culture, alteration of Mibl expression levels did not cause spindle 

defects, but is possible that Mibl could have a spindle defect in vivo. To this end, the 

mitotic spindles of 48 hpf mibH;904 mutant retinas were examined for defects. Unlike 
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the eg5Hi3Jl2A mutant, no mitotic spindle deformities were observed in the mibHi904 

retinas (Figure 2.9C). These results suggest the Mib1 is non-essential for spindle 

formation in the retina. 

eg5Hi3ll2A had an elevated number of mitotic cells, but mib1Hi904 had a normal 

number of mitotic cells 

To assess the consequence of this abnormal spindle development in eg5HiJll2A 

mutants on mitotic progression, the retinal cells ofthese mutants were examined using 

the mitotic marker, phospho-Histone 3 (pH3). It was previously observed in the retina 

of wild type zebrafish, that proliferation levels are highest at 27 hpf and are 

maintained roughly at the same level until 36 hpf, at which point proliferation declines 

until 48 hpf [161]. Comparison of the numbers of pH3-positive cells of the eg5Hi3ll2A 

and wild type embryo retinas revealed that at 29 hpf the levels of mitotic levels were 

about equal. However, at 36 hpf and 48 hpf eg5HiJll2A mutants had significantly more 

mitotic cells. There are two possible explanations for the higher levels of pH3-positive 

cells in eg5HiJma mutants. The first possibility is that eg5HiJll2A cells are arresting in 

mitosis leading to an accumulation of mitotic cells. Alternatively, the elevated number 

of mitotic cells could suggest an enhanced proliferation rate (Figure 2.1 0). 

I also examined whether mib1Hi904 mutants also had an alteration in the number 

of mitotic cells. Once again, pH3 labeling was used to a mark cell proliferation of the 

developing retina. However, no major differences in the number of pH3-positive cells 

were found in mib1Hi904 mutants compared to wild type embryos (Figure 2.10). Taken 
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together, I can conclude that miblH;904 mutants do not have an elevation in the number 

of mitotic cells like that observed in eg5HiJll2A mutants. 

Cellular specification defects were not observed in egS"i3mA mutants 

miblH;904 mutants exhibit neuronal specification defects, the overproduction of 

primary neurons and progenitors at the expense of secondary neurons and glia [5, 138, 

162]. In the hindbrain of miblH;904 mutants there are an overall increase in the numbers 

of differentiated neurons, but a decrease in later-born, hindbrain commissural neurons 

and branchiomotor neurons. These results could suggest a premature neuronal 

differentiation. Since eg5 transcripts are highly expressed in the nervous system, it is 

possible that eg5HiJll2A mutants could have neurogenic defects similar to the miblm904 

mutants. I examined the number of differentiated neurons in eg5HiJll2A hindbrains using 

the pan-neuronal marker, HuC/D (Figure 2.11). Previously, mibHi904 mutants were 

observed to have elevated numbers of HuC/D positive cells in their hindbrain relative 

to wild type embryos. However, no appreciable differences were observed in the 

number of HuC/D-positive cells in the hindbrains of wild type and eg5Hi3JJA mutants. 

In prior studies, the hindbrain of mibH;904 mutants was observed to have a reduction in 

the number and disorganization of the later-born hindbrain commissural neurons, 

branchimotor neurons, and glia [163]. Using the antibodies Zn5, Islet1, and Zrf1, 

which respectively mark the commissural neurons, branchimotor neurons, and glia, no 

apparent differences in eg5HiJII2A mutants were observed when compared to wild type 

(Figure 2.11 ). These results would suggest that Eg5 is not essential for cellular 

specification in the hindbrain. 
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It is possible is that eg5HiJll2A mutants were rescued by maternally provided 

transcripts, thus occluding any early defects present in the hindbrain. An alternative 

region to examine for cellular specification defects is the retina, which undergoes 

specification at a later time period compared to the hindbrain [164]. It was previously 

observed in our laboratory that mibHi904 mutants fail to produce the amacrine and 

bipolar cells of the retina. Furthermore, mibHi904 mutants were also observed to have a 

significant reduction in the number of double cone photoreceptors [25]. For these 

reasons, I decided to survey the retina for specification defects using markers of 

ganglion, amacrine, bipolar, horizontal, and double cone photoreceptors. However, no 

change in the relative numbers of these cell-types was observed in the Eg5 mutants 

compared to the wild type embryos. A gross interlayer disorganization was observed, 

but the overall laminar organization was preserved. Therefore, I can conclude that 

eg5HiJJl2A mutants do not have the same retinal specification defects that were observed 

in mibHi904 mutants. 

Discussion 

Ubiquitination regulates a wide diversity of cellular events. This diversity is 

generated, in part, by the selection of specific substrates by E3 ubiquitin ligases. Here, 

I examined proteins that may interact with the RING-finger E3 ubiquitin ligase Mibl. 

Previously, the only known interacting-proteins of Mibl were DSL ligands and 

DAPK, regulators of Notch signaling and apoptosis, respectively. In this study, I 

identified a number of potential substrates involved in centrosome regulation, mitotic 

spindle development, methylation, and transcriptional/translational regulation. 
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Identification of Eg5 as a substrate for Mibl 

In this study, I further characterize one of the identified proteins, the kinesin 

Eg5. I found that Mib1 could promote monoubiquitination of Eg5. 

Monoubiquitination has been linked to regulation of endocytosis, transcription, and 

DNA repair. The ability of monoubiquitination to regulate these diverse cellular 

processes is just beginning to be understood. However, monobiquitination may be as 

important as phosphorylation in modulating diverse cellular events [36]. As Mib1 

mediated monoubiquitination of Eg5 is the only known monoubiquitination of a motor 

protein, I can only speculate how this modification regulates Eg5. However, some 

hints of Eg5 regulation may be provided by its other known modifications. Eg5 and 

other members of the kinesin-5 subclass of kinesins, contain a highly conserved 

sequence, the bimC box, in their tail domain [81. Threonine 937 located with the bimC 

box, can be phosphorylated in vitro by p34cdc2 [165]. If this threonine is mutated to a 

non-phosphorylatable alanine, Eg5 fails to localize to the spindle [165]. Furthermore, 

phospho-specific antibodies designed against bimC box, showed that the 

phosphorylated form of Eg5 is highly localized to the spindle and only during mitosis 

[81 ]. This evidence suggests a cell cycle-dependent phospho-regulation of Eg5 

localization. For Eg5 to bind spindle microtubules, a conformational change in Eg5 

would be necessary [166]. However, hydrodynamic analysis of the phosphorylated 

and non-phosphorylated forms of Eg5 revealed no differences in their conformational 

states [65]. This suggests that another factor is required for phosphorylation-dependent 

microtubule binding. Examples from other ubiquitin-modified proteins have shown 
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that in some instances phosphorylation is required prior to ubiquitination [ 167, 1681. 

Taken together, phosphorylation of Eg5 by p34cdc2 may prime the site for Mib1 

ubiquitination, which then facilitates Eg5 spindle binding. 

One implication of this type of ubiquitination is suggested by a recent study on 

ubiquitin regulation of growth coactivator SRC-3. SRC-3 was ubiquitinated in two 

phases in a phosphorylation-dependent manner fl69J. In the first phase, SRC-3 is 

multi-monoubiquitinated which regulates SRC-3 activity. In the second phase, the 

monoubiquitin transition to polyubiquitin leading to degradation of SRC-3 [169]. A 

similar modification could occur for Eg5. If ubiquitination was required for the 

localization of Eg5 to the spindle, a hi-phasic mode of ubiquitination might regulate 

the tight temporal event of spindle formation. Monoubiquitination of Eg5 would 

promote its localization to the mitotic spindle during mitosis, and then Eg5 is 

polyubiquinated at the end of mitosis promoting its degradation. 

Explanation for absence of spindle deformities observed in Mibl experiments 

If regulation by Mib 1 is critical for an Eg5 interaction with the spindle, how is 

the lack of spindle defects in Mib1 mutants explained? Since the time of these studies, 

a paralog of Mib1, called Mib2 was found [145]. Mib2 and Mib1, are nearly identical 

in their domain organization [145]. More importantly, there is overlap in the substrates 

that Mibl and Mib2 regulate [53, 145J. Both Mibl and Mib2 were able to promote 

ubiquitin mediated endocytosis of Delta C. In vivo proof of Delta C as a substrate of 

Mib2 will be necessary, as these studies relied on overexpression of Mib2. However, 
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not all substrates are shared because as Delta D is regulated solely by Mibl. In my 

studies of Mib1 siRNA-silenced cells, Mib2 may compensate for Mib1 loss and this 

may explain why Mib1-mediated spindle defects were not observed. 

eg5Hi3ll2A mutants had spindle defects, but did not have specification defects 

In this study, I also characterized the in vivo functions of the eg5 using a 

zebrafish hypomorph mutant, eg5HiJmA. Mutants of the Drosophila ortholog of Eg5, 

KLP61F, have monastral spindles instead of bipolar spindles. Similarly, eg5HiJll2A 

mutants have monastral spindles at 48 hpf. Unlike the mitotic spindles observed in 

wild type retinas these mitotic spindles were not restricted to the ciliary margin, but 

located throughout the retina. Interestingly, monastral spindles of eg5HiJl12A mutants 

were oriented in multiple orientations relative to the apical margin. A current model 

for cell specification proposes that the plane of cell division, dictated by the mitotic 

spindle orientation, determines inheritance of cell fate determinants and ultimately 

dictates cell fate [170]. This mechanism of cell fate determination may occur in the 

zebrafish retina. One study in zebrafish retina found that the plane of cell division 

changes from central-peripheral to circumferential during neurogenesis [171 ]. This 

change in plane is correlated with cell fate determination of these cells [171]. 

However, cell fate specification of the retina and the hindbrain was normal in eg5HumA 

mutants. These results suggest that spindle orientation may not dictate cell fate 

determination in the zebrafish retina and hindbrain. An underlying assumption is that 

the monopolar cells divide and survive to differentiation. However, these cells may die 
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and the differentiated cells are descendants if progenitors with a normal mitotic 

spindle. 

An interesting observation, although currently inexplicable, is that mitotic cells 

of eg5HiJll2A mutants were located throughout the retina. Normally, in a developing 

retina, the nucleus and cytoplasm of the cell are connected to the apical membrane 

with only a membrane process connecting at the basal membrane L 1711. However, in 

the eg5HiJII2A mutants the dividing cell bodies were located in the basal region as well 

as the apical region. One possible explanation is the apical attachment is lost, 

therefore, the cells migrate throughout the retina. Whether these result from a 

secondary defect remains to be seen. 

I did not observe cellular specification defects in the retina and hindbrain of 

eg5HiJll2A mutants, although it is possible that Eg5 could affect specification in other 

regions. The role of Mibl in specification is not limited to the CNS, as recent work 

found mibl mutants had specification defects in the gut epithelium [26]. eg5HiJll2A 

mutants were observed to have underdeveloped intestines and this region could be 

explored for specification defects. Furthermore, development of gut epithelium occurs 

at 3 dpf, when maternal contributions are negligible. 

The identification of Eg5 as an interacting-protein of Mib 1 creates a new 

perspective on the diversity of proteins that Mib1 can regulate. Mibl was found to 

regulate the monoubiquitination of Eg5. These findings have provided the groundwork 

for Chapter 3 to which I now turn. 
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Protein 
classification 

Centrosome 

Motor Protein 

Signaling 

Ubiquitination 

Methylation 

Transcription/ 
Translation 

Cytoskeletal 

Chaperone 

Protein Name 

Serine-Threonine kinase, NDR1 
Serine-Threonine kinase, NDR2 

Eg5 

CDK5 RAP3 
TAK1 

Ubiquitin-Specific Protease 9, Fat 
facets related 

Arginine N-Methyltransferase 5 
Methylsome protein 50 

Motor neuron complex-interacting 
protein1, Gemin-2 
Nuclear Ribonucleoprotein K 
Nuclear Ribonucleoprotein H 
Helicase-like protein 2 
Polyadenylate-binding protein 3 
Eukaryote translation initiation factor 
48 
Nucleolin 20 
Ribosomal Protein S4 
Ribosomal Protein S7 
Ribosomal Protein L24 
Ribosomal Protein S7 
Ribosomal Protein L4 

lntegrin B-6 precursor 
Spectrin , alpha chain 
Apolipoprotein 20 A-1 precursor 
Alpha-tubulin 1 
Beta-tubulin 5 
Beta-tubulin, class II subtype 
Vimentin 

Heat Shock Protein 70 

Accession number 

NCBI:NM_007271 
NCBI:NM_015000 

SWISS-PROT:P52732 

SWISS-PROT:PP1553 
NCBI:043318 

TRM:Q8WWT3 

SWISSPROT:014744 
SWISSPROT:Q9BQA 1 

SWISSPROT:014893 

SWISSPROT:Q07244 
SWISSPROT:P31943 
SWISSPROT:000571 
SWISSPROT:Q9H361 
SWISSPROT:P23588 

SWISSPROT:P19338 
SWISSPROT:P46781 
SWISSPROT:P23821 
SWISSPROT:P38663 
SWISSPROT:P23821 
SWISSPROT:P36578 

ENSP00000297130 
SWISSPROT:Q13813 
SWISSPROT:P0264 7 
SWISSPROT:P05209 
SWISSPROT:P05218 
TRM:Q81WR2 
SWISSPROT:P08670 

SWISSPROT:P042264 

Table 2.1 Mibl-associated proteins identified in proteomic screen 

Mibl-associated proteins that scored an identification confidence value >95% by 
MASCOT are shown. Proteins are classified according to their known biological 
function. The accession numbers for each of identified proteins from NCBI, SWISS 
PROT, and TRM are shown. 
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Mib1 

Eg5 

Arginine N­

Methyltransferase 

TAK1 

MEP50 
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Figure 2.1 Affinity purification of 2X FLAG-Mibl associated proteins 

A representative gel of FLAG elutants from FLAG affinity columns bound to cell 

lysates, containing 2X FLAG-Mibl or 2X FLAG. The elutants were separated on 4-

12% Bis-Tris gel and stained with Coomassie blue. Lines point to bands selected for 

analysis by mass-spectrometry and indicate identified proteins. 
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Figure 2.2 Mibl associated with Eg5 in HEK-293 cells 

(A) HEK-293 cells were transfected with 6XMyc-Mibl followed by 

immunoprecipitation of Mibl from celllysates using an anti-Myc antibody. As shown, 

Eg5 co-immunoprecipitated with 6XMyc-Mibl as shown by Western blot analysis 

with anti-Eg5 antibody. 

(B) Eg5 was immunoprecipitated from 6XMyc-Mibl-transfected HEK-293 cell 

lysates using an anti-Eg5 antibody. As shown by Western blot analysis with an anti­

Myc antibody, 6XMyc-Mibl could co-immunoprecipitate with Eg5. 

(C) Top panel shows results from immunoprecipitation of Myc-tagged Mibl deletion 

constructs with an anti-Myc antibody followed by Western blot analysis with an anti­

Eg5 antibody. Bottom panels show Western blots of whole cell lysates labeled with 

either anti-Myc or anti-Eg5 antibodies. 

(D) Schematic drawing of Mibl deletion constructions used in (C). Figure adapted 

from f4j. 
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Figure 2.3 Mibl enhanced ubiquitination ofEgS in HEK-293 cells 

HEK-293 cells were transfected with HA-ubiquitin and V5-tagged constructs as 

indicated at top of panel in the presence ( +) or absence (-) of 6XMyc-Mib. Top panel ) 

HA-tagged ubiquitin was immunoprecipitated with anti-HA antibody followed by 

Western blot analysis with anti-V5. Bottom panels) Western blot analysis of whole 

cells lysates from samples used in the immunoprecipitation experiment in the top 

panel. Blots were labeled with anti-Myc and anti-V5 antibodies. 
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Figure 2.4 Overexpression of Mibl did not affect EgS mitotic spindle localization 

HEK-293 were transfected with 3XHA-Mibl or pcDNA3 for 48 hours and detected 

with both an anti-HA antibody (green) and anti-Eg5 antibody (red). Nuclei were 

stained with Hoechst 33342 (blue). One hundred transfected cells, as assessed by 

3XHA-Mibl expression, were examined for Eg5 distribution. Eg5 maintained normal 

spindle distribution in the presence 3XHA-Mibl. 
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Figure 2.5 Silencing of Mibl did not affect EgS spindle localization 

(A) Eg5 maintained normal spindle localization in Mib1 siRNA-transfected cells. 

HEK-293 cells were co-transfected with a-tubulin-GFP and Mib1 siRNA or control 

siRNA for 48 hours, then detected with anti-Eg5 (red) and anti-GFP (green) 

antibodies. Cytoplasmic staining in the green channel is due to free tubulin. Nuclei 

were stained with Hoechst 33342 (blue). The distribution of Eg5 was examined in 100 

cells with mitotic spindles, identified by a-tubulin-GFP. Eg5 maintained mitotic 

spindle localization in all 100 cells examined. 

(B) Mib1 siRNA reduced the expression of 2XFLAG-Mibl. Hek293 cells were co­

transfected with 2XFLAG-Mib1 and Mib1 siRNA or control siRNA for 48 hours, 

followed by Western blot analysis with an anti-FLAG antibody. 
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Figure 2.6 Alteration of Mibl expression levels did not affect spindle formation 

(A) Normal mitotic spindles are formed in Mibl-silenced cells. HEK-293 cells were 

co-transfected with mRFP and Mib siRNA, or control siRNA. At 48 hours post­

transfection, cells were labeled with anti-a-tubulin antibody (green) and stained with 

Hoechst 33342 (blue). One hundred cells expressing mRFP (red) were examined for 

abnormal spindle formation. 

(B) Normal mitotic spindles were formed in Mibl-overexpressing cells. HEK-293 

cells were either transfected with Mibl-eGFP (green) or were untransfected. At 48 

hours post-transfection, cells were labeled with anti-a-tubulin antibody (red) and also 

stained with Hoechst 33342 (blue). One hundred cells were examined for abnormal 

mitotic spindle formation. 
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Figure 2. 7 Characterization of eg5Hi3ll2A zebrafish mutant 

(A) There are two different lines of Eg5 insertional mutants. The retroviral insertion 

sites of Hi3112a and Hi486 are represented by triangles. The top set of boxes indicates 

the distance to the insertion site in the genomic DNA. The lower set of boxes indicate 

the cloned portion of eDNA that correspond to the above genomic DNA. Both 

insertion sites are in the first intron. Figure adapted from [143]. 

(B) Quantitative RT -PCR of egHi3112A homozygous mutants at 4dpf. Quantitative RT­

PCR using primers to zebrafish eg5 or zebrafish {3-actin was performed on eDNA 

prepared from a pool of 4 dpf embryo RNA extracts. eg5 transcript levels were 

compared to wild type siblings by using the llllCt method and converted to percent 

difference. Samples were run in triplicate. Error bars indicate standard deviation. 

(C) Top embryo is a wild-type sibling at 4 dpf. Bottom embryo is an eg5HiJinA mutant 

at 4 dpf. As shown, these eg5Hi3112A mutants exhibit tail curvature, smaller eyes, brain 

disorganization, and pericardia! edema. 

(D) Top embryo is a wild-type sibling at 4 dpf. Bottom embryo is a mib1Hi904 mutant. 

mib1Hi904 mutants exhibit similar gross phenotypes compared to eg5Hi3112A mutants. 
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Figure 2.8 egS expression during gastrulation and neurogenesis 

Whole-mount in situ hybridization was performed on embryos during the 

developmental stages of gastrulation (6 dpf), primary neurogenesis (18 hpf), 

secondary neurogenesis (24 hpf), and late neurogenesis (48 hpf). Top panel shows 

expression of eg5 using DIG-labeled antisense probe. Bottom panel shows the control 

DIG-labeled anti-sense probe used for non-specific hybridization. eg5 was expressed 

ubiquitously at the gastrula stage, but becomes increasingly restricted to anterior 

regions as development proceeds. Intense staining is noted in the midbrain-hindbrain 

boundary at 48 hpf. 
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Figure 2.9 eg5Hi31l2a spindles were monastral, but mib1Hi904 spindles were bipolar. 

Confocal images of dorsal retina of 48 hpf zebrafish embryos labeled with anti-a­

tubulin antibody to detect mitotic spindles. Dorsal is up. Inserts are enlargements of 

the area indicated with a red box. 

(A) Bipolar mitotic spindles of wild type retinas. Insert from the ciliary margin. 

(B) Monastral spindles were observed in eg5m3112
A mutants that are present at the cilary 

margin (insert 1) and other regions of the retina (insert 2). Note that the spindles are 

oriented in multiple directions instead of the usual parallel orientation to the apical 

membrane. 

(C) Bipolar spindles were observed in mib1Hi904 mutants. Insert from ciliary margin. 

78 



~ 

c. 
.c 
en 
N 

79 



Figure 2.10 Characterization of mitotic populations in eg5Hi31l2A and mib1Hi904 

mutants 

Longitudinal sections of 29, 36, and 48 hpf retinas from wild-type, eg5HiJllJA and 

mib1Hi904 embryos that were immunolabeled with an anti-pH3 (red) antibody and their 

nuclei stained with Hoechst 33342 (blue). Dorsal is up. Anterior is left. 

At 29 hpf, the number of pH3 cells in eg5Hi3112
A mutant embryos was similar to wild 

type embryos. At 36 hpf and 48 hpf, eg5Hi3112
A mutants embryos had an elevated 

number of pH3 positive cells as compared to wild type embryos. At all of these stages, 

the number of pH3 positive cells in miblm904 mutant embryos was similar to wild type 

embryos. 
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Figure 2.11 eg5Hi3ll2Amutants did not have hind brain cell specification defects 

Transverse sections through the caudal hindbrain of wild type and eg5m3112A mutant 

embryos. Nuclei are stained with Hoechst 33342 (blue) and labeled with antibodies 

indicated below (red). Dorsal is up. Anterior is left. 

(A, B) Comparison of differentiated cells, labeled with an antibody to the pan­

neuronal marker HuC/D, of a 30hpf wild type embryo (A) to the eg5HiJJl2A mutant (B) 

embryo indicate a normal level of differentiation. 

(C, D) The number and distribution of branchimotor neurons, labeled with anti-Islet-1 

antibody, were normal in eg5Hi3112A mutant embryos (D) as compared to wild type 

embryos (C) at 30 hpf. 

(E, F) Similar numbers and distribution of commissural neurons in eg5HiJil2A mutants 

(F), labeled with anti-Zn5 antibody and identified by arrows, indicate that these cells 

are specified normally like the wild type embryos (E) at 30hpf. 

(G, H) Glia, labeled with anti-Zrfl antibody, developed properly in the eg5m3112A 

mutant (H) as compared to wild-type (G) embryos at 36 hpf. 
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Figure 2.12 eg5Hi3mA mutants did not have defects in cell specification in the 

retina 

Transverse sections of 4 dpf of wild type and eg5Hi3II2
A retinas. The intra-layer 

organization is disorganized in eg5Hi3112
A mutants, but all retinal cell types examined in 

(A) and (B) were present and laminar organization was maintained. 

(A) Retinal ganglion cells (RG) and Amacrine (AC) cells were detected with anti­

HuC/D antibody (red). Bipolar cells (BP) were detected with anti-PKCa antibody, 

which also detects the inner and outer plexiform layers (green). 

(B) Amacrine cells (AC) were detected with anti-GAD-67 antibody (red). The anti­

GAD-67 antibody also detects the inner plexiform layer. Double cone photoreceptors 

were detected with anti-Zprl antibody (green). Nuclei were stained with Hoechst 

33342 (blue). 
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Introduction 

The centrosome is a small, non-membranous organelle that functions as the 

microtubule-organizing center (MTOC) of the cell [62]. It directs the assembly of the 

microtubule arrays in interphase and bipolar spindle during mitosis [ 62]. 

Consequently, it plays an important role in organelle positioning, cell polarity, as well 

as cell division [ 62]. Like the genome, it duplicates only once per cell cycle in S phase 

[12j. The resultant centrosomes are critical for the formation of bipolar mitotic spindle 

separation that separates sister chromatids [88]. Abnormalities in centrosome 

duplication can lead to severe consequences [123]. Supernumerary centrosomes, for 

example, are associated with numerous solid tumor and hematologic malignancies 

[ 172]. For some forms of breast and cervical cancer, centrosomal abnormalities arise 

prior to genomic instability and are considered as the underlying cause [17, 173, 174]. 

Despite the importance of the centrosome in cell biology and carcinogenesis, we have 

a poor understanding of how centrosome duplication is controlled. 

Several motor proteins have been implicated in regulating centrosome 

duplication. The minus-ended motor, Dynein, was found necessary for assembly of the 

pericentriolar matrix proteins, pericentrin and y-tubulin, onto the centrosome. [ 175, 

1761 The kinesin-like protein, KIFCSA, also regulates centrosome duplication as its 

inhibition promoted the formation of supernumerary centrosomes [177]. Finally, 

Goshima and Vale found that by individually siRNA silencing many of the motor 

proteins, spindle pole defects were observed, but did not further characterize the exact 

nature of these defects [ 178]. 
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Eg5, a member of the kinesin-5 subclass of plus-ended kinesins, is another 

motor protein that could play a potential role in centrosome regulation [8]. Eg5 has a 

unique homotetrameric structure with two motor domains at each opposing end [69]. 

Because of this homotetrameric structure, it was proposed that the motor domains of 

Eg5 bind to anti parallel microtubules, such as those found in the mitotic spindle [ 179]. 

The significance of this binding to mitotic spindles is still under extensive 

investigation and debate, but it was proposed that Eg5 could promote stability and 

sliding of mitotic spindles [9j. Evidence for a role of Eg5 at the mitotic spindle is 

supported by the observation that mitotic spindles collapse when Eg5 is inhibited [66, 

67]. 

However, some early observations suggest that Eg5 function is not limited to 

the formation of the bipolar spindle, but could also function at the centrosome. 

Whitehead and colleagues found that inhibition of Eg5 lead to a diffuse localization of 

the pericentrosomal proteins, Cep 150 and ninein, at the centrosome, suggesting a role 

for Eg5 in centrosome organization L 10 J. Yet, the significance of this finding remained 

unexplored. In addition, recent studies of Cin8p, the Saccharomyces cerevisiae 

homolog of Eg5, showed that it plays an essential role at the analogous structure to the 

centrosome, the spindle pole body (SPB) [Ill. The SPB contains of an electron dense 

half-bridge that serves as the site of its duplication and eventually joins these 

duplicated SPBs together [79]. Cin8p, through its microtubule-bundling activity, was 

found to generate the force necessary for severing the bridge joining them [II]. These 
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observations suggest further investigation of the function of Eg5 at the centrosome is 

necessary. 

In this study, I report that the kinesin Eg5 is localized to the centrosome, where 

it inhibits centrosome duplication. I also report that an interacting protein of Eg5, the 

E3 ubiquitin ligase Mib 1, promotes centrosome duplication. I provide evidence for an 

Eg5 and Mib1 interaction in centrosome duplication and show that these proteins are 

implicated in centrosomal organization and spindle formation. 

Materials and Methods 

Cell culture and Transfection 

U20S cells were maintained in high glucose DMEM containing 10% heat­

inactivated fetal calf serum (Gibco BRL) and 100 U penicillin/streptomycin at 37°C in 

5% C02• Cells were transiently transfected with 2:1 ratio of LIPOFECT AMINE 2000: 

DNA in antibiotic-free media, according to manufacture's instructions (Invitrogen). 

Media was replaced 6 hours after the application of the DNA-lipid complex with 

normal culture medium. Two !lg pcDNA3, 3XHA-Mibl-pcDNA3, or 3XHA­

Mib1dN-pcDNA3 was used in all Mibl overexpression experiments. One-half of a !lg 

of Eg5-VS-His was used in Mibl-rescue experiments. One !lg of Centrin2-GFP was 

used in Mibl co-localization experiments. 
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Inhibitors 

A final concentration of 2 ~-tg/mL Aphidicolin (SIGMA) and 100 ~-tM 

Monastrol (Cytoskelton) were used in all experiments. Equivalent amounts of DMSO, 

used to dissolve the inhibitors, were used in the controls (vehicle). 

Immunocytochemistry 

U20S cells that were plated on poly-D-lysine coated coverslides were fixed in 

methanol at 20 oc for IO minutes, washed with IxPBS, blocked with IO% goat serum 

in IX PBS, pH 7.4, then incubated overnight in primary antibody diluted in 3% goat 

serum at 4°C. After 3 washes in IX PBS, cells were incubated in goat anti-mouse or 

rabbit Alexa-488 or 568 conjugated secondary antibodies (Invitrogen) at I: 1000 for 1 

hour at room temperature. After final 3 rinses in 1X PBS, cells were stained with 

Hoechst 33342 and mounted in Prolong Gold (Invitrogen). The following dilutions of 

the following primary antibodies were used: Mouse anti-Eg5 (1: 100, BD Biosciences), 

Rabbit anti-Eg5 (1 :250, Cytoskeleton), Rabbit anti-atubulin (1:250, SIGMA), Mouse 

anti-y-tubulin (1:1000, SIGMA), Mouse anti-HA (1:1000, Covance), Rabbit anti-Mib1 

(1:150, obtained from Patricia Gallagher), Rabbit anti-Centrin2 (1:1000, obtained 

from Uwe Wolfrum), Mouse anti-GFP (1:500, Invitrogen). 

Microscopy and image analysis 

Immunofluorescent-labeled samples were imaged under a Plan Apochromat 

63X/1.4NA oil-immersion lenses on a Zeiss Axioplan2 equipped with Hamamatsu 
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CCD camera and Openlab image acquisition program. In all imaging experiments, 200 

mononucleated cells were counted in 2 independent experiments. Data was analyzed 

by One-way ANOV A with Tukey-Kramer post-hoc multiple comparisons test. For 

Eg5 rescue of Mibl experiment, the two-tailed t test was used. Statistics were done 

with InStat3 (GraphPad software). 

Aphidicolin blocks and FACS analysis for DNA content 

Cells were blocked in S phase by incubation with 2 !lg/mL Aphidicolin for 24 

to 48 hours. After 24 hours of Aphidicolin treatment a subset of cells were treated with 

I 00 !lM Monastrol or the vehicle, 0.1 % DMSO. Twenty-four hours later cells were 

trypsinized, fixed in ice-cold methanol, washed with V ersene, then stained with 

Propidium Iodide staining solution (20 !lg/mL RNase A, 20 !lglmL Propidium Iodide, 

and 0.01 %Triton X-100 in IX PBS). Cells were then analyzed on a FACS Calibur 

(Becton Dickinson) using CellQuest analysis software. Specifically, two dot plots 

were generated from 10,000 events to show forward vs. side scatter and FL2-Area vs. 

FL2-Width. The majority of cells were gated on the forward/side scatter plot and 

reported in the FL2-Area/FL2-Width plot. A gate was drawn in FL2-Area /FL2-Width 

plot around singlets. These values were reported on a histogram that plots on the y­

axis the number of counts for a given FL2 Area. 
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RNA extraction and Quantitative RT-PCR 

Total RNA from siRNA-transfected cells was extracted using an RNAeasy kit 

(Qiagen) and treated with DNasei (Ambion). eDNA was prepared from 500 ng of 

RNA using the Superscript III Reverse Transcription kit and Random Hexamers 

(Invitrogen and Ambion). Quantitative RT -PCR was performed on a Stratagene MX 

Real-Time PCR machine using SYBR green PCR mix and the PCR primers designed 

to detect human ~-Actin and human Mibl. The following PCR cycling conditions 

were used with reads taken at the end-point of each cycle: 95°C, 2 min; 95°C, 15 sec, 

68°C, 50 sec for 40 cycles. A melting curve was obtained at the end of the run by 

obtaining continuous reads during a transition from 68 oc to 95 oc. The efficiency of 

PCR reaction with the described primer sets was determined using a dilution series of 

the input eDNA. Samples were run on PAGE gels to verify amplication of a single 

product and the absence of dimers. ~-Actin normalized Mib siRNA- and control 

siRNA-treated samples were compared by ~~CT method and converted to fold 

difference. All samples were run in triplicate. 

siRNA transfection 

STEALTH-siRNA duplexes that target human Mibl (MIBIHSS126396) and a 

low GC content random siRNA control were obtained from Invitrogen. The sequence 

for the Mib 1 siRNA duplex is as follows: 

AAUACUGGAAUAUUCCCACUUGAGA. 
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Cells were transfected with 50 nM of the siRNA duplexes with LIPOFECT AMINE 

2000 according to manufacturer's instructions. The media was replaced, 6 hours after 

the addition of the complexes. For the Mibl siRNA rescue of Aphidicolin-induced 

centrosome duplication experiments, cells were allowed to recover for 2 hours, then a 

IOOOX stock of Aphidicolin was added at a final concentration of 2 !Ag/mL. 

Western blotting analysis 

siRNA transfected cells were lysed in 100 !AL of NP40-Tris Lysis buffer (20 

mM Tris-Cl pHS, 1% NP-40, 137 mM NaCI, 10% Glycerol, 2 mM EDTA, 10 mM 

NaF ) containing Protease Complete Inhibitor (Roche). As determined by a Bio-Rad 

protein assay, 50 !Ag of the total protein, were denatured in Laemelli buffer, then run 

on a 4-12% Bis-Tris Criterion XT gel in IX MOPS XT buffer. The gel was then 

transferred to PDVF membrane in Towbin buffer, according to standard protocols. 

Membranes were blocked then incubated overnight at 4°C with an antibody 

recognizing the endogenous human Mi b 1 (1: 1000, obtained from Patricia Gallagher) 

and an antibody recognizing j3-Actin (1:20,000, Sigma) 
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Results 

Eg5 was localized to the centrosome 

Previous studies described only the localization of Eg5 to spindle poles and 

mitotic spindles [151]. As Eg5 was described to have a role in centrosomal 

organization, I wanted to determine the location of endogenous Eg5 [10, 11]. U20S 

cells were immunolabeled with a monoclonal antibody generated against the stalk 

region of Eg5 (BD Biosciences). This region is thought to be specific to Eg5, and 

antibodies against this region are unlikely to recognize other Kinesin-5 family 

members. Immunofluorescent labeling of U20S cells revealed discrete localization of 

Eg5 in the proximity of the nucleus (Figure 3.1A). A similar immunolabeling pattern 

was observed using a different Eg5 polyclonal antibody (Cytoskeleton); (data not 

shown). As the intense, proximal nuclear staining of Eg5 was in a similar subcellular 

region of the centrosome, I examined whether Eg5 was localized at the centrosome. 

Co-immunofluorescent labeling of Eg5 with y-tubulin, a component of the 

pericentriolar matrix, showed a partial overlap of these two proteins. Eg5 is localized 

to one end of the centrosome. Furthermore, centrosomal localization of Eg5 was 

observed in both single and duplicated centrosomes (Figure 3.1A). 

As Eg5 had a polarized localization within the centrosome, I wished to 

examine its localization further. Centrioles, a microtubule-based barrel-shaped 

structure, are an integral component of the centrosome. Centrioles have a polarized 

orientation within the centrosome with a proximal and distal end [180]. The EF-hand 

protein, Centrin, localizes exclusively to the distal end of the lumen of centrioles, 
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making them a good marker of localization of proteins within the centrosome l18lJ. 

Immunofluorescent labeling with an antibody against Centrin found that Eg5 did not 

co-localize with the distal centriole marker, Centrin, but instead surrounded the 

Centrin at one end (Figure 3.1 B). Therefore, I determined that Eg5 localizes to one 

end of the centrosome and this region is most likely the proximal end of the centriole. 

Inhibition of Eg5 activity promoted excess numbers of centrosomes 

Considering that Eg5 was localized at the centrosome, I examined whether 

inhibition of Eg5 would affect the centrosome organization or function. I used a highly 

specific and potent inhibitor of Eg5, Monastrol, to treat U20S cells for various 

durations and then I examined the cells with the centrosomal marker y-tubulin. 

Monastrol inhibits Eg5 activity by inhibiting ADP release, leading to decreased 

microtubule binding [182-184]. The number of cells with excess centrosomes in 

Monastrol-treated cells was increased compared to vehicle-treated cells (Figure 3.2A). 

The number of mononucleated cells containing greater than two centrosomes was 

quantified in both groups (Figure 3.2C). As compared to vehicle treatment, Monastrol 

treatment promoted excess numbers of centrosomes in a duration-dependent manner 

(14.25±1.77% vs. 2.25±1.06% for 24 hours of treatment, P<0.01; 29.75±3.18% vs. 

2.75±0.354% at 48 hours of treatment, P<0.001; 35.75±3.18% vs. 0.75±0.353% at 72 

hours of treatment, P<0.001). 

The excess centrosomes observed could be from an increase in the number of 

centrioles or fragmentation of the pericentriolar matrix. To distinguish between the 
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two possibilities, I examined treated cells for an increase in the number of centrioles 

with the centriolar marker, Centrin, in conjunction with pericentriolar matrix marker, 

y-tubulin, by immunofluorescence. In Monastrol-treated cells I observed an excess of 

centrioles that corresponded with y-tubulin staining (Figure 3.2B). Quantification of 

mononucleated cells containing excessive centrioles (~5) also revealed a marked 

elevation with longer Monastrol treatments (Figure 3.2C) (19.5±3.54% vs. 

3.75±1.06% at 24 hours of treatment, P<O.Ol; 22.75±2.47% vs. 7.5±2.12% at 48 hours 

of treatment, P<O.Ol; 25.5±2.12 vs. 5.75±1.06% at 72 hours of treatment, P<O.OOl). 

These results show that excess centrosomes observed in Monastrol-treated cells is due 

an increase in the number of centrioles. 

Eg5 inhibition promoted excess centrosome formation during S phase 

An excess of centrosomes observed could result from centrosome 

overduplication, centrosome splitting, or by disrupting cytokinesis. Centrosome 

splitting and duplication occur in S phase, whereas cytokinesis occurs after mitosis. To 

distinguish between these possibilities, U20S cells were arrested at the G liS boundary 

with Aphidicolin, a DNA polymerase a inhibitor. After a 24 hour block with 

Aphidicolin, there was a significant block at G liS boundary as determined by FACS 

analysis for DNA content (Figure 3.3A). This block was maintained for at least 48 

hours. This blockade was further verified by the addition of Monastrol to cells that 

were pre-treated with Aphidicolin for 24 hours. Ordinarily, Monastrol induces a block 

in M phase, but in Aphidicolin-treated cells the S phase block was maintained. 
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Using this treatment paradigm, the number of cells with excess centrosomes 

after pre-treatment with Aphidicolin for 24 hours followed by treatment with 

Monastrol or the vehicle for an additional 48 or 72 hours were counted (Figure 3.3B). 

Although Aphidicolin treatment itself was able to increase centrosome number, I 

observed an additional significant elevation in the number of Aphidicolin-blocked 

cells with excess centrosomes when treated with Monastrol compared to the vehicle 

(13±1.06% vs. 5.5±1.06% for 24 hours of treatment, P<O.Ol and 45.5±3.54% vs. 

35.5±1.77% for 48 hours of treatment, P<O.Ol). 

Mibl co-localized with EgS at the centrosome 

As described in Chapter Two, Mibl associated with Eg5 and promoted its 

monoubiquitination. In addition, Mibl was found to associate with several other 

centrosomal proteins. Therefore, I wanted to examine whether Mibl associates with 

Eg5 at the centrosome. 

First, it was examined whether Mibl was localized to the centrosome using an 

antibody against the pericentriolar matrix component, y-tubulin, as a marker in U20S 

cells. Mib 1 was observed to co-localize with y-tubulin and also detected in regions 

extending outside of y-tubulin-defined boundaries (Figure 3.4A). This localization 

pattern cells occurred in cells with both single and duplicated centrosomes. The 

pattern of Mibl staining is suggestive of centrioles. Examination of Mibl localization 

in cells expressing a GFP-tagged version of the centriolar marker, Centrin2, found that 

Mibl was expressed in a pattern similar to centrioles (Figure 3.4B). However, Mibl 
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did not co-localize with centrioles, but instead enveloped a region surrounding the 

centrioles. 

Finally, as Mibl has a centrosome distribution similar to Eg5, I examined 

whether the two proteins co-localize. As predicted, Mibl co-localized with Eg5 at the 

centrosome (Figure 3.5). 

Mibl promoted excess centrosomes and centrioles 

As Mibl co-localized with Eg5 at the centrosome, I wanted to ask whether 

Mibl could also induce centrosome defects. Using a transient transfection approach, I 

asked whether overexpression of a 3XHA-tagged version of human Mibl could affect 

centrosome numbers. Like the endogenous protein, 3XHA-Mibl was appropriately 

localized to the centrosome (Figure 3.6A). Similar to the phenotype observed 

following inhibition of Eg5, Mibl overexpression also promoted centrosome 

amplification. Mibl-overexpressing cells, and control cells transfected with pcDNA3, 

were quantified for excessive centrosomes (~3) as revealed with y-tubulin 

immunofluorescent labeling (Figure 3.6B). Beginning at 48 hours post-transfection, a 

significant elevation in the number of Mibl-expressing cells with centrosome 

amplification as compared to control was observed (14.75 ± 1.06% vs. 0.75± 0.707%, 

P<O.OOl), which remained after 72 hours post-transfection (19± 1.41% vs. 1.25± 

0.354%, P<O.OOI). Taken together, these results suggest that Mibl, like Eg5, is able to 

promote excess centrosome numbers. 
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In Chapter Two, I determined that theN-terminal region of Mibl was required 

for interaction with Eg5. Therefore, I wanted to determine whether this region of Mibl 

is required to promote centrosome amplification. Therefore, I created a 3XHA-tagged 

N-terminal deletion of Mibl (3XHA-Mib.::\N), which lacks the ZZ zinc finger, and 

Mib !-specific interaction domains, that are required for interaction with Eg5, but 

retains the ankyrin repeats and three RING finger domains. The 3XHA-Mib.::\N 

construct was ubiquituously distributed throughout the cytoplasm (Figure 3.6A). 

Overexpression of the 3XHA-Mibl.::\N in U20S cells relative to control did not induce 

excess centrosomes at both 48 and 72 hours post-transfection (1.25±0.354% vs. 

0.75%±0.707% at 48 hours and 1±0.707% vs. 1.25%±0.354 at 72 hours); (Figure 

3.6B). These results indicate that the N-terminal region of Mibl was not required for 

excess centrosome formation. 

To determine whether Mib 1, like Eg5 inhibition, promotes bona-fide centriole 

duplication, I examined Mibl-overexpressing cells for excessive centrioles using the 

centriole marker, Centrin2 (Figure 3.7). Similar to our observations with centrosomes, 

Mibl could significantly promote excessive centrioles at both 48 and 72 hours post­

transfection (20±4.24% vs. 4.25±1.06% at 48h, P<O.Ol and 27.75±2.47% vs. 

4.5±0.707% at 72h, P<O.OOl). In addition, the overexpression of 3XHA-Mibl L\N was 

unable to affect centriole duplication (Figure 3.7). Taken together, these results show 

that Mibl promotes bona-fide centriole amplification through N-terminal region 

interaction with other proteins. 
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Mibl was required for centrosome duplication 

As overexpression of Mib1 was able to promote centrosome amplification, I 

wanted to determine whether the endogenously expressed Mibl was required for 

centrosome amplification. The expression of endogenous Mibl was silenced using 

duplexed siRNA against Mib1 (Mib1 siRNA) in U20S cells. The efficiency of the 

Mib siRNA duplex against Mibl transcripts was assessed by quantitative RT -PCR. At 

72 hours post-transfection, an 87.6% reduction in the relative abundance of human 

Mib1 transcripts in Mib1-silenced cells as compared to control samples was observed 

(Figure 3.8A). The efficiency of this siRNA-silencing was further supported by 

Western blot analysis, which showed undetectable levels of Mib1 protein in Mibl 

siRNA-transfected celllysates (Figure 3.8B). 

Mib 1 siRNA was then transfected into U20S cells and the number of 

centrosomes were quantified. In Mib1 siRNA-transfected cells, there were fewer cells 

with two centrosomes compared to control-transfected cells (54.5±4.24% vs. 76.0 

±2.12%, P<0.01) (Figure 3.8C). Conversely, a greater number of single centrosomes 

in Mib1 siRNA-transfected, as compared to control-transfected, was observed 

(43.5±4.24% vs. 22.25±2.47%, P<O.Ol). These results suggest that endogenous Mib1 

expression is required for normal centrosome duplication. 

It was previously observed that centrosomes overduplicate when arrested for a 

prolonged period in S phase; this property is often used to test for centrosome 

duplication defects [113, 118, 150]. Therefore, I tested whether Mibl-silencing could 

also inhibit S-phase induced centrosome duplication. Indeed, Mib1-silenced cells 
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treated with Aphidicolin, caused an excess of centrosomes compared to control siRNA 

cells. (18±3.18% vs. 39.5±5.3%, P<0.05); (Figure 3.80). This finding suggests that 

Mib1 is also required for Aphidicolin-induced centrosome amplification. 

Mibl promoted excess centrosomes during S phase 

As Eg5 inhibition promoted excess centrioles in the S phase, I wanted to know 

whether Mib1-promoted centrosome duplication also occurred in S phase of the cell 

cycle. Aphidicolin was added to 3XHA-Mib transfected cells and examined 72 hours 

later. Mib1 could promote centrosome duplication, even when cells were arrested inS 

phase, as Mib1 overexpressing cells had significant more cells with excess 

centrosomes compared to control cells (54.75±4.25% vs. 33.75±3.89%, P<0.05); 

(Figure 3.9). 

EgS rescued Mibl-mediated centrosome amplification 

To further address whether Eg5 and Mib1 function together in centrosome 

duplication, I tested whether I could rescue defects caused by overexpression of Mib1 

with overexpression of Eg5. I reasoned that if inhibition of Eg5 could promote 

centrosome duplication, then perhaps its overexpression would rescue Mib1 

overexpression defects if it works downstream. I used an Eg5-His-V5 tagged construct 

that localized appropriately to centrosome and mitotic spindle (data not shown), and 

can be ubiquitinated by Mib1 (Chapter Two). I found that 12±1.41% of cells 
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transfected with Mib1 had excess centrosomes, whereas 7±0.707% cells co-transfected 

with Mib1 and Eg5 had excess centrosomes (P=0.0465, two tailed t test); (Figure 

3.10). These results suggest that Eg5 works downstream of Mib 1 to counter-act Mib 1 

induced centrosome duplication. 

Alteration of Mibl and Eg5 levels or activity promoted abnormal spindles and 

Pericentrin redistribution 

As the centrosome functions as the site of mitotic spindle assembly, I wanted 

to see how an abnormal number of centrosomes would affect spindle formation. To 

examine this, U20S cells were treated with Monastrol for 48 hours and examined their 

spindles by immunolabeling with anti-a-tubulin. Consistent with previous 

observations, monastral spindles were observed in these cells (Figure 3.11A). 

Likewise, U20S cells were transfected with 3XHA-Mib and their spindles examined 

by immunolabeling with anti-a-tubulin 48 hours later. In these cells, Mib1 

overexpression caused multi-polar spindles to form (Figure 3.11 B). These results 

suggest that these cells with excess centrosomes form abnormal spindles. 

Many pericentriolar components are recruited to the centrosome from a 

cytoplasmic pool to form a scaffold that promotes procentriole formation and 

microtubule assembly [ 1851. One well-characterized pericentriolar scaffolding protein 

is the coiled coil protein Pericentrin [185 J. I used an antibody against Pericentrin to 

further assess the structure of the pericentriolar matrix. After 48 hours of treatment 

with Monastrol, there was a greater accumulation of Pericentrin at the centrosomes 
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compared to control treatments (Figure 3.11C). Similarly, Mibl-transfected cells also 

had greater accumulation of Pericentrin at the centrosome compared to pcDNA3-

transfected cells (Figure 3.11D). Taken together, these results suggest that the change 

in Pericentrin distribution upon treatment with Monastrol or transfection with Mibl 

reflects an enhanced Pericentrin recruitment from cytoplasmic pools. Alternatively, 

the seeming accumulation of Pericentrin at the centrosome may result from a 

disorganized pericentriolar matrix. 

Discussion 

Modulation of centrosome and centriole numbers by EgS and Mibl 

In this chapter, I showed that Eg5 and its previously identified interacting­

protein, Mibl, co-localized at the centrosome and contributed to centrosome and 

centriole duplication. My results showed that inhibition of Eg5 and overexpression of 

Mibl could cause the cells to form excess centrosomes. Conversely, Mibl-silencing 

with siRNA inhibited centrosome duplication. Furthermore, I found that Eg5 

inhibition and Mib 1 overexpression promoted an excess of centrioles supporting a 

bona-fide centriole overduplication. I also noted that longer treatments with Monastrol 

led to increasing number of cells with excess centrioles and centrosomes. This upward 

trend in centriole and centrosome numbers could reflect the effectiveness of longer 

treatments or the time required for additional rounds of duplication. In Mibl­

overexpressing cells, an upward trend in the number of centrosomes and centrioles 

was also observed, but this was not statistically significant. There was a slight 
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decrease in the level of expressed Mibl at 72 hours as compared to 48 hours, which 

may explain an absence of time-dependent severity of centrosome amplification. This 

observed diminishment of Mibl expression may be caused by self-ubiquitination and 

degradation, a common characteristic of RING finger type E3 ubiquitin ligases [28[. I 

observed that Mib !-silencing could decrease the number of centrosomes not only in 

normal cycling cells, but also in Aphidicolin-treated cells, suggesting that Mib 1 

function is required for both normal and aberrant centrosome duplication. 

I also showed that Mibl-overexpressing and Eg5-inhibited cells form 

abnormal spindles, which suggest that excess centrosomes present in these cells can 

function in microtubule assembly. In the Mib1-expressing cells, the abnormal spindles 

were multipolar, but in the Eg5-inhibited cells, they were monastral. This apparent 

inconsistency between the types of abnormal spindle cells may be explained from 

observations in the literature. It was previously found that silencing of the novel 

centrosome protein CPAP by RNAi caused excess centrosomes and consequently 

multipolar spindles [186[. Adding an Eg5 inhibitor to CPAP-silenced cells, however, 

induces monopolar spindles instead of multipolar spindles [186]. Eg5 inhibition could 

collapse a multi-polar spindle into a monopolar spindle through destabilizing of 

spindle microtubules. Consequently, monopolar spindles would form in Eg5-inhibited 

cells regardless of the number of centrosomes. 
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Interaction of Mibl and Eg5 in promoting excess centrioles and centrosomes 

In this study, I showed that Mib 1 and Eg5 co-localize at the centrosome. The 

ability of Mib1 to promote overduplication was dependent on theN-terminal region of 

Mib 1, a region where Eg5 interacts. Furthermore, I found that excess centrosomes 

promoted by overexpression of Mib1 could be inhibited by overexpression of Eg5. 

These results suggest that Mibl negatively regulates Eg5 and consequently promotes 

excess centrosomes. As Mibl is known to promote ubiquitination of Eg5, one 

hypothesis is that Mib 1 inhibits Eg5 through this ubiquitination. This ubiquitination 

inactivates the motor and bundling activity of Eg5 and leads to aberrant centrosome 

amplification. The presumption of this hypothesis is the requirement of E3 ubiquitin 

ligase activity of Mib1 in promoting excess centrosomes. Identification of the 

ubiquitnated sites of Eg5 could reveal how this modification negatively impacts its 

function. 

Possible reasons for observed changes in centrosome and centriole numbers 

At least three possible defects can result in excess centrosomes and centrioles: 

(1) cytokinesis failure, (2) centriole splitting failure, and (3) centriole overduplication 

[ 1231. Excess centrosomes and centrioles can occur from a cytokinesis failure because 

centrosomes and centrioles fail to properly segregate during cell division [187, 1881. 

In addition, a cytokinesis failure could also increase DNA content and result in multi­

nucleated cells. Because data presented in this chapter excluded multi-nucleated cells, 

the described centrosome amplification is unlikely to be from a cytokinesis failure. 
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However, data presented in this chapter was unable to determine whether centriole 

splitting failure or centrosome overduplication was the cause of excess centrosomes. 

Failure of centriole splitting can also cause excess centrioles. Parental 

centrioles are connected, by a microtubule-based intercentriolar bridge, at their 

proximal ends. If this bridge fails to split after duplication, the parental centrioles will 

remain connected. This phenomenon of failed centriole splitting is best illustrated with 

NIMA-related kinase, Nek2, and its effector C-NAPl [98]. C-NAPl, a coiled-coil 

protein, links the filamentous bridge to the proximal ends of centrioles [98]. 

Ordinarily, phosphorylation of C-NAPl by Nek2A promotes the release of C-NAPl 

from the centriole, causing the centriole to split [97]. However, when Nek2A is 

inhibited, normal centriole splitting does not occur, causing an excess of centrioles 

[97]. Although how failed centriole splitting induces excess centrioles is not clear, one 

possible explanation is that centriole splitting may be required to cease centriole 

duplication. 

Eg5 may be required for centriole splitting. The microtubule bridge that 

connects two SPBs failed to break in mutants of S. cerevisiae Eg5 ortholog, Cin8p, 

which results in unseparated SPBs [79]. The splitting requires the bundling, but not 

motor activity of Cin8p [79]. It was suggested that Cin8p generates a force that causes 

the microtubule bridge to break [79]. Eg5 could use a similar mechanism to break the 

intercentriolar bridge that joins parent centrioles. Inhibition of Eg5 would prevent the 

intercentriolar bridge from breaking and allow centriole duplication to continue. As I 
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did not examine whether overexpression of Eg5 would induce centriole splitting, I 

cannot determine whether centriole splitting is the cause of the centriolar defects. 

Excess centrosomes could also occur if there was a perturbation in one of the 

proteins that regulate centrosome duplication. Data from C. elegans indicate that a 

new centrosome is assembled by the ordered recruitment of the centrosomal 

scaffolding proteins SPD-2, SAS-5, SAS-6, and SAS-4 and requires the kinase activity 

of Zyg-1 f84]. Zyg-1 phosphorylation of SPD-2 promotes the sequential recruitment 

of SAS-5 and SAS-6 to the centrosome from their cytoplasmic pools [84]. At the 

centrosome, SAS-5 and SAS-6 form a tube-like structure. Upon this structure, SAS-4 

promotes microtubule assembly that results in the formation of the pro-centriole [84J. 

Homologs of the scaffolding proteins SPD-2, SAS-6, and SAS-4 and others, such as 

Pericentrin, were found in vertebrates and are also necessary for centriole duplication 

[88, 185]. Although a Zyg-1 homolog has been elusive, another kinase, Plk4, is 

proposed to be the vertebrate functional equivalent. Interestingly, overexpression of 

Plk4 and SAS6 induces excess centrioles and centrosomes by simultaneously forming 

multiple procentrioles on the mother centriole. Eg5, through its binding at the 

centrosome, may play a role in limiting a single procentriole site on the mother 

centriole. Interestingly, in cells with overexpression of Mib1 or inhibition of Eg5, I 

found more aggregation of Pericentrin at centrosome. The elevated aggregation of 

Pericentrin may indicate overrecruitment of other centrosomal structural proteins. 

Future experiments will determine whether Mib1 and Eg5 perturb the centrosomal 

levels of these core components of centrosome duplication. 
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Possible mechanism for regulation of Eg5 and Mibl at the centrosome 

I observed that Eg5 and Mib 1 co-localize at the centrosome. Furthermore, they 

localized to both single and duplicated centrosomes, indicative of G 1 and S/G2 cells, 

respectively. As Mib1 and Eg5 were constitutively centrosomal throughout the cell 

cycle, how they regulate the centrosome would not depend on their subcellular 

localization. However, as centrosome regulation does require precise coordination 

with the cell cycle, Eg5 and Mib1 would have to be regulated by some other 

mechanism. One possibility is the E3 ligase activity of Mib1 in regulated by another 

cell cycle dependent protein. One candidate, as revealed by my proteomic screen, is 

the serine-threonine kinase, NDRl. Recently, NDR1 was found to localize to the 

centrosome in a cell-cycle dependent manner to regulate centrosome duplication. 

Furthermore NDR1-mediated centrosome duplication requires cdk2 activity [150]. 

Currently, the substrate for NDR1 is unknown. However, it was proposed that this 

unknown substrate resides at the centrosome since centrosome anchored-NOR still 

promotes centrosome duplication 1150]. This suggests that Mib1 is a potential target 

of NDRl and could provide a mechanism for a cell cycle-dependent regulation of Eg5 

by Mib1 

The centrosome duplication cycle is a highly regulated process that ensures 

that only a pair of centrosomes are available for mitotic spindle assembly [12]. 

Absence of a controlled centrosome duplication often results in abnormal spindle 

formation and aneuploidy [87]. I have unraveled Eg5 and Mib1 as two regulators that 

necessary for the maintenance of the appropriate number of centrosomes. The 
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identification of the precise function of Mibl and Eg5 at the centrosome could 

promote a greater understanding of the centrosome duplication cycle. 
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Figure 3.1 Eg5 localization at the centrosome 

(A) Partial co-localization of Eg5 with the PCM protein, y-tubulin. U20S cells were 

processed for fluorescent immunocytochemistry using antibodies against Eg5 (red) 

and y-tubulin (green). Merged image, also showing nuclei stained with Hoechst 33342 

(blue), indicates a partial overlap between Eg5 and y-tubulin in unduplicated (top row) 

or duplicated (bottom row) centrosomes. Inserts show portion of the images 4X 

magnified. 

(B) Eg5 localizes to a region of the centrosome neighboring the centriole. U20S cells 

processed for fluorescent immunocytochemistry using antibodies against Eg5 (green) 

and Centrin-3 (red). Merged image also shows nuclei stained with Hoechst 33342 

(blue). Inserts are from a portion of image magnified 4X. 
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Figure 3.2. Inhibition of EgS activity promoted excess centrosomes and centrioles 

(A) Inhibition of Eg5 promoted centrosome overduplication. Treatment with the Eg5 

inhibitor, Monastrol, promoted excess centrosomes in U20S cells. Representative 

figure of a U20S cell treated either with 100 ~M Monastrol or the vehicle, 0.1% 

DMSO, for 48 hours, then processed for immunofluorescence with an antibody against 

the centrosome marker, y-tubulin as shown in red. Merge images shows in blue nuclei 

stained with Hoechst 33342. Insert shows centrosomal region 3X magnified. 

(B) Inhibition of Eg5 promoted centriole overduplication. Representative image of 

U20S cells treated as in (A) except cells were processed for immunocytochemistry 

with an antibody against the centriole marker, Centrin-3 (red) and an antibody for y­

tubulin (green). Insert shows centriolar region 3X magnified. 

(C) Histogram shows the percentage of U20S cells with excess centrosomes (~3) or 

centrioles (~5). U20S cells were treated with IOO~M Monastrol or the vehicle, 0.1% 

DMSO, for the indicated durations. Centrosomes or centrioles were assessed by 

labeling with the anti-y-tubulin or the anti-Centrin-3 antibody, respectively. Data 

shown in each histogram is from two independent experiments, where 200 

mononucleated cells were counted in each experiment. Error bars indicate standard 

deviation. P values were obtained by One way-ANOV A, Tukey-Kramer post-hoc test 

to compare monastrol-treated to vehicle-treated cells at each given time point. P values 

from these comparisons are indicated on the histogram with**, P<0.01; ***, P<O.OOI. 
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Figure 3.3 Eg5 inhibition caused excess centrosomes during S phase block 

(A) Treatment with Aphidicolin blocked U20S cells at the G liS boundary. Cells were 

pre-treated with either Aphidicolin (2 ~J-g/mL) to block cells in S phase or with the 

vehicle (DMSO) for 24 hours. After 24 hours of pre-treatment, 100 !J-M Monastrol was 

added and incubation continued for another 24 or 48 hours. Cells were harvested, 

fixed with ethanol, then analyzed for DNA content using propidium iodide and FACS 

analysis. 

(B) Eg5 inhibition caused excess centrosome formation in S phase blocked cells. 

Histogram shows the number of excess centrosomes, as assessed with y-tubulin, in 

cells pretreated with Aphidicolin (Aph) for 24 hours, followed by the addition of 

either vehicle or Monastrol (Mona) for another 24 to 48 hours. Error bars indicate 

standard deviation. P values were obtained by One way-ANOV A, Tukey-Kramer 

post-hoc test and compare cells treated with both Monastrol and Aphidicolin to those 

treated with Aphidicolin alone. P values are indicated on histogram with **, P<O.Ol. 
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Figure 3.4 Mibllocalized to the centrosome 

(A) Mib1 partially co-localized with the PCM protein, y-tubulin. U20S cells were 

processed for fluorescent immunocytochemistry using antibodies against Mib1 (red) 

and y-tubulin (green). Merged images, also showing nuclei stained with Hoechst 

33342 (blue), indicate a partial overlap between Mib1 and y-tubulin in unduplicated 

centrosomes (top row) or duplicated (bottom row). Inserts show a portion of the image 

at 4X magnification. 

(B) Mib 1 localized to a region surrounding the centriole. U20S cells were transfected 

with a GFP-tagged centriole marker, Centrin-2. Cells were processed as in (A) except 

antibodies against Mib1 (red) and GFP (green) were used. Merged image also shows 

nuclei stained with Hoechst 33342 (in blue). Inserts show a portion of the image at 4X 

magnification. 
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Figure 3.5 Mibl co-localized with EgS 

Immunofluorescence was performed in U20S cells using antibodies against Mib1 

(green) and Eg5 (red). Merged image shows co-localization of Eg5 and Mib1 

(yellow). The merged image also indicates nuclear staining with Hoechst 33342 

(blue). Inserts show a portion of the image magnified 4X to show detail. 
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Figure 3.6 Mibl overexpression caused excess centrosomes 

(A) Mib1 overexpression caused excess centrosomes. Figure shows a representative 

picture of U20S cells transfected with pcDNA3, 3XHA-tagged Mib1, or 3XHA­

Mib1~N for 48 hours then processed for fluorescent immunocytochemistry with an 

HA (green) and a y-tubulin antibody (red). Merged image shows nuclei stained with 

Hoechst 33342 (blue). Inserts show a portion of the images at 3X magnification to 

show detail. 

(B) Histogram shows the percentage of U20S cells with excess centrosomes (~3) 

upon transfection with the constructs as described in (A). The number of 

mononucleated cells with excess centrosomes from 200 cells was counted in 2 

independent experiments. Error bars indicate standard deviation. P values were 

obtained from comparison of 3XHA-Mib1 to pcDNA3-transfected cells by One-way 

ANOV A, Tukey-Kramer post-hoc test. P values are indicated on histogram with *** 

<0.001; NS, not significant. 

120 



A. 

pcDNA3 

3XHA­

Mib1 

3XHA­

Mib1~N 

B. &n 
AI 
(I) 
cu 
0 ·.:: ..., 
c 
CP 
u 
.c ..., 
'i 
.! 
Gj 
(J 

Ill-
0 

~ 0 

HA Centrin-3 Merge 

35 

30 

25 

20 

15 

10 

5 

0 
48 72 

Length of transfection (hours) 

121 



Figure 3.7 Mibl overexpression promoted excess centrioles 

(A) Mib1 promoted excess centrioles. Figure shows a representative picture of U20S 

cells transfected with pcDNA3, 3X HA-tagged Mib1, or 3XHA-Mib~N for 48 hours 

then processed for fluorescent immunocytochemistry with an HA (green) and a 

Centrin-3 antibody (red). Merged images also show nuclei stained with Hoechst 33342 

(blue). Inserts show portions of the images enlarged 3X. 

(B) Histogram shows the percentage of U20S cells with excess centrioles (~5) upon 

transfection with the constructs as described in (A). Data on the histogram was 

obtained by determining the percentage of mononucleated cells with excess centrioles 

from 200 cells in two independent experiments. Error bars indicate standard deviation. 

One-way ANOV A, Tukey-Kramer post-hoc test, which compares 3XHA-Mib- to 

pcDNA3-transfected cells, was used to obtain P values. P value indicated on 

histogram with **,<0.01; ***, P<0.001; NS, not significant. 
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Figure 3.8 Mibl-silencing inhibited centrosome overduplication 

(A) Mibl siRNA inhibited the expression of Mibl transcripts. Quantitative RT -PCR 

was performed on eDNA, from a 72 hour transfection with either Mib siRNA or 

control siRNA, using primers to human Mibl or human ~-Actin. Mibl expression in 

Mib siRNA- and control siRNA- transfected cells was compared using the ~~Ct 

method then converted to percent difference. Error bars indicate standard deviation. 

(B) Mibl siRNA inhibited the expression of Mibl protein. U20S cells, transfected 

with either Mibl siRNA or control siRNA, were lysed at 72 hours post-transfection. 

Lysates were processed for Western blot analysis using antibodies against Mibl and 

~-Actin. Numbers to the left of figure indicate kD. Arrow points to Mibl specific 

band. 

(C) Mibl-silencing inhibited centrosome duplication. U20S cells were transfected 

with siRNA as in (A) and (B) then immunolabeled with a y-tubulin antibody. Data on 

histogram shows the percentage of cells with excess centrosomes from 200 cells from 

2 independent experiments. P values result from comparison of Mib siRNA- to control 

siRNA-transfected by One way-ANOV A, Tukey-Kramer post-hoc test. P values in 

this figure indicated by*, P<0.05; **, P<O.Ol. Error bars indicate standard deviation. 

(D) Mibl-silencing inhibited Aphidicolin-induced centrosome amplification. 

Aphidicolin-arrested cells (Aph) were transfected with siRNA as in (A) and (B). 

Centrosomes were labeled and counted as in (C). P values indicate the affect of 

Aphidicolin on centrosome amplification (**) and the affect of Mib siRNA on 

Aphidicolin-induced centrosome amplification (*). 
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Figure 3.9 Mibl overexpression caused excess centrosomes during S phase block 

Histogram shows the percentage of cells with excess centrosomes, as assessed with a 

y-tubulin antibody, after transfection for 6 hours with 3XHA-Mibl then followed by 

G liS phase block with Aphidicolin (A ph) for 24 h. Percentage of cells with excess 

centrosomes from 200 cells in were counted in 2 independent experiment. Error bars 

indicate standard deviation. One way-ANOV A, Tukey-Kramer post-hoc test, which 

compared cells treated with Monastrol and Aphidicolin to those treated with 

Aphidicolin alone, was used to obtain P values. P values are indicated on histogram 

with *,<0.05; **, P<O.Ol. 
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Figure 3.10 Eg5 overexpression rescued Mibl-promoted centrosome amptification 

U20S cells were co-transfected with 3X HA-Mibl and Eg5-V5-His or pcDNA3. At 

72 hours post-transfection, cells were processed for immunocytochemistry using y­

tubulin antibody. Data shown on histogram is from two independent experiments, 

indicating the percentage of cells with excess centrosomes from 200 cells in each 

experiment. Error bars indicate standard deviation. P value was obtained by the two­

tailed t test (P=0.0465). 
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Figure 3.11 Mibl overexpression and Eg5 inhibition caused spindle defects and 

pericentrin redistribution 

(A) Eg5 inhibition caused monastral spindles. U20S cells were treated with Monastrol 

or DMSO (vehicle) for 48 hours then processed for fluorescent immunocytochemistry 

with a-tubulin antibody (green) and their nuclei were stained with Hoechst 33342 

(blue). 

(B) Mibl overexpression caused multipolar spindles. U20S cells were transfected 

with 3XHA-Mibl or pcDNA3 for 48 hours, then processed for fluorescent 

immunochemistry with a a-tubulin antibody (green) and an HA antibody (red). Their 

nuclei were stained with Hoechst 33342 (blue). 

(C) Eg5 caused aggregation of the PCM marker Pericentrin. U20S cells were treated 

with Monastrol or DMSO (vehicle) for 48 hours then processed for fluorescent 

immunocytochemistry with a Pericentrin antibody (red) and their nuclei were stained 

with Hoechst 33342 (blue). 

(D) Mibl overexpression caused aggregation of Pericentrin. U20S cells were 

transfected with 3XHA-Mib or pcDNA3 for 48 hours, then processed for fluorescent 

immunochemistry with a Pericentrin antibody (red) and a HA antibody (green). Their 

nuclei were stained with Hoechst 33342 (blue). 
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CHAPTER FOUR 

Conclusions and Future Directions 
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Conclusions 

Summary of Findings 

I began this dissertation with an overview of what is currently known about the 

RING finger E3 ubiquitin ligase, Mibl. Previously, there were only three known 

substrates of Mibl: the Notch ligands Delta and Serrate, and the serine-threonine 

kinase DAPK. These three substrates regulate different signaling pathways. Delta and 

Serrate regulate the Notch signaling pathway, whereas DAPK regulates apoptosis [ 1, 

7, 55]. In an effort to determine whether Mibl has additional substrates, I performed a 

proteomic screen for proteins that interact with Mibl. In this screen, I identified a 

number of substrates that are involved in ubiquitination, methylation, spindle 

formation, and centrosome regulation. 

Based on preliminary evidence about the strength of the association, I decided 

to focus on one of the interacting-proteins, Eg5. Eg5 is a member of the kinesin-5 

subclass, which is characterized by their homotetrameric structures [9, 69]. It is known 

to both stabilize and slide apart bipolar mitotic spindles by binding to antiparallel 

microtubules [9, 69]. I found that Mibl could promote the monoubiquitination of Eg5. 

Monoubiquitination is a versatile post-translational modification and is known to 

regulate a diversity of cellular processes, such as protein trafficking, endocytosis, and 

DNA repair 1139, 140]. However, this is the first time that monoubiquitination of a 

motor protein has been identified. 

Modification with monoubiquitin is best known for regulating the distribution 

of a protein within a cell. To this end, I examined whether altering Mib1 expression 
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levels could affect Eg5 localization to the mitotic spindle in HEK-293 and HeLa cells, 

but I did not find Mibl induced changes in Eg5 distribution. However, Mibl may still 

regulate mitotic spindle function of Eg5 without affecting its localization to the 

spindle. Therefore, mitotic spindles were examined in cell culture with altered Mibl 

expression levels. No defects in mitotic spindles were observed in HEK-293 or HeLa 

cells with overexpressed Mibl or silenced Mibl. Consistent with these observations in 

cell culture, I also did not see spindle defects in mib1Hi904 zebrafish mutants. A recent 

discovery of an ortholog of Mibl, Mib2, could account for this absence. Mib2 could 

compensate for loss of Mibl in these experiments and explain the lack of mitotic 

spindle defect. An alternative explanation for a Mib !-related spindle defect is that 

Mibl and Eg5 function in some other cellular roles. 

As the function of Eg5 was not previously examined in vivo, I characterized an 

eg5HiJll2A insertional zebrafish mutant. In agreement with described phenotypes from 

Eg5 inhibition in cell culture, eg5Hi3IIZA mutants form monastral mitotic spindles in the 

retina [66, 67]. Interestingly, the localization of these monastral spindles was not 

restricted to the apical membrane like normal spindles, but located throughout the 

retina. I then addressed whether eg5HiJII2A mutants have cell fate specification defects 

similar to those observed in hindbrain and retina of mib1Hi904 zebrafish mutants. 

Examination of hindbrain and retina of eg5HiJII2A mutants did not reveal any cell fate 

specification defects. These results suggest that Eg5, unlike Mib 1, is not essential for 

cell fate specification. Furthermore, these results do not support a previously proposed 
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model that cell fate specification depends on the plane of cell division dictated by the 

mitotic spindle r 170]. 

An indication of a shared function of Mibl and Eg5 was revealed by their 

localization to the centrosome. Eg5 and Mibl were present at the centriole in both 

single and duplicated centrosomes. I found that interfering with Mibl expression 

levels or Eg5 activity affected centrosome number. In addition, both inhibition of Eg5 

and overexpression of Mibl could still promote centrosome amplification, even when 

the cells are blocked in S phase, which would rule out possible cytokinesis defects as 

the primary cause of excess centrosomes. However, these experiments do not 

differentiate whether this excess of centrosomes is caused by centriole splitting failure 

or centriole overduplication. 

In sum, the novel finding of Mibl and Eg5 as regulators of centrosome could 

promote greater understanding of how the centrosome is regulated. 

Model for the role of Eg5 and Mibl in centrosome regulation 

In this dissertation, it was revealed that Mibl and Eg5 modulated centrosome 

numbers. Furthermore, it was discovered that Mibl inhibited Eg5-promoted 

centrosome and centriole production. Likely, Mibl inhibited Eg5 through 

monoubiquitination. However, further experimentation will determine whether excess 

centrosome production is dependent on this monoubiquitination of Eg5. There are two 

possible outcomes of such monoubiquitination. One possibility is that it affects its the 

localization of Eg5 to the centrosome. However, from my studies in Chapter Two, 
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Mib1 did affect the localization of Eg5. Since the levels of some centrosome proteins 

are dynamic during the cell cycle and the immunofluorescent technique we used is not 

quantitative, it is possible that Mib1 could alter the amount of Eg5 recruited to the 

centrosome [185]. 

A second possibility is Mib1 regulates either the bundling activity or 

processivity of Eg5. The bundling activity of an ubiquitinated Eg5 could be 

determined by its crosslinking of purified microtubules. The processivity of Eg5 could 

be tested by two direct methods: optical trapping and A TPase end point assays [711. 

However, all these methods are performed in vitro and require highly purified Eg5; 

making these approaches technically challenging. 

A model for the role of Eg5 and Mib1 in promoting excess centrioles and 

centrosomes would depend whether they are involved in centriole duplication or 

centriole splitting. As both centriole duplication and centriole splitting could affect 

centrosome and centriole numbers, as described in Chapter 3, further experimentation 

would help differentiate between these two possibilities [12, 97, 98]. Therefore, I will 

describe a model for how Mibl and Eg5 could be regulating each of these processes. 

Based on current literature it is difficult to determine how Eg5 could affect 

centriole duplication, but one possible mechanism is that Eg5 could cross-link and 

stabilize the microtubules of centrioles and their growing pro-centrioles [ 13, 62]. In 

the absence of microtubule stabilization, centrioles could fragment and form multiple 

centrosome structures [189, 190]. Centriole duplication by fragmentation was 

previously observed when stabilization of microtubules, by polyglutamylated tubulin 
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and MAP215, was inhibited [189, 190]. These inhibited cells showed an apparent 

excess of centrioles and centrosomes with markers for Centrin and y-tubulin, 

respectively 1189, 190]. The destabilized centriole may present more than one site for 

procentriole assembly. However, it is unknown if these centrioles and centrosomes are 

fully developed and functional. It is also unknown whether a change in centriolar 

microtubule stability is involved in procentriole initiation. 

Based on the current literature, it is more likely that Eg5 is promoting splitting 

of the intercentriolar bridge that links the parental centrioles. A mechanism that Eg5 

could use to sever this bridge is suggested by studies on the Saccharomyces cerevisiae 

orthlog of Eg5, Cin8p [11]. Cin8p, through it microtubule-bundling activity, severs the 

bridge joining the analogous structure of the centrosome, the spindle pole body [11]. 

Likewise, Eg5 could use a similar mechanism to sever the intercentriolar filamentous 

bridge in vertebrates. Previously, it was demonstrated that severing of this 

intercentriolar bridge is required to prevent formation of excess centrioles and 

centrosomes [971. Taken together, this would suggest a model in which Eg5 and Mib1 

together split the intercentriolar bridge. Under normal conditions, Mibl promotes 

ubiquitination of Eg5, thus inhibiting it. When this inhibition is relieved by some 

unknown factor, Eg5, through its microtubule-bundling activity, severs the 

intercentriolar bridge. The severing of this bridge prevents extraneous rounds of 

centriole duplication after S phase. Under experimental conditions, if Eg5 is inhibited, 

either directly or by overexpression of Mib 1, this intercentriolar bridge does not sever 

and centriole duplication continues. 
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Future Directions 

Do Mibl and Eg5 promote centriole duplication or centrosome splitting? 

In Chapter Three, I found that both Eg5 inhibition and Mibl overexpression 

cause excess centrosomes and centrioles. I discussed several possible mechanisms for 

this observed phenotype, but demonstrated that only two of these, failure of centrioles 

to split or centriole overduplication, are likely to cause the observed excess 

centrosomes and centrioles. 

Future studies should examine whether centriole splitting is the cause of 

observed centrosome defects. It was previously observed that enhanced centriole 

splitting results in greater percentage of cells with separated centriole [97, 98]. 

Therefore, methods employed in Chapter 3 could be expanded: Specifically, U20S 

cells could be transfected with the VS-tagged version of Eg5 or Mibl siRNA and the 

centriole distance observed with Centrin. U20S cells would be used because their 

centrioles in interphase are less mobile than other cell lines; therefore, it may be easier 

to detect enhanced separation [97]. The percentage of cells with separated centrioles in 

the Eg5-transfected cells or Mibl-silenced cells could then be compared to pcDNA3-

transfected cells. 

If Eg5 or Mibl has a role in centriole splitting, this function may also be 

revealed by their localization to the region of the intercentriolar bridge. Therefore, Eg5 

localization at the centrosome should be defined by using markers to the 

intercentriolar bridge, C-NAPl and Rootletin [98, 191]. 
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Alternatively, centriole overduplication could be the cause of the excess 

centriole and centrosomes. This can be measured by determining the number of 

mature centrioles, which are characterized by their subdistal appendages [192]. For 

most of the centriole duplication cycle, only the mother centriole is mature, but in late 

G2/M, the daughter centriole will mature, acquiring these appendages 1192]. 

Interestingly, excess centrioles formed from overduplication do not form subdistal 

appendages [192]. Conversely, centrioles that fail to segregate have two or more 

centrioles with subdistal appendages [192]. This phenomenon can be exploited to 

differentiate between centriole duplication and segregation effects using primary 

antibody against the subdistal protein, CEP170 [150, 192]. This antibody could be 

used to measure the number of mature centrioles produced by Eg5 inhibition or Mib1 

overexpression to determine whether centriole overduplication or failed segregation 

occurs. 

In addition, electron microscopy could be used to determine whether centrioles 

in Eg5-inhibited and Mib1-overexpressing cells are ultrastructurally similar to normal 

centrioles. If the centrosome overduplication is the result of fragmentation, these 

centrioles may differ from normal ones. 

Is ubiquitination required for EgS and Mibl-mediated centrosome defects? 

In Chapter 2, I demonstrated that Mibl promoted ubiquitination of Eg5. The 

next step is to determine whether ubiquitin ligase activity of Mib1 is required for Eg5 

and Mib1 to promote excess centriole formation. 
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First, it should be established whether the ubiquitin ligase activity of Mib I is 

required to produce excess centrosomes. The ligase activity of the RING finger E3 

ubiquitin ligases depends on their RING fingers [37 J. I and other labs have shown that 

overexpression of a Mibl RING finger deletion construct (Mibl~C) inhibits the 

ubiquitination activity of overexpressed fulllength-Mibl [6J. Therefore, this Mibl~C 

construct can be used to ask whether ubiquitin ligase activity of Mibl is critical for 

excess centrosome and centriole formation as previously described. 

Next, it should be established whether ubiquitination is required for Eg5-

mediated centrosome and centriole defects. This can be done through the creation of 

an Eg5 ubiquitin mutant once the sites of ubiquitination are mapped. These 

ubiquitination sites could be determined by mass spectrometry [193]. Alternatively, 

these sites could be determined by systematic site-directed mutagenesis of lysines in 

Eg5 to the non-ubiquitinatable arginines [194]. The necessity of each of these lysines 

for Mibl ubiquitination could be tested in an ubiquitination assay. Once an Eg5 

ubiquitin mutant is created, it would be possible to determine whether ubiquitination 

of Eg5 is required for the observed centrosome duplication or splitting defects. These 

mutants could be transfected into U20S cells to examine whether they fail to induce 

centrosome duplication or splitting defects as observed with the wild type Eg5 

constructs in the previous section. I could also examine whether these Eg5 lysine 

mutants are capable for rescuing Mibl-induced excess centrosomes. 
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How is Mibl regulated during the centrosome duplication cycle? 

The centrosome duplication cycle must be temporally regulated to coordinate 

with the DNA replication cycle [12, 15]. Therefore, centrosome regulators would have 

to be temporally regulated as well. As both Mib1 and Eg5 were found on single and 

duplicated centrosomes, this suggests their spatial localization is not critical for their 

generation of excess centrosomes and centrioles. Instead, this suggests that there is 

another potential regulator of Eg5 and Mib I that is temporally regulated. One potential 

candidate revealed in my proteomic screen is the serine-threonine kinase, NDRI. 

Recently, NDR1 is a known regulator of the centrosome that localizes to the 

centrosome in a cell-cycle-specific manner [150). These traits could implicate NDRI 

as a potential temporal regulator of centrosome duplication [150]. However, despite 

extensive attempts to find the substrate of NDRI, none have been found. Hergovich 

and colleagues suggested that an NDRI substrate would have to be localized to the 

centrosome, as a centrosome-anchored NDRI could still promote centrosome 

duplication [150]. 

Mibl could be this potential substrate. In preliminary experiments, I found 

Mibl co-immunoprecipitates with NDRI. However, Mibl does not ubiquitinate 

NDRI. Thus, a potential mechanism for how NDRI and Mibl interact is illustrated by 

RING finger containing protein Parkin and Cdk5 [195]. Phosphorylation of Parkin by 

Cdk5 decreases its autoubiquitination activity of Parkin. Furthermore, this 

phosphorylation enhances the ability of Parkin to ubiquitinate its substrates, synphilin-

1 and p38 [ 195]. 
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NDRI and Mibl could work in a similar manner as Parkin and Cdk5, where 

phosphorylation of Mibl by NDRI enhances the ubiquitin ligase activity of Mibl. 

First, it should be tested whether NDRl phosphorylates Mibl in an in vitro kinase 

assay. Purified NDR1 and Mib1 could be incubated in the presence of the radio­

labeled phosphate, [y-32 P] ATP, then examined for phospho-labeled Mibl as 

compared to a control substrate [196]. If enhanced phosphorylation of Mibl were 

observed, this would implicate NDR1 as a potential kinase for Mibl. Once NDR1 was 

verified as a potential kinase, it could be determined via ubiquitination assays whether 

NDRl could promote Mib1 self-ubiquitination as well as Eg5 ubiquitination. In 

addition, NOR phosphorylation sites on Mibl could be identified by phosphopeptide­

mapping. A phosphorylation-deficient mutant of Mib1 could be created and used in 

the ubiquitination assay to test the necessity of these phosphorylation sites for self­

ubiquitination and ubiquitination of Eg5. 

Do Mibl and EgS cause aneuploidy? 

As I have detected a centrosome defect in U20S cells, potential centrosome 

defects should be examined in eg5HiJll2A and mib1Hi904 zebrafish mutants. As previously 

described, the centrosome marker y-tubulin and centriole marker Centrin-3 could be 

employed to quantify the number of centrosomes and centrioles per cell. Cells could 

be identified with Hoechst 33342. Based on the cell culture experiments, I would 

predict the eg5HiJll2A mutant to have an increase in the number of centrosomes and 
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centrioles, whereas the mib1Hi904 mutant would likely have a decrease in the number of 

centrosomes and centrioles. 

Attempts to understand the consequence of Eg5 inhibition led to conflicting 

results. It was previously observed in mutants of the Drosophila ortholog Eg5, 

KLP61F, that the number of monastral cells is increased 1157, 158]. Furthermore, an 

elevation in aneuploid cells is also observed. These results suggest that the cells with 

abnormal spindles can overcome the spindle assembly checkpoint and replicate 

despite misseggregated chromosomes [157, 158]. However, different conclusions were 

made from inhibition of Eg5 in vertebrate cancer cell lines. Treatment of the human 

multiple myeloma and ovarian cancer cells with the Eg5 inhibitors dimethylenastron 

and HR22C16 respectively caused apoptosis [197, 198]. These studies were limited to 

cell culture lines, which may not reflect the consequences of Eg5 inhibition in vivo. As 

Eg5 inhibitors are being explored for their therapeutic potential for cancer treatment, it 

is necessary to determine the consequences from the loss of EgSfunction 1199-201]. 

In Chapter Two, I characterized the eg5Hi3112
A zebrafish mutant. However, it was not 

fully explored whether aneuploidy occurs in these mutants. Previously, I examined 48 

hpf homozygous mutant embryos for aneuploidy by FACS analysis for DNA content. 

These results were inconclusive because the amount of tissue used for this study was 

inadequate for a robust FACS analysis. However, whether aneuploidy exists in these 

mutants could be determined by using G-banding of metaphase spreads or FISH [202, 

203 J. Similar experiments could also be performed in the miblH;904 mutant fish. 
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Aneuploidy and excess centrosomes are a common characteristic of cancer 

cells [122]. Whether tumor formation originates from aneuploidy or centrosome 

abnormalties is under much discussion [123]. Most of the current studies rely on the 

limited supply of biopsied tissue or on cell culture systems [ 122]. If eg5HiJll2A mutants 

exhibit either aneuploidy or excess centrosomes, they could be used to examine 

whether the loss of Eg5 expression is tumorigenic. Further analysis of tumor 

progression could determine when aneuploidy, excess centrosomes, or both occur in 

these growths. Unfortunately, eg5HiJll2A zebrafish mutants die at 6dpf from 

developmental abnormalities. As the embryos are unlikely to undergo tumorigenesis in 

this brief period, a chimera could be created by transplanting blastula cells from 

eg5HiJI12A homozygous embryos into wild type blastula embryos [204]. To make 

identification of eg5m3mA mutant cells easier, the eg5HiJmA mutants could be crossed to 

the Xenopus EFla driven GFP transgenic fish [205]. Possible tumors formed in these 

adult chimeras could then be analyzed by standard histological methods [206]. The 

development of aneuploidy or centrosome defects could be analyzed using cytogenetic 

methods or labeling with y-tubulin as described above [202, 203]. Similar chimera 

experiments could also be done with the mibHi904 zebrafish mutants to examine the 

significance of this gene in tumorigenesis. 
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