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Abstract 

HECTD1 is a conserved ubiquitin ligase essential for cellular migration and development 

of the vertebrate neural tube. Here I show that HECTD1 accumulates along cell-cell 

contacts and mitotic spindle, and localizes to the centrosome in a dynein-independent 

manner. Likewise, I reveal that TRABID, a deubiquitinase and suspected HECTD1 

interaction partner, enriches along spindle microtubules during cytokinesis, and at the 

centrosome. Previously documented knock-down phenotypes of HECTD1 and TRABID 

suggest that the proteins may participate in cytoskeletal dynamics. Interestingly, 

HECTD1 and TRABID were also shown to interact with the Adenomatous polyposis coli 

(APC) protein, modulating its K63 polyubiquitination. Redistribution of APC occurs in 

HECTD1 and TRABID knock-down cells, leading me to hypothesize that the ligase-

deubiquitinase system controls cytoskeletal organization through APC trafficking. Given 

the importance of HECTD1 in mammalian development, I generated a hectd1 knock-out 

cell line using TALENs that will permit further detailed analysis of the microtubule-

associated roles of HECTD1. 

Keywords:  HECTD1; TRABID; Adenomatous polyposis coli; Centrosome; Spindle 
microtubules; TALEN 
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Chapter 1.  
 
Introduction 

1.1. Ubiquitin is a versatile protein modifier 

 Protein ubiquitination is an essential post-translational modification in eukaryotes, 

that has been implicated in a wide variety of cellular processes, including cell cycle 

regulation, DNA repair, endocytosis, and protein trafficking (reviewed by Komander, 

2009). The regulated addition of ubiquitin molecules to specific target proteins allows 

cells to maintain homeostasis through protein degradation, as well as control specific 

cellular events by modulating various protein-protein interactions. While the end result of 

protein ubiquitination may vary, the covalent linkage of ubiquitin molecules to target 

proteins is ultimately dependent on the coordinated and sequential action of three 

distinct classes of enzymes: E1 ubiquitin activating enzymes, E2 ubiquitin conjugating 

enzymes, and E3 ubiquitin ligases. 

 Ubiquitin is a 76 amino acid protein, weighing approximately 8.5 kDa 

(Schlesinger et al, 1975), which is found in all eukaryotic organisms. Ubiquitin is 

remarkably conserved throughout all eukaryotes, but is notably absent in bacteria or 

archaea. Sequence analysis in prokaryotes has failed to identify proteins similar to 

ubiquitin, however recent research has identified a functional analogue of ubiquitin in 

Mycobacterium tuberculosis that has been termed prokaryotic ubiquitin-like protein (Pup) 

(Pearce et al, 2008). In eukaryotes, several ubiquitin-like proteins (UBLs) have been 

discovered, which modulate substrate activity in a manner similar to that of ubiquitin, yet 

share little sequence identity. Instead, known UBLs such as SUMO and NEDD8 are 

structurally related to ubiquitin through the presence of a ubiquitin-like β-grasp fold 

(reviewed by Kerscher et al, 2006, Hochstrasser, 2009). 
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 The process of ubiquitination begins with an E1 enzyme binding and covalently 

modifying free ubiquitin through an ATP-dependent reaction, and subsequently 

transferring it to an E2 ubiquitin-conjugating enzyme. Once attached to ubiquitin, an E2 

enzyme is able to interact with an E3 ubiquitin ligase. By interacting with a ubiquitin-

bound E2 enzyme, as well as a particular substrate, an E3 ubiquitin ligase can catalyze 

the covalent attachment of ubiquitin to one or more lysine residue(s) on a substrate, as 

well as ubiquitin molecules already bound to the target protein. The latter ubiquitination 

reaction may continue to occur several times, ultimately leading to the formation of 

polyubiquitin chains (reviewed by Li et al, 2008). In certain cases, the lengthening of 

polyubiquitin chains also requires the activity of a group of elongation cofactors that have 

been termed E4 enzymes. These enzymes function similarly to E3 enzymes during 

polyubiquitination, but require a substrate that has previously been ubiquitinated 

(reviewed by Hoppe, 2005). Furthermore, a class of enzymes known as protein 

deubiquitinases (DUBs) are capable of reversing the ubiquitination process by 

interacting with, and cleaving, polyubiquitin chains from target proteins (reviewed by 

Komander et al, 2009) (Figure 1). The coordinated action of E3 and DUB enzymes 

allows the cell to regulate the ubiquitination state of various proteins, thereby controlling 

their stability and activity. 

 The human genome is thought to encode two E1 enzymes, roughly forty E2 

enzymes, and hundreds of E3 enzymes (Husnjak et al, 2012). This disproportionate 

distribution of enzymes, along with investigations into these three classes of proteins, 

has led to the understanding that substrate specificity in a ubiquitination event is largely 

conferred by individual E3 ubiquitin ligases. The presence of distinct, conserved 

domains allows E3 enzymes to be grouped into two discrete families; HECT 

(homologous to E6-associated protein C-terminus) and RING (really interesting new 

gene). Although both HECT and RING classes of ubiquitin ligases function to catalyze 

the addition of ubiquitin to target proteins, they do so in a different manner. RING-type 

ubiquitin ligases catalyze the transfer of ubiquitin directly from a ubiquitin-bound E2, to 

the target protein, whereas HECT-type ubiquitin ligases catalyze the transfer of ubiquitin 

from an E2, to itself, forming a ubiquitin-bound E3 intermediate, before attaching 

ubiquitin to the target protein (Jackson et al, 2000). 
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 Interestingly, variations in the number and orientation of ubiquitin molecules 

bound to lysine residues on a target protein can drastically alter the result of 

ubiquitination. Known ubiquitination types include monoubiquitination (a single ubiquitin 

moiety bound to a lysine residue), multiple monoubiquitination (multiple, individual 

ubiquitin molecules, bound to multiple lysine residues), and polyubiquitination (several 

ubiquitin proteins forming a chain that stems from a lysine residue on a target protein). 

Polyubiquitin chain formation is characterized by the initial attachment of a ubiquitin 

moiety to a lysine residue present on the surface of a substrate, followed by the 

subsequent binding of additional ubiquitin molecules to lysine residues present on the 

surface of the previously linked ubiquitin. Ubiquitin contains seven lysine residues that 

can be utilized for the formation of polyubiquitin chains, and these are numbered 

according to their position within the amino acid sequence, namely K6, K11, K27, K29, 

K33, K48, and K63. Organizing ubiquitin linkages via specific lysine residues during 

polyubiquitin chain formation leads to variability in protein topology, allowing ubiquitin-

tagged proteins to interact with a diverse range of ubiquitin interaction motifs (Figure 2). 

 Ubiquitination is best understood for its role in marking proteins for destruction by 

the proteasome complex (reviewed by Welchman et al, 2005), however the addition of 

ubiquitin to substrates has also been shown to be associated with functions such as 

targeting proteins to particular sub-cellular locations, or modulating protein-protein 

interactions. Canonical K48-linked ubiquitin chains are normally recognized by 

degradation machinery, whereas non-canonical ubiquitin chain types (including K63 and 

K33) have been implicated in a wide variety of cellular processes, including DNA 

damage recognition, kinase modification, and protein trafficking within endosomes 

(Ikeda et al, 2008, Erpapazoglou et al, 2012). Together, these multiple variables allow 

the cell to control a vast array of proteins using a single ubiquitous marker. 
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Figure 1: Protein ubiquitination is achieved by a catalytic cascade 
Ubiquitination requires the sequential action of three classes of enzymes. E1 ubiquitin activating 
enzymes bind free ubiquitin through an ATP dependent reaction. E2 ubiquitin conjugating 
enzymes transfer activated ubiquitin from an E1 enzyme to an E3 enzyme. E3 ubiquitin ligases 
catalyze the transfer of ubiquitin to a target protein. E3 enzymes can ligate additional ubiquitin 
molecules to a primary ubiquitin moiety, leading to the formation of polyubiquitin chains. DUBs 
function to reverse the ubiquitination process by catalyzing the cleavage of ubiquitin molecules 
from a target protein, releasing free ubiquitin back into the cytosol. 
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Figure 2: Variability in ubiquitin linkage type confers differential cellular effects 
Variability in ubiquitination results in a variety of cellular effects. Canonical K48 polyubiquitin 
linkages are the best understood form of ubiquitination, and are associated with proteasomal 
degradation. Non-canonical ubiquitination produces variable cellular effects, the extent of which 
are not yet fully understood. Differences in ubiquitin linkage type can alter the topology of 
polyubiquitin chains, allowing interactions with unique ubiquitin binding motifs. Additional forms of 
ubiquitination not pictured include multiple monoubiquitination, and branched polyubiquitination. 

1.2. HECTD1 and its relatives are E3 ubiquitin ligases 

 Our interest in HECTD1 arose from a Caenorhabditis elegans RNAi screen 

performed in our lab, which was designed to identify components of the ubiquitin-

proteasome system (UPS), including predicted E3 ubiquitin ligase genes. The 

unpublished study, by Victor Lundin, was designed to identify genes able to modify the 

levels or stability of neuronally expressed, GFP-tagged alpha-tubulin (aex-3p::GFP::tba-

2) in a neuronal RNAi-sensitive genetic background. It was observed that RNAi knock-

down of C34D4.14 leads to an increase in neuronal GFP::tba-2 expression, suggesting 

that the gene may be involved in TBA-2 degradation. The gene C34D4.14 encodes 

HECD-1, a HECT domain protein 2,761 amino acids in length, which also contains 
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Ankyrin (ANK), Armadillo (ARM), Sad1/Unc (SUN) and MIB/HERC2 (MIB) domains 

(Figure 3). HECD-1 is evolutionarily conserved, with orthologues found in Drosophila 

melanogaster as well as all vertebrates, including humans. The Homo sapiens HECTD1 

E3 ubiquitin ligase is a large protein, 2,610 amino acids in length, weighing 

approximately 290 kDa, and is encoded by a 107,336 bp gene located at position 14q12. 

The potential link between HECD-1 and tubulin homeostasis observed in C. elegans was 

of great interest to our group. Given that only one study (Zohn et al, 2007) had examined 

HECTD1 function at the time, I decided to investigate the cellular role(s) of the 

mammalian HECD-1 orthologue. 

 Homology searches using BLAST suggest that HECTD1 may be part of a family 

of at least two distinct members, divided into TRIP12 (thyroid hormone receptor 

interactor 12) and HECTD1. TRIP12 is likely to be the founding member of the family, as 

orthologues appear to exist in nearly all eukaryotes, while HECTD1 appears to have 

arisen in the unicellular ancestor to metazoans (multicellular animals), given that an 

orthologue is present in the choanoflagellate Monosiga brevicollis, and all metazoans, 

but not in other lineages. Furthermore, the TRIP12-HECTD1 protein family may be 

anciently related to the UFD4 family of ubiquitin ligases found in yeast. 

 The N-end rule of protein degradation states that the half-life of a protein is 

directly related to the amino acid present at its amino terminus (Bachmair et al, 1986). 

Various post-translational modifications of the N-terminus, such as phosphorylation and 

ubiquitination, are also known to have a profound effect on the activity of proteins. The 

ubiquitin fusion degradation (UFD) pathway is an atypical ubiquitination cascade in 

which proteins are marked for degradation through the irreversible linkage of ubiquitin to 

the N-terminus, irrespective of which amino acid is present (reviewed by Sriram et al, 

2011). The Saccharomyces cerevisiae UFD4 protein is an E3 enzyme present in the 

UFD pathway, capable of recognizing N-terminal ubiquitin degrons and catalyzing the 

formation of polyubiquitin chains (Hwang et al, 2010). In addition to catalyzing 

polyubiquitin chain formation at the N-terminus, UFD4 has also been shown to directly 

interact with subunits of the 26S proteasome (Xie et al, 2002). 

 The ubiquitin ligase TRIP12 is thought to regulate CUL1 neddylation, through an 

interaction with APP-BP1 (Park et al, 2008). The APP-BP1 protein complexes with the 
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E1-like protein Uba3 to form the functional E1 NEDD8 activating enzyme present in the 

neddylation pathway. The activity of TRIP12 leads to ubiquitination and degradation of 

monomeric APP-BP1, resulting in down-regulation of CUL1 neddylation. CUL1 is a key 

scaffolding component of the SCF ubiquitin ligase complex that controls cell cycle 

progression (reviewed by Nakayama et al, 2005). As a consequence, TRIP12 activity is 

essential during development, and its loss results in embryogenesis defects (Kajiro et al, 

2011). 

 Investigation of the conserved domains of HECTD1, TRIP12, and UFD4 exposes 

that in addition to the catalytic HECT domain, each protein also contains an Armadillo 

repeat domain. The size of these ARM domains appears to have decreased as each 

protein evolved, which may imply the role of the TRIP12 and HECTD1 ARM repeats is 

minimized in comparison to those of UFD4. In the case of UFD4, the Armadillo domain 

has been associated with the ability to recognize ubiquitin (Ju et al, 2007). At this time, 

the functions of the HECTD1 and TRIP12 Armadillo domains have yet to be determined, 

however it is not unreasonable to hypothesize that such a domain could confer 

specificity to ubiquitin similar to UFD4. 
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Figure 3: Conserved domain structure of HECTD1, TRIP12, and UFD4 
Diagrammatic representation of the conserved domain structures of HECTD1 (H. sapiens), 
TRIP12 (H. sapiens), and UFD4 (S. cerevisiae). The number of amino acids present in each full 
length protein is indicated by the number to the right of each. Filled boxes represent relative 
positioning and length of conserved domains existing in each protein. HECTD1 is comprised of 
five distinct domains: ANK, ARM, SUN, MIB, and HECT. Note that in addition to the conserved 
HECT catalytic domain, each protein related to HECTD1 also contains an Armadillo (ARM) repeat 
domain. Based on what is known of UFD4 characteristics, the HECTD1 ARM domain could be 
involved in recognition of ubiquitin. 

1.3. HECTD1 regulates cellular migration, cell shape 
change, APC activity, and is essential for the 
development of the mouse neural tube 

 Research into the cellular roles of HECTD1 has only come to light within the last 

several years. HECTD1 remains relatively uncharacterized, with only a handful of recent 

publications providing insight into its function. Although HECTD1 appears to influence 

cellular migration (Sarkar et al, 2012, Li et al, 2013), the underlying cellular mechanisms 

regulated by HECTD1 are still poorly understood. Confounding these issues is the 

observation that HECTD1 directly influences the activity of at least three unique proteins 

with known migratory roles. 
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 HECTD1 is essential for neural development in mice, as its disruption leads to 

severe neural tube malformations in developing embryos (Zohn et al, 2007). HECTD1 

mutants display anomalous dorso-lateral hinge point formation, and an increased cellular 

density within the cranial mesenchyme. Analysis of proliferative and apoptotic markers 

(phosphorylated-Histone-3 and cleaved Caspase-3, respectively) suggests that 

irregularities in cellular density observed in HECTD1 mutants are not the result of 

increased mitosis, or decreased apoptosis within the cranial mesenchyme. The absence 

of mitotic and apoptotic defects implies that abnormal cellular densities in HECTD1 

mutants may be the result of impaired cellular migration. Furthermore, the inability of 

mutant animals to form the dorso-lateral hinge point indicates HECTD1 may also be 

regulating cell shape changes within the neural tissue during embryogenesis. Indeed, 

several recent publications (Sarkar et al, 2012, Li et al, 2013) have revealed HECTD1 

plays a role in regulating cellular migration, while also affecting cellular morphology. 

 Measurements of cellular movements have shown that cells isolated from 

HECTD1 knock-out mice emigrate further from explants than wild-type cells. HECTD1 

mutant cells have also been noted as being larger and shaped differently than wild-type 

cells (Sarkar et al, 2012). Experimentation has also revealed that HECTD1 physically 

interacts with, and K63-polyubiquitinates the Hsp90 chaperone, and that loss of 

HECTD1 results in increased Hsp90 secretion from cells, leading to increased cellular 

migration (Sarkar et al, 2012). Although still not fully understood, secretion of Hsp90 

appears to stimulate cellular migration, possibly by altering the stability of extracellular 

matrix components (Eustace et al, 2004, Tsutsumi et al, 2007, Li et al, 2012). 

 HECTD1 also appears to play a role in cellular migration through the regulation 

of focal adhesion proteins (Li et al, 2013). Experiments suggest that HECTD1 may be 

capable of ubiquitinating phosphatidylinositol 4-phosphate 5-kinase type I γ (PIPKIγ90), 

and that a decrease in HECTD1 protein levels leads to an increase in PIPKIγ90 levels. 

Although loss of HECTD1 leads to decreased PIPKIγ90 ubiquitination, there is currently 

no evidence to support a physical interaction between HECTD1 and PIPKIγ90, indicating 

that HECTD1 may act upstream of PIPKIγ90. Knock-down of HECTD1 was also shown 

to decrease focal adhesion assembly and disassembly rates; however, in contrast to 

previous findings described by Sarkar and colleagues (2012), this appears to decrease 

cellular migration in cancerous cells. It has been postulated that since PIPKIγ90 and β-
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integrin compete for overlapping binding sites on Talin at focal adhesions (Barsukov et 

al, 2003), an increase in PIPKIγ90 levels would ultimately disrupt how cells interact with 

the extracellular matrix during movement. 

 When I began my investigation into the cellular role of HECTD1, data published 

from a series of high-throughput affinity capture/mass spectrometry experiments 

suggested that HECTD1 may interact with TRABID (Sowa et al, 2009), a 

deubiquitinating enzyme with a validated target, the adenomatous polyposis coli (APC) 

protein (Tran et al, 2008). Further mass spectrometry analysis of TRABID pull-downs 

published within the last year has since confirmed a physical interaction between 

HECTD1 and TRABID (Tran et al, 2013). Experiments in this publication also indicated 

that HECTD1 interacts with the Armadillo repeat domains of APC, similar to TRABID, 

and that HECTD1 is capable of catalyzing the addition of K63-linked polyubiquitin to 

APC. Furthermore, HECTD1 and TRABID were shown to interact with the scaffolding 

protein Striatin, a known component of the STRIPAK complex. Mass spectrometry data 

also suggested that TRABID interacts with several other components of the STRIPAK 

complex, including Cortactin-binding protein 2 (CTTNBP2). 

 A published C. elegans RNAi screen reported that HECD-1 knock-down in vab-

10a, vab-19 and eel-1 mutant backgrounds resulted in lethality, suggesting a role for 

HECD-1 in hemidesmosome formation (Zahreddine et al, 2010). VAB-10 is a member of 

the spectraplakin family of cytoskeleton cross-linking proteins, which are known to be 

critical for the dynamic interactions that occur between actin filaments and microtubules 

(reviewed by Suozzi et al, 2012). VAB-19 is the C. elegans orthologue of KANK, a large 

ankyrin repeat containing protein. KANK has been shown to be responsible for the 

shuttling of β-catenin (Wang et al, 2006), and is also known to regulate polymerization 

and organization of actin filaments (Kakinuma et al, 2008, Zhu et al, 2008). HUWE1 is 

the human orthologue of EEL-1, whose dysfunction has been linked to the development 

of Turner type x-linked syndromic mental retardation (Froyen et al, 2008). Interestingly, 

HUWE1 has been shown to act in collaboration with the HECTD1 relative TRIP12 

(Poulsen et al, 2012), and has also recently been shown to degrade the tumour 

suppressor protein BRCA1 (Wang et al, 2014). The synthetic lethality that results from 

loss of HECTD1 in vab-10, vab-19, or eel-1 mutant backgrounds indicates that these 

proteins may function redundantly, or in parallel cellular pathways. Moreover, genetic 
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interaction with Spectraplakin and KANK family members exposes that HECTD1 may 

act to regulate cytoskeletal components capable of compensating for the loss of VAB-10 

or VAB-19. If HECTD1 functions to regulate the organization of any type of cytoskeletal 

structure, its loss could conceivably result in many of the phenotypes that have been 

observed in HECTD1 mutants. 

 In addition to the studies described above, in which HECTD1 was a focus, 

several other reports have made reference to the HECTD1 protein. A genome-wide 

yeast two-hybrid assay in D. melanogaster suggests that HECTD1 may interact with the 

p27 subunit of the Dynactin complex (Giot et al, 2003), which is required for microtubule-

dependent dynein motor function. Also, Liu and colleagues (2011) demonstrated that C. 

elegans HECD-1 mutant strains have decreased lifespan, as well as decreased global 

ubiquitination levels. 

 Together, these data suggest that HECTD1 is a critical protein required for the 

regulation of cellular migration and cell shape change. HECTD1 may affect these 

processes by controlling the activity of various cytoskeletal components, which may 

include microtubules, actin filaments, or cytoskeletal cross-linking proteins. Evidence has 

also suggested that HECTD1 targets multiple substrates. This apparent promiscuity, 

combined with multiple conserved domains implies that HECTD1 may act as an intricate 

ubiquitination scaffold, capable of interacting with numerous proteins essential for 

cytoskeletal dynamics. 

1.4. Neural tube formation requires coordinated cellular 
movements and precise cell shape changes 

 Neural tube formation is an essential process in the development of the 

vertebrate nervous system, requiring the coordinated action of many genes and their 

encoded proteins. Neural tube malformations are among the most common birth defects 

in humans, occurring at an average rate of 1 in 1000 live births (Kondo et al, 2009), 

leading to severe medical conditions such as spina bifida, anencephaly, and 

craniorachischisis. Although folic acid supplementation during pregnancy has been an 

effective method for reducing the number of infants born with neural tube defects, many 
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of the genes, proteins, and cellular pathways involved in neural tube formation remain 

poorly understood. 

 Tissue patterning during neurulation requires a series of specific coordinated 

cellular events. Careful regulation of actin and tubulin dynamics, cell polarity, and cell 

adhesion structures are critical for the formation of the vertebrate nervous system. The 

development of wild-type neural folds during primary neurulation is dependent upon 

precise cellular migration, shape changes, and adhesion events (reviewed by 

Wallingford et al, 2013). During primary neurulation, cells of the neural plate must 

migrate in order to rearrange and interdigitate, allowing the body axis to elongate in a 

process known as convergent extension. As convergent extension occurs, groups of 

cells within the neural plate change from a columnar shape to a wedge shape, 

generating neural folds. Finally, fusion of the neural tube occurs as neural folds make 

contact, and adhesion structures form between cells at the neural fold tips (reviewed by 

Copp et al, 2003). 

 Aberrant dorso-lateral hinge point formation in HECTD1 mutant mice implies that 

cells within the neural plate may be unable to alter their morphology or positioning in the 

manner required to form wild-type neural folds. The development of the dorso-lateral 

hinge point is highly dependent on apical constriction and basal expansion of cells within 

the neuroectoderm (reviewed by Suzuki et al, 2012). This specific morphological change 

allows columnar shaped cells to become pyramid shaped, which is critical for allowing 

the planar neural tissue to fold (Figure 4). Apical constriction and basal expansion arises 

from architectural changes of the actin and tubulin networks present in cells of the neural 

plate. If the phenotypes observed in mutant mice result from cell morphology defects, it 

is possible that HECTD1 plays a role in regulating the dynamics of the cytoskeleton. 

Modulation of this activity by HECTD1 may occur directly, through interactions with 

cytoskeletal components, or indirectly, by altering the activity of signalling molecules 

responsible for triggering cytoskeletal rearrangements. 
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Figure 4: Cell shape changes are integral for the formation of neural folds 
Simple representation of how specific cell shape changes can dramatically alter the shape of a 
tissue. A) Formation of the median hinge point (RED) could be achieved by a subset of cells 
transitioning from a columnar shape to a pyramidal shape. B) Similar coordinated cell shape 
changes are integral to the formation of the dorso-lateral hinge point (BLUE). As a result of simple 
shape changes, planar neural tissue can begin to fold into a tube. 

1.5. The conserved domains of HECTD1 provide insight 
into potential cellular functions 

 The HECTD1 protein contains numerous conserved domains, whose 

phylogenies can be clearly traced. Individual domains appear to have been derived from 

distinct, yet unrelated protein families, giving the impression that HECTD1 evolved 

through the piecemeal assembly of various genetic components. Understanding the 

properties of protein families related to each HECTD1 domain provides considerable 

insight into the potential functions each domain might confer. 

 The ankyrin (ANK) repeat of HECTD1 is an extremely common protein fold found 

in all three kingdoms of life. The ankyrin fold is known to facilitate a wide range of 

protein-protein interactions (Li et al, 2006), however there are no common protein 

domains known to interact specifically with ankyrin repeats. Although the ankyrin repeat 
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of HECTD1 is likely facilitating an interaction with a substrate, the prevalence of this 

protein motif makes it difficult to hypothesize the identity of potential binding partners. 

Nevertheless, an ankyrin domain can also be found within TRABID, and has been 

shown to not only bind ubiquitin, but also confer specificity for atypical (K29, K33, K63) 

ubiquitin chains (Licchesi et al, 2011). Given that HECTD1 can catalyze the formation of 

K63-ubiquitin chains (Sarkar et al, 2012), it is conceivable that HECTD1 utilizes an ANK 

domain to bind ubiquitin and position substrates during polyubiquitin chain formation. 

 Structural prediction algorithms expose that HECTD1 contains Armadillo (ARM) 

repeats, a protein motif first identified in the D. melanogaster β-catenin homologue. 

Tandem ARM repeats are known to pack together to form a platform with which multiple 

proteins can interact (reviewed by Tewari et al, 2010). Through the mutually exclusive 

binding of various proteins to a single ARM domain, an ARM repeat-containing protein 

can be involved in multiple cellular processes. For instance, APC and E-cadherin 

compete for binding of the ARM repeats of β-catenin, allowing it to act in the Wnt 

signalling pathway, and also as a structural component of adherens junctions (Hülsken 

et al, 1994). Coincidentally, the armadillo repeats present in APC facilitate interactions 

with HECTD1, TRABID, and Striatin (Tran et al, 2013, Breitman et al, 2008), as well as 

components of the cytoskeleton (Sakamoto et al, 2013). There is evidence to suggest 

that HECTD1 is promiscuous in its ubiquitination activity (Liu et al, 2011), indicating the 

possibility that an ARM repeat could mediate binding to a multitude of substrates. 

 Phylogenetic analysis of the MIB/HERC2 (MIB) domain of HECTD1 suggests 

that it is evolutionarily related to the MIB1, MIB2 and HERC2 ubiquitin ligase proteins. 

Both MIB1 and MIB2 have been implicated in the development of the neural tube 

(Yamamoto et al, 2010, Wu et al, 2007), and reports have suggested that MIB1 and 

MIB2 act redundantly during embryogenesis to regulate the Notch signalling pathway 

(Zhang et al, 2007). In contrast, HERC2 is a centrosomal protein (Al-hakim et al, 2012) 

which ubiquitinates the BRCA1 tumour suppressor, targeting it for degradation (Wu et al, 

2010). Notably, BRCA1 functions to inhibit microtubule nucleation at centrosomes 

(Sankaran et al, 2005), suggesting HERC2 may play an indirect role in the regulation of 

cytoskeletal dynamics. Given that MIB1 and HERC2 are reported to have a similar 

localization pattern to what I have observed for HECTD1 (see below), it is plausible that 

the MIB domain of HECTD1 contributes to its concentration at specific cellular locales. 
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 The Sad1/Unc (SUN) domain present in HECTD1 is a protein domain which is 

known to interact with KASH (Klarsicht, ANC-1, Syne Homology) domain proteins. This 

interaction normally takes place in the space between the inner and outer nuclear 

membrane, allowing the cell to transfer forces between the cytoskeleton and 

nucleoskeleton. While many SUN/KASH interactions are known to be integral to the 

positioning and migration of the nucleus, certain SUN and KASH proteins interact with 

the centrosome, dynein motors, and cytoskeletal proteins (reviewed by Starr et al, 2010). 

Both SUN and KASH proteins normally contain transmembrane domains, as all known 

SUN/KASH interactions take place in the perinuclear space. However, data I have 

collected show that HECTD1 behaves uncharacteristically (see below), compared to 

other SUN domain-containing proteins. Although not fully understood, my findings reveal 

the possibility that SUN domain-containing proteins play a role in cellular processes 

other than those that have been previously reported. 

 The HECT domain is a conserved catalytic domain first identified in the E6-

Associated Protein of HPV infected cells (Scheffner et al, 1993). HECT domain proteins 

utilize a reactive cysteine residue to catalyze the ubiquitination of target proteins. 

Although the HECT domain is essential for catalysis of substrate ubiquitination, it does 

not directly bind to substrate proteins (Jackson et al, 2000). While the HECT domain of 

HECTD1 does not provide much insight into potential interaction partners, the types of 

ubiquitination it catalyzes may be quite informative. The ability to catalyze K63-ubiquitin 

linkages implies HECTD1 is likely capable of modulating the activity of its target(s), 

rather than simply marking them for degradation. Although K63-ubiquitin chains have 

previously been implicated in endosomal trafficking and DNA repair processes, recent 

findings revealed that K63-ubiquitin is also involved in other processes, including 

arachidonic acid-induced cellular adhesion and migration (Ray et al, 2010). 

1.6. Centrosomes influence cellular movements and cell 
shape changes by controlling microtubule organization 
and nuclear migration 

 The centrosome is a multifunctional organelle composed of two orthogonally 

arranged centrioles, surrounded by a proteinaceous matrix known as pericentriolar 
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material (PCM). Centrosome function has been implicated in a variety of cellular 

processes, such as microtubule nucleation, mitotic spindle formation, ciliogenesis, and 

establishment of cellular polarity (reviewed by Nigg et al, 2009). The nature of the PCM 

proteins remains largely unknown, but an extensive variety of cellular factors have 

already been found to localize to centrosomes, including cell cycle regulatory proteins 

(Mayor et al, 2000), cytoskeletal components (Pereira et al, 1997), and signaling 

molecules (Wang et al, 2013). In metazoans, the centrosome is well known for its ability 

to act as a microtubule organizing centre (MTOC), from which an array of microtubules 

emanate. Centrosome function is also important for the fidelity of cell division (Rusan et 

al, 2007), and critical for the formation of cilia (Nigg et al, 2009). Nevertheless, the 

precise role of centrosomes is still not completely understood, as plants and fungi can 

undergo acentrosomal microtubule nucleation, and mitosis can still progress in the 

absence of a functional centrosome (reviewed by Lüders et al, 2007). 

 Perhaps the best known function of the centrosome is the ability to nucleate 

microtubule formation, and act as a microtubule organizing centre. The central protein in 

microtubule nucleation is γ-tubulin, which associates with several other proteins to form 

the γ-tubulin ring complex (γTuRC). γTuRCs promote the growth of microtubules by 

capping their minus-end, preventing the dissociation of tubulin subunits that leads to 

microtubule destabilization. γTuRCs are a major PCM component, but can also be found 

within the centriole cylinder (reviewed by Azimzadeh et al, 2007). As a result, γ-tubulin is 

often visualized as a marker in immunocytochemistry experiments when the location of 

the centrosome must identified. The exact role of the centrosome during microtubule 

nucleation is still a point of inquiry, as microtubule bundles can often originate within the 

cytoplasm, in an acentrosomal fashion (Kollman et al, 2011). Nonetheless, the ability of 

the centrosome to nucleate microtubules makes it a key organelle for regulating 

microtubule dynamics and protein trafficking along the microtubule network.  

 Another essential function of the centrosome is mediating attachment of the 

nucleus to the microtubule cytoskeleton during nuclear migration. Mitosis, cellular 

migration, and changes in cell shape all depend on nuclear migration to position the 

nucleus at specific regions within the cell. Attachment of the centrosome to the nucleus 

is known to be facilitated by proteins spanning the inner and outer nuclear membranes 

(Malone et al, 1999, Haque et al, 2006, Ketema et al, 2011). These proteins (normally of 
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the SUN and KASH family) span the perinuclear space and bind centrosomal and 

nucleoskeletal proteins on either side of the nuclear membrane. Connection of the 

cytoskeleton with the nucleoskeleton allows forces generated by the microtubule 

network to push or pull the nucleus within the cell. Disruption of centrosome-nucleus 

attachment prevents nuclear migration, and has also been shown to disturb the 

architecture of the cytoskeleton (Schneider et al, 2011). Furthermore, abnormal nuclear 

migration can often lead to developmental defects, as cells are unable to emigrate in the 

manner required to form wild-type tissues (Baye et al, 2008). 

 While the centrosome can directly influence cytoskeletal dynamics by modulating 

the behaviour of microtubules, it can also act as a central hub for the distribution of a 

variety of proteins along the microtubule network by means of motor proteins. 

Additionally, the centrosome acts as an anchoring point for numerous organelles, 

allowing them to be propelled through the cell by the forces generated by the growth and 

shrinkage of microtubules. Together, the described functions of the centrosome make it 

one of the most important cellular structures for the coordinated movement of cells. 

1.7. Adenomatous polyposis coli 

 The Adenomatous Polyposis coli (apc) tumour suppressor encodes a protein 

whose dysfunction has been linked to the development of most forms of colorectal 

cancer, including familial adenomatous polyposis (FAP). The APC protein is best 

understood for its role in Wnt signaling, where it functions as part of a destruction 

complex capable of decreasing cellular β-catenin levels, thereby preventing the 

transcription of numerous genes responsible for proliferation and differentiation (Vlad et 

al, 2008). In addition to this well documented role in the Wnt signaling pathway, APC 

function has also been implicated in cellular migration, as well as microtubule and actin 

dynamics. 

 In the canonical Wnt signaling pathway, APC is a key component of the 

destruction complex responsible for preventing the translocation of β-catenin into the 

nucleus. The β-catenin destruction complex is composed of three core proteins: APC, 

Axin, and GSK3β (Salic et al, 2000). In the absence of Wnt ligands, β-catenin is 
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recruited to the destruction complex by APC, and subsequently phosphorylated by 

GSK3β. Phosphorylated β-catenin is then bound and ubiquitinated by β-TrCP, leading to 

its proteasomal degradation. In contrast, when the Fz/LRP receptor complex binds Wnt 

ligands, the cytoplasmic tail of LRP becomes phosphorylated by membrane bound 

GSK3β. Phosphorylation of LRP causes Axin to bind the receptor, ultimately leading the 

disassembly of the destruction complex, and accumulation of cytoplasmic β-catenin. 

Once β-catenin has accumulated in the cytoplasm, it can translocate into the nucleus 

where it behaves as a transcriptional coactivator of the TCF/LEF transcription factors 

that are responsible for controlling an array of developmental processes (reviewed by 

Aoki et al, 2007).  

 In addition to regulating β-catenin stability, APC also has a clear role in cellular 

migration that may be related to the ability to influence activity of the microtubule and 

actin cytoskeletons (reviewed by Näthke, 2006). In many colorectal adenomas, APC 

dysfunction produces cells that migrate abnormally (Shih et al, 2001). This impaired 

cellular migration may arise from APC dysfunction at specific subcellular regions, namely 

microtubule plus-ends, cell-cell contacts, and the cell cortex. APC is a known interactor 

of the EB1 microtubule associated protein, and both proteins have been shown to 

accumulate at the plus-ends of microtubules present within membrane protrusions of 

migrating cells, promoting their stability (Morrison et al, 1998, Tirnauer et al, 2002, Kita 

et al, 2006). In addition to enhancing microtubule stability, APC also appears to affect 

cellular migration through by influencing the integrity of cellular junctions. APC has been 

shown to interact with both β-catenin and plakoglobin (Rubinfeld et al, 1995), proteins 

known to directly bind E-cadherin at cellular junctions. Furthermore, APC and E-cadherin 

are known to compete for binding sites on β-catenin (Hülsken et al, 1994), although the 

consequences of this competitive binding are still unclear. Actin dynamics at the cell 

cortex have also been implicated in the migratory phenotypes exhibited in APC mutants 

based on the observation that APC and IQGAP1 can form a ternary complex with 

RAC1/CDC42, which appears to recruit CLIP-170 in order to link microtubules to actin 

filaments (Watanabe et al, 2004). Loss of APC function appears to disrupt the formation 

of intracellular junctions, and is also associated with decreased microtubule stability, 

irregular cortical actin dynamics, perturbed formation of membrane protrusions, and 

decreased cell migration. 
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 The complexity of APC function stems from the diversity of its interaction 

partners. APC likely behaves as a complex protein scaffold, capable to binding a variety 

substrates depending on its subcellular location, cell context, and differential affinity for 

interaction partners. One would therefore predict that disrupting the function of proteins 

capable of modifying APC activity could also produce a host of multifactorial cellular 

phenotypes. Consequently, abnormal APC function could also disturb the canonical Wnt 

signaling pathway, resulting in multifaceted phenotypes related to body axis patterning, 

cellular proliferation, cell migration, and cell fate determination.  

1.8. Research objectives 

 At the onset of this study, previous reports (Zohn et al, 2007) had characterized 

several phenotypes associated with loss of HECTD1 function, but failed to decipher its 

function within the cell. Given that little was known about the cellular role of HECTD1, a 

preliminary goal of my study was to determine its subcellular localization. Subsequent 

publications (Tran et al, 2013, Li et al, 2013) have briefly analyzed HECTD1 localization, 

but have not presented in depth findings. Immunocytochemistry was used as a primary 

means to probe HECTD1 localization, and several overexpression constructs were 

engineered in an attempt to confirm preliminary findings. To further validate results, the 

staining patterns of multiple antibodies targeting HECTD1 were compared, and Western 

blotting and pre-adsorption techniques were utilized to establish antibody specificity. 

Once localization data was acquired, and considered in the context of previously 

published findings, experiments were carried out to test the hypothesis that HECTD1 

interacted with TRABID to form a complex capable of modifying the ubiquitination state 

of the APC protein. The specificity of TRABID for K63-ubiquitinated APC also led to the 

hypothesis that HECTD1 would catalyze the formation of K63 polyubiquitin on APC. As 

experiments were being performed to test these hypotheses, a publication was released 

that confirmed many of my suspicions (Tran et al, 2013). Nonetheless, I continued to 

pursue new experimental approaches in an attempt to better understand the cellular 

roles of HECTD1 and TRABID. 

 These studies encompass elucidating the subcellular localization of TRABID 

through the use of custom antibodies, and the creation of HECTD1 translational fusions 
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to dissect the function of conserved domains. Furthermore, knock-down of HECTD1 and 

TRABID was performed to search for loss of function phenotypes, including abnormal 

migration, and ubiquitination defects. Knock-down of HECTD1 and TRABID was 

achieved via siRNA, and to compensate for the shortfalls of this technique, I developed a 

TALEN mediated HECTD1 knock-out cell line that can be used to ascertain the role of 

HECTD1 in regulating cytoskeletal dynamics. 
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Chapter 2. Materials and Methods 

2.1. Mammalian cell culture 

 HEK293, HEK293T and HeLa cells were maintained in Minimum Essential 

Medium (MEM; Gibco) supplemented with 10% fetal bovine serum (FBS). IMCD3 cells 

were maintained in Dulbecco's Modified Eagle Medium:Nutrient Mixture F-12 (DMEM/F-

12; Gibco) supplemented with 10% FBS. All cells were incubated at 37 °C in 5% CO2. 

2.2. Immunocytochemical analysis 

2.2.1. Commercially available antibodies, fluors and dyes 

 Commercially available primary antibodies used in immunocytochemistry 

experiments included mouse monoclonal anti-HECTD1 (Abcam; Ab57052), rabbit 

polyclonal anti-HECTD1 (Abcam; Ab101992), rabbit polyclonal anti-HECTD1 (Abcam; 

Ab101993), mouse monoclonal anti-γ-tubulin (Abcam; ab11316), rabbit polyclonal anti-γ-

tubulin (Abcam; Ab16504), rabbit polyclonal anti-Lamin-B1 (Abcam; Ab16048), rabbit 

polyclonal anti-pericentrin (Abcam; Ab4448), mouse monoclonal anti-α-tubulin (Sigma; 

T5168), rabbit monoclonal anti-Lys48-ubiquitin (Millipore; 05-1307), rabbit monoclonal 

anti-Lys63-ubiquitin (Millipore; 05-1308) mouse monoclonal anti-c-myc (Sigma; M4439), 

rabbit polyclonal anti-GFP (Abcam; Ab290), and mouse monoclonal anti-GAPDH (New 

England Biolabs, 5174). 

 A variety of secondary antibodies specific for mouse or rabbit IgG were utilized in 

experiments, each of which was conjugated with a fluorophore. These included Alexa-

488, Alexa-594, and Alexa-647 conjugates. Tetramethylrhodamine B isothiocyanate 

(TRITC) conjugated phalloidin was used to stain actin filaments. 4',6-diamidino-2-

phenolindole (DAPI) was used as a DNA marker. 
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2.2.2. Custom TRABID antibodies 

 Custom TRABID antibodies were designed to target three different protein 

epitopes: RNKLNTRTQH (amino acids 143-152), RRSPPATKRD (amino acids 214-

223), SLSDGEEDED (amino acids 695-704). Antibody production was outsourced to 

Abmart (Abmart Inc, Shanghai, China). Monoclonal antibodies were provided as 

lyophilized mouse ascites fluid. A total of six antibodies were produced from unique 

animals. Ascites were reconstituted according to the manufacturer's recommendations 

and supplemented with 100% glycerol, to a final concentration of 50% glycerol. 

2.2.3. Fixation 

 Cells were seeded onto collagen or poly-L-lysine coated coverslips (BD BioCoat), 

and grown to the desired confluency for each experiment. Immediately prior to fixation, 

cells were rinsed twice with PBS [137 mM NaCl, 2.7 mM KCl, 10 mM Na2KHPO4, 1.8 

mM KH2PO4]. Fixation was performed by immersing coverslips into ice-cold 100% 

methanol and incubating for 10 minutes at -20 °C. Following fixation, cells were 

rehydrated through three 5 minute incubations with PBS, performed at room 

temperature. For antibodies that appeared to be incompatible with methanol fixation 

techniques, paraformaldehyde fixation was performed. Similar to methanol fixation, cells 

were first rinsed with PBS. Cells were subsequently incubated with freshly prepared 4% 

paraformaldehyde for 10 minutes at room temperature. Cells were then washed with 

PBS before permeabilization with 0.1% Triton X-100 in PBS for 5 minutes at room 

temperature. To stain actin filaments in conjunction with HECTD1, acetone fixation was 

required as phalloidin is not compatible with methanol fixation, and Ab57052 is poorly 

suited for paraformaldehyde fixation. Acetone fixation was performed by immersing 

coverslips in ice cold 100% acetone, and incubating for 10 minutes at -20 °C. Following 

fixation, cells were gently rinsed three times with PBS. 

2.2.4. Immunostaining and fluorescence microscopy 

 Fixed cells were blocked with 10% goat serum, 3% Bovine serum albumin (BSA) 

in PBS-T [1X PBS supplemented with 0.1% Tween-20] for 15 minutes at room 

temperature. Samples were subsequently incubated with primary antibodies, diluted in 
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blocking buffer to the manufacturer's recommended concentration, in a humidified 

chamber for 1 hour at 37 °C. Following primary antibody incubation, coverslips were 

washed three times with PBS-T for 10 minutes at room temperature. Coverslips were 

then incubated with 200 nM DAPI mixed with secondary antibodies diluted 1:5000 in 

blocking buffer, for 1 hour at room temperature. Coverslips were once again washed 

three times with PBS-T for 10 minutes at room temperature, before mounting with 

ProLong Gold antifade reagent (Life Technologies). Samples were analyzed using a 

Zeiss Axioskop 2 epifluorescence microscope, or a WaveFX spinning disc confocal 

system fitted with a Zeiss Axio Observer microscope. 

2.2.5. Pre-adsorption and fluorescence intensity analysis 

 To test the specificity of Ab57052, antibodies were pre-adsorbed with a fragment 

of the Human HECTD1 protein (Abnova) matching the epitope recognized by Ab57052 

(amino acids 3-111). 1 µg of antibody was incubated with a molar excess of the protein 

fragment for 30 minutes at room temperature on an orbital shaker. Immunostaining was 

performed as described above using equal concentrations of blocked and untreated 

Ab57052. Following staining, HECTD1 signal at regions corresponding to the 

centrosome was quantified using Volocity 3D image analysis software. 

2.3. Transfections 

 Prior to all plasmid transfections, DNA concentration was measured using a 

NanoDrop ND-1000 spectrophotometer. Plasmid transfections were performed on cells 

at approximately 75% confluency, using Lipofectamine 2000 (Invitrogen) transfection 

reagent. Plasmid DNA and transfection reagent were diluted in Opti-MEM (Gibco) 

according to the manufacturer's recommendations. Immediately prior to transfection, cell 

growth media was replaced with fresh complete media. Samples were incubated for 24 

hours post-transfection before being analyzed. 

 HECTD1 and TRABID siRNA duplexes were custom ordered from Dharmacon 

(Thermo Scientific), to match the sequence of previously published duplexes (Tran et al, 

2013) [HECTD1: AGAUAAAGGUGGUGAUAUA], [TRABID: 
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AGAGGUGUCUCAACAACA]. For control transfections, ON-TARGETplus non-targeting 

siRNAs (Thermo Scientific) were utilized. siRNA transfections were performed on cells at 

approximately 20% confluency using Lipofectamine RNAiMAX (Invitrogen) transfection 

reagent. siRNA duplexes and transfection reagent were diluted in Opti-MEM (Gibco) 

according to the manufacturer's recommendations. Immediately prior to transfection, cell 

growth media was replaced with fresh complete media. Samples were incubated for 48-

96 hours post-transfection before samples were analyzed. 

 Transfection of TALEN constructs was performed on cells at approximately 50% 

confluency using polyethylenimine (PEI) (linear, 25 kDa average molecular mass, 

Polysciences Inc.). Transfections were carried out in 2 cm wells. PEI reagent was 

prepared as a 1 mg/mL stock. For each transfection, 2 µg total DNA was dissolved in 

100 µL Opti-MEM, and mixed with 6 µL PEI stock diluted in 100 µL Opti-MEM. 

Combined DNA and PEI solutions were incubated for 20 minutes at room temperature 

before being added to wells. Immediately prior to transfection, cell growth media was 

replaced with fresh complete media. Cells were incubated for 24 hours with transfection 

reagent, before media was changed to fresh complete growth media. Cells were 

incubated for an additional 48 hours before being analyzed. 

2.4. Western blot analysis 

2.4.1. Lysate preparations 

 Prior to removal from the culture vessel, cells were washed twice with ice-cold 

PBS. Ice-cold lysis buffer [150mM NaCl, 1.0% Nonidet-P40, 0.5% sodium deoxycholate, 

0.1% SDS, 50 mM Tris-HCl pH8.0, supplemented with cOmplete Mini Protease Inhibitor 

cocktail (Roche)] was then added to the culture vessel, and cells were manually scraped 

from the growth surface. Cell suspensions were transferred to 1.5 mL microcentrifuge 

tubes, and vortexed at high speed for 30 minutes at 4 °C. Samples were then 

centrifuged in a bench-top centrifuge at max speed for 30 minutes at 4 °C. Following 

centrifugation, supernatant fractions were transferred to fresh tubes and samples were 

stored at -20 °C until use. 
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2.4.2. Protein concentration normalization 

 To ensure equal amounts of protein were loaded into each well, the total protein 

concentration of each sample was measured using a BCA protein assay (Thermo 

Scientific). A standard curve was created using a set of BSA standards, and the protein 

concentration in each cellular extract was subsequently measured. All cell extracts in an 

experimental set were then diluted with lysis buffer such that their concentrations were 

equal. Equal volumes of each sample were then loaded into lanes of an SDS-PAGE gel. 

2.4.3. HECTD1 detection 

 Samples were loaded into a 4-15% Mini-PROTEAN TGX gel (Bio-Rad), and run 

at 170V, 400mA, for 50 minutes in gel running buffer [25 mM Tris base, 190 mM glycine, 

0.1% SDS]. Gels were then rinsed in dH2O before equilibrating alongside nitrocellulose 

sheets in Western blot transfer buffer [25 mM Tris base, 190 mM glycine, 20% methanol] 

for 30 minutes at room temperature. Proteins were transferred to nitrocellulose using a 

Bio-rad Mini Trans-Blot wet apparatus overnight at 30V, 90 mA, at 4 °C. 

 Nitrocellulose sheets were briefly washed with dH2O following overnight transfer, 

and subsequently blocked in 10% skim milk powder in TBS-T [150 mM NaCl, 50 mM 

Tris base pH 7.6, 0.1% Tween-20] for 1 hour at room temperature. Primary anti-

HECTD1 antibodies were diluted in TBS-T according to the manufacturer's 

recommendations, before incubating with transferred proteins overnight at 4 °C. Blots 

were washed three times in TBS-T for 10 minutes at room temperature before incubating 

with secondary antibodies for 1 hour at room temperature. HRP-conjugated secondary 

antibodies were utilized for all experiments, and were diluted in TBS-T to 1:25000 their 

stock concentration. Western blots were developed using Amersham ECL Prime 

Western Blot Detection Reagent (GE Life Sciences), and detected using a FujiFilm 

ImageQuant 4000. 

2.4.4. Detection of other proteins. 

 Western blot detection of TRABID, GFP, myc, and ubiquitin was performed as 

described for HECTD1, with the following exceptions: Proteins were transferred to 
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nitrocellulose for 1 hour at 100 V, 350 mA. Samples were incubated with primary 

antibodies for 1 hour at room temperature. 

2.5. Cloning 

2.5.1. Plasmids 

 HECTD1 and TRABID PCR products were cloned into pJET1.2/blunt (Thermo 

Scientific) for sequence analysis and additional subcloning. TRABID constructs intended 

for mammalian expression were transformed into pAcGFP1-C1 (Clontech) and pEGFP-

N1 (Clontech). HECTD1 fragments were cloned into pcDNA3.1(+)/myc-His(A) (Life 

Technologies). Human BBS4 was previously cloned into pCMV-myc (Clontech) by 

members of our lab. The p50-CFP construct used for analyzing dynein dependence was 

a kind gift from Dr. Michael Silverman. 

2.5.2. mRNA preparation, cDNA synthesis, and PCR amplification. 

 HEK293 mRNA was isolated using a RNeasy mini kit (Qiagen). HECTD1 and 

TRABID cDNA was amplified from purified HEK293 mRNA using gene specific primers 

and Superscript III reverse transcriptase (Invitrogen). A series of nested primers were 

utilized to amplify HECTD1 and TRABID cDNA for ligation into appropriate plasmid 

vectors. Phusion High Fidelity DNA Polymerase (Thermo Scientific) was used in all PCR 

reactions. 

2.5.3. Ligation and plasmid preparation 

 Ligation of PCR products into pJET1.2/blunt was performed using a CloneJET 

PCR cloning kit (Thermo Scientific). Ligations involving all other plasmids were 

performed using using T4 DNA ligase (Invitrogen), ensuring a 3 to 1 molar ratio of insert 

to vector. Ligated plasmids were transformed into Escherichia coli strain DH5α by heat 

shock and subsequently grown on Luria-Bertani (LB) agar, or in LB liquid, at 37 °C. 

Plasmids were prepared using a QIAprep Spin Miniprep kit (Qiagen). 
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2.5.4. Sequence analysis 

 All sequencing reactions were outsourced (Genewiz, Inc), and utilized plasmid-

specific, or gene-specific primers. Sequence analysis was performed using BioEdit or 

Geneious software. 

2.6. TALEN construction 

 TALEN constructs were designed and cloned using the golden gate system as 

devised and described by Cermak and colleagues (2011). A pair TALENs was designed 

to target two unique exons of the hectd1 gene (Appendix). Assembled TALENs targeting 

HECTD1 were subcloned from the final golden gate assembly vector, pTAL3 (Cermak et 

al, 2011), into pcDNA3.1(+) vectors (Life Technologies). Homologous recombination 

donors were created through the fusion of several recombinant PCR products 

(Appendix). The TALEN cut site and flanking gene sequence was amplified and fused to 

GFP derived from pAcGFP1-C1, to form a mutant hectd1 sequence (Appendix). Mutant 

hectd1 homologous recombination donor sequences were subcloned into pJET1.2/blunt. 

2.7. Fluorescence activated cell sorting, and mutant 
screening. 

 FACS experiments following non-homologous end-joining were performed using 

BD influx and BD FACSAria IIu instruments. Voltage gates for forward and side scatter, 

fluorescence types, and fluorescence intensities were assigned manually based on the 

measured characteristics of each population to be sorted. 
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Chapter 3. Results 

3.1. HECTD1 localizes to regions of the cell associated with 
dynamic cytoskeletal processes 

3.1.1. Immunolocalization of HECTD1 utilized several antibodies 

 To investigate the subcellular localization of HECTD1, immunocytochemistry was 

the preferred method of analysis, as it would allow for the detection of endogenous 

protein distribution. Moreover, construction of a tagged HECTD1 cDNA proved 

problematic (see below), whereas cloning of the HECTD1 gene under control of an 

endogenous promoter was deemed unreasonable due to its enormous size. Several 

antibodies, both monoclonal and polyclonal, were used in immunocytochemical 

experiments, and the immunostaining patterns of each were compared. A total of three 

commercially available antibodies were tested, with each recognizing a different epitope 

of HECTD1 (Figure 5). Since each antibody recognizes an epitope that falls outside of a 

conserved domain, potential cross-reactivity to other proteins should be minimized. 

Furthermore, BLAST analyses of epitope sequences suggest that each sequence 

shares minimal identity with other known proteins. 

 
Figure 5: Location of HECTD1 epitopes used to produce antibodies 
Representation of the regions of HECTD1 recognized by each anti-HECTD1 antibody tested. 
Ab57052: Monoclonal antibody raised in mouse (amino acids 3-111). Ab101992: Polyclonal 
antibody raised in rabbit (amino acids 1-50). Ab101993: Polyclonal antibody raised in rabbit 
(amino acids 2100-2150). 
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3.1.2. HECTD1 does not localize to the nuclear membrane 

 Preliminary immunocytochemistry experiments in methanol-fixed HEK293 cells 

indicated that mouse monoclonal anti-HECTD1 antibody Ab57052 localized to a single 

small region of intense staining, which closely neighboured the nucleus (Figure 6). 

Considering that a conserved SUN domain is present within HECTD1, the observed 

staining pattern seemed possible, as previously studied SUN domain-containing proteins 

have been shown to localize to the nuclear membrane. This led to the hypothesis that 

HECTD1 behaves similarly to other known SUN proteins, and localizes to the nuclear 

envelope. To address this hypothesis, topology prediction programs [HMMTOP, 

TMHMM, TMPred] were first used to identify potential transmembrane regions within the 

HECTD1 amino acid sequence. Unfortunately, topology prediction results were highly 

inconsistent, with the number and location of predicted transmembrane helices varying 

substantially, depending on the algorithm used. To address this hypothesis further, 

HECTD1 was co-visualized alongside Lamin-B, a nucleoskeletal protein that is known to 

reside within the inner face of the inner nuclear membrane. If HECTD1 is an integral 

nuclear envelope protein, immunocytochemistry experiments should show a 

colocalization between HECTD1 and Lamin-B. Instead, microscopic analysis of HEK293 

cells stained for both proteins shows a clear separation of HECTD1 and Lamin-B signals 

(Figure 6). These findings do not support the hypothesis that HECTD1 is a nuclear 

membrane protein, and instead suggest that HECTD1 localizes to a different cellular 

structure. 

 
Figure 6: HECTD1 does not localize to the nuclear membrane 
Methanol-fixed HEK293 cells were stained for HECTD1 (RED), alongside the Lamin-B nuclear 
envelope (GREEN), and DNA (BLUE) markers. Epifluorescent single focal plane images show 
HECTD1 localizes to a discrete region adjacent to the nucleus, however this does not appear to 
overlap with Lamin-B localization. Inset shows a clear separation of HECTD1 and Lamin-B 
signals, suggesting HECTD1 does not localize to the nuclear membrane. Representative images 
of experiments performed in duplicate. Scale bar: 10 µm. 
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3.1.3. HECTD1 localizes to the centrosome, cellular junctions, and 
mitotic spindle 

 The negative results of HECTD1 and Lamin-B colocalization studies prompted 

additional experiments to elucidate the subcellular location of HECTD1. Since HECTD1 

appears to be enriched within a single area adjacent to the nucleus, it was hypothesized 

that the protein may localize primarily to the centrosome. Indeed, experiments showed 

that HECTD1 can be colocalized with a variety of centrosomal markers. 

Immunocytochemistry experiments were performed on fixed HEK293T, HeLa, and 

IMCD3 cells in order to ensure a consistent staining pattern could be reproduced in 

multiple cell types. The HEK293T and HeLa cell lines are commonly used Human 

epithelial lines derived from the kidney and cervix, respectively. IMCD3 cells are also 

epithelial, but originate from the inner medullary collecting duct of the mouse kidney. In 

each cell line visualized, Ab57052 anti-HECTD1 antibodies appeared to colocalize with 

γ-tubulin or pericentrin, another centrosomal protein (Figure 7). Analysis of HEK293T 

cells reveals that Ab57052 stains a region in the cell that is in close proximity pericentrin 

staining (Figure 7A). In IMCD3 cells, HECTD1 staining often produces two distinct 

puncta that colocalize with γ-tubulin (Figure 7B), which suggests that HECTD1 may 

closely associate with individual centrioles. Staining of HeLa cells similarly exposes that 

HECTD1 resides in close proximity to γ-tubulin (Figure 7C). Re-evaluation of HECTD1 

and centrosomal protein staining patterns in IMCD3 cells, carried out with Volocity 3D 

imaging software, confirms that the HECTD1 antibody Ab57052 clearly colocalizes with 

centrosomal proteins (Figure 8). 

 Upon initial visualization of cells stained with Ab57052, it was noted that in 293T 

and HeLa cells undergoing division, HECTD1 no longer appeared to associate with γ-

tubulin. In HeLa cells with condensed chromosomes, HECTD1 signal appears to be lost 

from the centrosome, and looks to be redistributed throughout the cytoplasm (Figure 

9A). In contrast, HECTD1 signal persists at the centrosome in dividing IMCD3 cells, and 

strong signal can clearly be seen at mitotic centres (Figure 9B). These findings suggest 

that HECTD1 may have variable, cell type-specific roles at the spindle pole, which may 

be integral to specific mitotic processes. 
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 Observation of Ab57052 staining also revealed that when methanol-fixed IMCD3 

cells were in close proximity, HECTD1 is enriched along the regions where neighbouring 

cells come into contact with one another. It was also observed that the signal associated 

with the enrichment of HECTD1 along regions of cellular contact was enhanced 

dramatically when cells were fixed with acetone rather than methanol. Co-visualization of 

the actin cytoskeleton and HECTD1 in acetone-fixed IMCD3 cells confirmed that 

Ab57052 localizes to the borders of tightly packed cells (Figure 10). This intense staining 

along cellular borders cannot be seen when cells are not making direct contact with each 

other, which may indicate that HECTD1 gathers at an undetermined cell-cell adhesion 

structure. Furthermore, enrichment at regions of cell-cell contact highlights that cell 

context could play a key role in the function of HECTD1. 

 In an attempt to validate the above findings, the staining patterns of additional 

commercially available anti-HECTD1 antibodies were tested. Polyclonal anti-HECT1 

antibody Ab101993 proved unsuitable for immunocytochemistry, and appeared unable 

to stain methanol or paraformaldehyde-fixed cells. In contrast, anti-HECTD1 antibody 

Ab101992 stained the cytoplasm, but additionally stained the centrosome in subsets of 

cells. Interestingly, in these subsets of cells, HECTD1 signal could often be seen 

emanating outwards from the centrosome, and along filamentous structures which are 

assumed to be microtubules (Figure 11). Surprisingly, Ab101992 also intensely stained 

along the length of the mitotic spindle, as determined by co-staining with γ-tubulin or α-

tubulin in cells undergoing division (Figure 12). This staining pattern is visible through 

the duration of mitosis, with strong HECTD1 signal being visible as chromosomes align 

at the metaphase plate, and continuing to persist along the length of spindle as 

chromosomes separate. Based on these observations, I have postulated that the 

cytoplasmic HECTD1 signal seen with Ab101992 may coalesce at the centrosome 

immediately prior to mitosis, and subsequently concentrate along spindle microtubules. 

 The results of immunocytochemistry experiments provide evidence that HECTD1 

localizes to the centrosome, cell-cell contacts, and mitotic spindle. Strikingly, each of 

these structures is intimately associated with dynamic elements of the cytoskeleton, 

namely microtubules and actin filaments. Moreover the enrichment of HECTD1 at 

junctional structures may help explain the genetic interaction between HECD-1, VAB-10, 

VAB-19, and EEL-1 observed in C. elegans. If HECTD1 is involved in regulating 
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microtubule or actin filament organization at any of these observed structures, it is clear 

how processes such as cellular migration, or shape change may be affected upon its 

loss. 
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Figure 7: HECTD1 localizes to the centrosome in multiple mammalian cell types 
Multiple cell lines were fixed with methanol and co-stained for HECTD1 (RED) and a centrosomal 
marker (GREEN). Epifluorescent single focal plane images show that in each cell type tested, 
HECTD1 appears to colocalize with centrosomal markers. A) In HEK293T cells HECTD1 appears 
to localize to a region immediately neighbouring pericentrin. B) IMCD3 cells reveal HECTD1 has 
a close association with centrioles. C) In HeLa cells, HECTD1 localizes to the centrosome, but 
may also be a component of the pericentriolar material. Scale bar: 10 µm. 
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Figure 8: 3D imaging software confirms HECTD1 localizes to the centrosome 
Confocal images of compressed z-stacks showing HECTD1 (RED) and pericentrin (GREEN) 
signals in methanol-fixed IMCD3 cells. Regions of colocalization (YELLOW) were determined via 
colocalization algorithms that were part of the Volocity 3D imaging software package. 
Colocalization represents a positive deviation from the mean Pearson's correlation coefficient. 
Representative images of experiments performed in triplicate. Scale bar: 7 µm. 
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Figure 9: HECTD1 localizes to mitotic centres in a cell type-dependent manner 
Representative epifluorescent single focal plane images of Ab57052 localization in multiple, 
methanol-fixed cell types, stained for HECTD1 (RED), γ-tubulin (GREEN) and DNA (BLUE). 
Dividing cells were identified by the presence of condensed chromosomes, and the location of 
mother and daughter centrioles is indicated by intense γ-tubulin staining . A) In HeLa cells, 
HECTD1 localizes to the centrosome during interphase. As cells divide, HECTD1 is re-distributed 
throughout the cytoplasm and no longer associates with γ-tubulin (Panel A, Inset). Below the 
dividing cell, HECTD1 can be seen at the centrosome of an interphase cell. B) In IMCD3 cells, 
HECTD1 signal persists at the centrosome for the duration of the cell cycle. Two puncta of 
HECTD1 signal remain clearly visible at each mitotic centre in a dividing cell (Panel B, Inset). 
Scale bar: 10 µm. 
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Figure 10: HECTD1 localizes to regions of cell-cell contact 
IMCD3 cells were grown to confluence, fixed with acetone, and stained with HECTD1 monoclonal 
antibody Ab57052 (GREEN), and phalloidin (RED). Confocal z-stacks reveal that in addition to 
localizing to the centrosome, HECTD1 also appears to be enriched at regions of cellular contact. 
Intense HECTD1 staining is observed at cellular boundaries, as determined by colocalization with 
cortical actin filaments. Scale bar: 21 µm. 

 
Figure 11: HECTD1 polyclonal antibody Ab101992 localizes to the centrosome in 

subsets of HEK293T cells 
In subsets of methanol-fixed HEK293T cells, epifluorescent images show HECTD1 polyclonal 
antibody Ab101992 (RED) colocalizes with γ-tubulin (GREEN) at the centrosome. Additional 
HECTD1 signal can often be seen emanating from the centrosome along filamentous structures 
(Inset). Based on the close association of these filaments with the centrosome, they likely 
represent HECTD1 that localizes along microtubules. Scale bar: 10 µm. 
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Figure 12: HECTD1 localizes to the mitotic spindle 
Single focal plane epifluorescent images show that HECTD1 polyclonal antibody Ab101992 
clearly stains the mitotic spindle in dividing HEK293T cells. HECTD1 (RED) colocalizes with both 
α-tubulin and γ-tubulin (GREEN) in cells with condensed chromosomes (BLUE). Inset shows 
HECTD1 localizes along spindle microtubules. In the bottom panel, HECTD1 signal can be seen 
persisting along the mitotic spindle in a cell with clearly separated chromosomes. Scale bar: 10 
µm. 

3.1.4. Each antibody tested is specific for HECTD1 

 To confirm the specificity of each antibody used in immunocytochemistry 

experiments, siRNA and immuno-adsorption techniques were utilized. Previous 

publications (Sarkar et al, 2012, Tran et al, 2013) have identified several siRNA 

sequences capable of reducing cellular HECTD1 protein levels, and duplexes of the 

same sequence were transfected into 293T cells to test the specificity of Ab57052, 

Ab101992, and Ab101993. Following transfection of siRNA duplexes and incubation 

over a period of several days, Western blotting was carried out using each antibody to 

probe the levels of HECTD1 in siRNA transfected, and control siRNA transfected 

lysates. 
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 Western blots performed with polyclonal antibodies Ab101992 and Ab101993 

show each has a high affinity for a protein approximately 290 kDa in size, the predicted 

mass of HECTD1. Furthermore, Western blots performed with both Ab101992 (Figure 

13) and Ab101993 (Figure 14) reveal that knock-down of HECTD1 via siRNA produces a 

dramatic decrease in the intensity of this 290 kDa band. Control transfection with non-

targeting siRNA also generates no obvious decrease in Ab101992 antibody binding, 

when compared to untransfected lysates. Knock-down of HECTD1 has also been 

detected with Ab101992 in two additional cell types (data not shown). Surprisingly, three 

independent Western blots performed with Ab57052 failed to reveal a strong band at 

290 kDa, and knock-down of HECTD1 failed to produce a change in the intensity of any 

bands present in control samples (Figure 15). If monoclonal antibody Ab57052 

recognizes a conformational epitope rather than a linear epitope, results such as these 

could be expected, making such an antibody suitable for immunocytochemistry, but not 

Western blotting (Figure 16). 

 To further test the specificity of Ab57052, the antibody was pre-adsorbed with the 

same recombinant protein fragment utilized as an immunogen during its production. 

IMCD3 cells were stained with anti-pericentrin and pre-adsorbed HECTD1 antibodies, 

and the signal intensity of HECTD1 was measured at each centriole (untreated; n = 140, 

blocked; n = 80). This centrosomal fluorescence intensity was then compared to cells 

that had been stained with untreated Ab57052. Fluorescence intensity measurements 

indicate that pre-adsorption of Ab57052 with an N-terminal fragment of HECTD1 results 

in a substantial decrease in antibody binding at the centrosome (Figure 17). This 

suggests that Ab57052 is specific for an epitope present on the HECTD1 protein, and 

the observed centrosomal staining pattern is not the product of non-specific binding. 

 The results of these experiments provide strong evidence that each anti-

HECTD1 antibody tested is specific for HECTD1. Immunoblots performed with two 

unique antibodies, each of which targets a distinct region of HECTD1, confirm that the 

siRNA duplexes utilized in knock-down experiments are capable of reducing HECTD1 

protein levels in multiple cell types. As a consequence, siRNA knock-down can be 

considered a suitable avenue for exploring phenotypes associated with loss of HECTD1 

function. Immunoadsorption proved to be an applicable alternative for confirming 

antibody specificity in cases where Western blots were unable to confirm antibody 
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specificity. The observed specificity of each anti-HECTD1 antibody provides validation of 

the observations that HECTD1 localizes to the centrosome, cell junctions, and mitotic 

spindle. 

 
Figure 13: Ab101992 detects knock-down of HECTD1 upon siRNA treatment 
HECTD1 protein levels in HEK293T whole cell lysates were detected by Western blot with 
Ab101992. In untreated samples, Ab101992 detects a strong band at approximately 290 kDa. 
Transfection with HECTD1 specific siRNA results in a substantial reduction in the intensity of the 
290 kDa band at 48 hours post-transfection. Treatment with non-targeting control siRNA does not 
produce an equivalent reduction in intensity of the 290 kDa band. GAPDH was used as a loading 
control. Results are representative of observations made in three independent experiments, 
performed in duplicate. 
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Figure 14: Ab101993 detects HECTD1 in HEK293T lysates 
Rabbit polyclonal antibody Ab101993 detects a 290 kDa band in HEK293T whole cell lysates. 
Knock-down of HECTD1 shows a decrease in the 290 kDa band at 48 hours post siRNA 
transfection, when compared to cells treated with non-targeting control. Since the Ab101993 
antibody failed to stain methanol-fixed cells, this antibody was not used in additional experiments. 
Nevertheless, detection of reduced protein levels with two independent anti-HECTD1 antibodies 
suggests that the knock-down is genuine. Representative image of experiments performed in 
duplicate. 
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Figure 15: Ab57052 is not suitable for detecting HECTD1 via Western blot 
Monoclonal antibody Ab57052 detects a faint band at approximately 290 kDa in HEK293T whole 
cell lysates. However, the intensity of the 290 kDa band is not decreased at 48 hours post siRNA 
transfection. Treatment of HEK293T cells with HECTD1 siRNA yields no change in the intensity 
of any bands present in control treated samples. 
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Figure 16: Antibodies recognizing conformational epitopes may not bind linear 

peptides 
Simple example of how antibodies are capable of binding linear or conformational epitopes. An 
antibody recognizing a linear epitope should be suitable for both immunocytochemistry and 
Western blot. In contrast, an antibody which binds a conformational epitope may be suitable 
immunocytochemistry, but incompatible with Western blotting. In the example above, a theoretical 
antibody recognizing a conformational epitope would bind a protein in its native conformation, but 
may be unable to bind the same protein if denatured during SDS-PAGE. 
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Figure 17: Fluorescence intensity of Ab57052 at the centrosome is decreased 

when antibodies are pre-adsorbed 
IMCD3 cells were stained with Ab57052 and a centrosomal marker. A) Treatment of Ab57052 
with a HECTD1 recombinant fragment (amino acids 3-111) reduces centrosomal fluorescence 
intensity, indicating the antibody specifically binds the HECTD1 protein. Scale bar: 7 µm. B) 
Using Volocity software, centrosomes were identified as spots. The fluorescence intensity of 
Ab57052 (blocked or untreated) staining was measured at each of the identified centrosomal 
spots (untreated; n=140, blocked; n=80). Centrosomal fluorescence intensities were plotted for 
both pre-adsorbed and untreated samples. 
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3.1.5. HECTD1 localization to the centrosome is a dynein-
independent process 

 Published data suggests that HECTD1 may interact with the p27 subunit of the 

dynactin complex (Giot et al, 2003). These findings indicate the possibility that HECTD1 

localization to the centrosome may be a dynein-dependent process. To test this, 

HECTD1 localization was observed in IMCD3 cells over-expressing p50-dynamitin, a 

condition which is known to antagonize dynein-dependent protein localization (Burkhardt 

et al, 1997). In cells transfected with a p50-dynamitin expression construct, 

colocalization of HECTD1 and γ-tubulin was not disturbed, suggesting that HECTD1 

localization to the centrosome is dynein-independent (Figure 18A). In contrast, control 

experiments indicate that Bardet-Biedl syndrome protein 4 (BBS4), which normally 

localizes to the mother and daughter centrioles, as well as centriolar satellites (Kim et al, 

2004) (Figure 18C), is re-distributed into distinct cytoplasmic puncta in cells over-

expressing p50-dynamitin (Figure 18B). These findings imply that HECTD1 stably 

localizes to the centrosome, rather than constantly being imported from other regions of 

the cell through the action of microtubule based molecular motors. 
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Figure 18: HECTD1 localizes to the centrosome in a dynein-independent manner 
In methanol-fixed IMCD3 cells, the localization of HECTD1 and BBS4 proteins were analyzed in 
cells overexpressing p50-Dynamitin, to determine if centrosomal enrichment was dependent on 
dynein function. A) In IMCD3 cells over-expressing p50-Dynamitin, HECTD1 colocalizes with γ-
tubulin. B) BBS4 localization to the centrioles is a dynein-dependent process. In IMCD3 cells 
overexpressing p50-Dynamitin, a small proportion of BBS4 signal can be seen localizing to the 
centrosome, however most signal is redistributed in distinct cytoplasmic puncta. C) In the 
absence of overexpressed p50-Dynamitin in IMCD3 cells, BBS4 localizes to individual centrioles. 
Representative images of duplicate experiments. Scale bar: 12 µm. 
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3.1.6. HECTD1 was independently confirmed to interact with 
TRABID and form a complex capable of modulating APC 
activity 

 When my investigation into HECTD1 function began, a large-scale screen for 

deubiquitinase interaction partners had identified HECTD1 as a potential interactor of 

TRABID (Sowa et al, 2009). Unfortunately, no additional evidence had been presented 

to support this finding. At the time however, Tran and colleagues (2008) had already 

demonstrated that TRABID catalyzed the removal of K63-linked ubiquitin chains from the 

APC protein. Numerous studies had also presented the intracellular localization of 

Trabid through the use of antibodies as well as expression constructs, however results 

varied depending on cell type, as well as the expression construct or antibody used 

(Evans et al, 2001, Tran et al, 2008, Licchesi et al, 2011). These studies showed that 

TRABID may be evenly distributed throughout the cytoplasm or enriched within distinct 

cytoplasmic puncta. Experiments also revealed that TRABID may also localize to a small 

area adjacent to the nucleus, however no attempt was ever made to characterize this 

enrichment pattern. Strikingly, figures that showed TRABID localizing to a discrete 

region neighbouring the nucleus resembled the staining pattern I observed with HECTD1 

antibody Ab57052. Together, these data led me to hypothesize that HECTD1 interacts 

with TRABID at the centrosome. I postulated that together, these two proteins could form 

a complex responsible for tightly controlling activity of the APC protein through the 

ligation and removal of K63-polyubiquitin chains. Based on the localization patterns I 

observed for HECTD1, I also theorized that by modulating the behaviour of the APC 

protein, HECTD1 and TRABID might regulate the activity of proteins controlling 

cytoskeletal organization. As my research progressed, a publication by Sarkar and Zohn 

(2012) exposed that HECTD1 was capable of catalyzing K63-linked ubiquitin chain 

formation, lending support to my hypotheses. 

 A recent publication proved many of my hypotheses to be correct (Tran et al, 

2013). Their experiments confirmed an interaction between HECTD1 and TRABID, and 

revealed that HECTD1 was capable of physically interacting with APC. Moreover, 

HECTD1 was shown to catalyze the addition of K63 polyubiquitin to APC. In light of 

these findings, I decided focus my research on elucidating the subcellular localization of 
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HECTD1 and TRABID, investigating the cellular phenotypes associated with the loss of 

either protein, and attempting to identify novel interaction partners of HECTD1. 

3.2. Localization of the TRABID deubiquitinase may relate 
to an interaction with HECTD1 

3.2.1. TRABID is a member of the OTU family of deubiquitinating 
enzymes 

 The ubiquitin hydrolase TRABID is a 708 amino acid protein of the OTU 

superfamily of deubiquitinating enzymes. OTU family members share homology with the 

Ovarian Tumour (OTU) protein of D. melanogaster, and utilize a reactive cysteine 

residue to catalyze the removal of ubiquitin chains from substrate proteins. In addition to 

a catalytic OTU domain, TRABID also contains several zinc finger motifs, as well as a 

recently identified ankyrin domain (Figure 19). These zinc fingers and ankyrin domains 

have been shown to bind and confer specificity for atypical ubiquitin chains (K29, K33), 

respectively (Licchesi et al, 2011). TRABID is known to physically interact with the APC 

protein and catalyze the removal of K63-linked polyubiquitin, but has also been shown to 

be important for maintaining cell shape, and organization of the actin cytoskeleton (Bai 

et al, 2011). Although HECTD1 and TRABID have been shown to bind each other, the 

precise nature of this interaction remains unknown. 

 
Figure 19: TRABID domain structure 
Schematic representation of the organization of conserved domains present within the TRABID 
protein. Three tandem zinc finger domains (ZnR) are located near the amino terminus of the 
protein. An ankyrin domain immediately precedes the catalytic OTU domain. 
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3.2.2. Overexpressed TRABID localizes primarily to the 
cytoplasm, but may be enriched at the centrosome 

 To investigate the localization pattern of TRABID, a GFP fusion construct was 

engineered. Using TRABID gene specific primers, cDNA was reverse transcribed from 

mRNA isolated from HEK293 cells, and cloned into mammalian expression vectors 

encoding an N-terminal or C-terminal GFP tag. Overexpression patterns were analyzed 

through Western blotting of transfected 293T whole cell lysates, and revealed both 

constructs produced a band at approximately 108 kDa, the predicted size of GFP-tagged 

TRABID (Figure 20). Unfortunately, TRABID constructs encoding a C-terminal GFP tag 

also produced a secondary band approximately 100 kDa in size. Investigating the cDNA 

sequence of TRABID suggests that this additional band may have resulted from an 

internal translational start sequence. As a result, the overexpression construct encoding 

an N-terminal GFP tag was used in further experiments. 

 Based on the tentative interaction data available for TRABID, as well as my own 

HECTD1 localization data, I hypothesized that overexpressed TRABID would be 

targeted to the centrosome. Overexpression of GFP-TRABID in 293T and IMCD3 cells 

showed that the protein localized throughout the cytoplasm, but did not appear to 

accumulate at specific cellular structures. However, careful reexamination revealed that 

a slight enrichment of signal could sometimes be seen adjacent to the nucleus, in a 

small percentage of cells. To determine if this accumulation of signal corresponded to 

the centrosome, cells overexpressing GFP-TRABID were fixed and stained with 

HECTD1 antibody Ab57052. In cells where GFP signal appeared to enrich near the 

nucleus, this excess protein appeared to colocalize with HECTD1 (Figure 21). These 

observations provide evidence that TRABID may concentrate at the centrosome, and 

subsequently interact with HECTD1. 

 Additional experiments are still required to confirm that the accumulation of GFP-

TRABID at the centrosome is not a consequence of high expression levels. Production 

of GFP-TRABID is controlled by the CMV promoter, rather than the endogenous 

TRABID promoter, which conceivably yields abnormally high cellular TRABID levels. 

High overexpression levels may cause the protein mislocalize, especially if it is normally 

isolated to a limited area within the cell. Furthermore, misfolding of proteins may occur at 
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high expression levels, which could result in aggresome formation near the centrosome 

(Johnson et al, 1998). Utilizing a cDNA construct to study protein localization could also 

be problematic due to the absence of potential signal peptides, or inherent inability to 

produce protein isoforms. These limitations made analyzing endogenous TRABID 

localization through immunocytochemistry a priority of complementary experiments. 

 
Figure 20: Overexpression pattern of GFP-tagged TRABID constructs 
Immunoblotting of GFP was performed on whole cell lysates of HEK293T cells that had been 
transfected with TRABID constructs encoding an amino-terminal (N), or carboxy-terminal (C) GFP 
tag. Tagging TRABID at the C-terminus appears to result in the production of two distinct 
proteins, whereas an N-terminal tag yields a single over-expressed protein. The predicted 
molecular weight of the TRABID-GFP fusion protein is approximately 108 kDa. 

 
Figure 21: Centrosomal colocalization of TRABID and HECTD1 
In methanol-fixed HEK293T cells, GFP-TRABID (GREEN) expresses throughout the cytoplasm, 
but also enriches at a single point adjacent to the nucleus. Staining HECTD1 (RED) with 
Ab57052 in cells overexpressing GFP-TRABID reveals that HECTD1 appears to localize to the 
same region at which TRABID enrichment can be seen (Inset). Scale bar: 10 µm. 
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3.2.3. Endogenous TRABID localizes to the central spindle during 
cytokinesis 

 In an attempt to alleviate potential problems associated with overexpressing 

TRABID, custom antibodies were used to analyze TRABID localization through 

immunofluorescence experiments. A total of six custom monoclonal antibodies were 

produced in mice, targeting three different epitopes (Figure 22). Each antibody tested 

was provided to us as lyophilized ascites fluid isolated from a unique animal. HEK293T 

cells were methanol-fixed and stained with each custom antibody alongside a 

centrosomal marker. Based on the expression pattern observed with GFP-TRABID 

constructs, I hypothesized that TRABID antibodies would stain the centrosome in a 

pattern similar to that observed with Ab57052. Two of six custom antibodies (antibodies 

1 and 2) poorly stained methanol-fixed cells, whereas two additional antibodies 

(antibodies 4 and 6) diffusely stained the cytoplasm of methanol-fixed cells (Figure 23). 

Custom antibody 6 often produced a single point of intense signal within the cytoplasm 

of methanol-fixed cells, however this did not correspond to the centrosome (Figure 23D). 

The remaining two antibodies (antibodies 3, and 5) diffusely stain the cytoplasm during 

interphase, but showed a remarkable staining pattern at the midzone of cells undergoing 

cytokinesis. Single focal plane images of dividing cells show that during the late stages 

of mitosis, punctate signal can be seen enriched along what appears to be cleavage 

furrow (Figure 24). As cytokinesis progresses, these images showed that TRABID signal 

appears to condense and become more intense as the contractile ring shrinks (Figure 

25). Remarkably, when the intense staining of HECTD1 Ab101992 along spindle 

microtubules is juxtaposed with the midbody staining of TRABID custom antibody 3 

(Figure 26), a striking pattern can be observed. When viewed in unison, HECTD1 and 

TRABID signals fail to overlap, but do label structures relatively continuous with one 

another. Analysis of confocal z-stacks has shown that TRABID antibodies bind along 

filamentous structures at the spindle midzone, which are assumed to be microtubules of 

the central spindle. This finding implies that HECTD1 and TRABID proteins may be 

enriched along a series of closely related microtubules. Additional experiments are still 

required to confirm the nature of TRABID localization at the midbody. Co-staining 

TRABID alongside a protein such as INCENP, which is known to bind microtubules of 

the central spindle, may be able to provide evidence to support my findings. 
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Figure 22: TRABID epitopes used to produce custom antibodies 
Custom monoclonal antibodies were designed to target several TRABID epitopes. Custom 
antibodies 3 and 5 target amino acids 143-152 (RNKLNTRTQH), which immediately precede the 
third zinc finger domain. Custom antibody 6 targets amino acids 214-223 (RRSPPATKRD). 
Antibodies 1, 2, and 4 target amino acids 695-704 (SLSDGEEDED) at the C-terminus of the 
protein. 
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Figure 23: Staining patterns of TRABID custom antibodies 1, 2. 4, and 6 
Trabid custom antibody staining in methanol-fixed HEK293T cells, alongside a centrosomal 
marker. TRABID custom antibodies 1, 2, 4, and 6 (A, B, C, and D, respectively) diffusely stain the 
cytoplasm. Custom antibody 6 also stains a single point within the cell adjacent to the nucleus, 
however this does not correspond with the centrosome (Panel D, inset). Scale bar: 10 µm. 
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Figure 24: TRABID localizes to the midzone of HEK293T cells during cytokinesis 
Representative epifluorescent single focal plane images of TRABID localization. Endogenous 
TRABID was detected in methanol-fixed HEK293T cells. TRABID custom antibodies 3 (A) and 5 
(B) localize near the spindle midzone of dividing HEK293T cells. Punctate signal is clearly visible 
between cells with condensed chromosomes that have separated (Inset). In cells lacking 
condensed chromosomes, custom antibodies appear to diffusely stain the cytoplasm. Scale bar: 
10 µm. 

 
Figure 25: Staining at the central spindle intensifies as the midbody condenses. 
In immunostained HEK293T cells, TRABID signal at the midbody appears to become condensed 
as the contractile ring shrinks in size (Inset). A faint intercellular bridge is visible between cells 
displaying this intense TRABID staining. Scale bar: 10 µm. 
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Figure 26: Costaining of HECTD1 and TRABID 
Confocal z-stacks of methanol-fixed HEK293 cells stained for HECTD1 (RED), TRABID 
(GREEN), and DNA (BLUE). HECTD1 stains the mitotic spindle. TRABID stains filamentous 
structures at the midzone that are likely microtubules of the central spindle. Scale bar: 7 µm. 

3.2.4. Custom monoclonal antibody 3 is well suited for the 
detection of endogenous TRABID 

 To test the specificity of TRABID antibodies capable of staining the midbody, 

siRNA knock-down was performed, followed by Western blotting. The TRABID siRNA 

duplex used in knock-down experiments was comprised of the same sequence 

described in previous publications (Tran et al, 2008). Western blots revealed that 

TRABID custom antibody 3 binds a protein approximately 70 kDa in size, which is 

smaller than the predicted size of TRABID (81 kDa), but in agreement with previously 

published data (Figure 27). This discrepancy in mass may be the result of incorrect gene 

modeling, unknown mRNA splicing events, or post-translational modifications. 

 When diluted equally, both custom antibody 3 and 5 labeled the midbody, though 

antibody 3 staining appeared much more intense. Consequently, custom antibody 3 was 

chosen as the best candidate for detecting TRABID. The specificity of custom antibody 3 

was determined through siRNA-induced protein knock-down. Western blots performed 

with custom antibody 3 following TRABID knock-down show a substantial decrease in 

the intensity of the 70 kDa TRABID band, when compared to untreated cells (Figure 27). 

Surprisingly, treatment with non-targeting control siRNA also seems to produce a 

reduction in TRABID levels, however treatment with TRABID siRNA clearly produces a 

more profound effect. Similar results were observed in three independent TRABID 

knock-down experiments. At this time it is unclear why a non-targeting pool of siRNA 

produces a reduction in TRABID levels, however off-target effects are likely to blame, as 

similar results have been observed with custom antibody 5 (data not shown). TRABID 
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blots performed following knock-down of HECTD1 (Figure 29) fail to show a reduction in 

TRABID levels, suggesting a duplex present in the control pool is causing TRABID 

knock-down. At any rate, the results of Western blot experiments suggest that custom 

antibody 3 may be best suited for the detection of endogenous TRABID in numerous 

experimental methods. Confirming the specificity of custom antibody 3 also provides 

compelling evidence that TRABID is a novel component of the central spindle. 

 
Figure 27: knock-down of TRABID is revealed with custom antibody 3 
TRABID levels in HEK293T whole cell lysates are decreased 48 hours after siRNA transfection 
was performed. In untreated samples, custom TRABID antibody 3 binds a protein approximately 
71 kDa in size. Transfection with TRABID specific siRNA produces a substantial decrease in 
TRABID levels. Treatment with non-targeting control siRNA also produces a decrease in TRABID 
levels, albeit to a lesser degree than TRABID siRNA transfection. GAPDH used as a loading 
control. 

3.3. Probing HECTD1 and TRABID function via siRNA 
knock-down 

3.3.1. TRABID positively regulates cellular HECTD1 levels 

 Previous research has shown that HECTD1 is capable of autoubiquitination 

(Tran et al, 2013), however the consequence of this activity remains unclear. 

Autoubiquitination is known to result in the labeling of HECTD1 with atypical K63 

polyubiquitin, but experiments performed to illustrate this were not without flaws, as they 

did not analyze endogenous protein activity. If autoubiquitination with canonical K48 

polyubiquitin occurs in vivo, and functions to regulate protein stability, then the removal 

of polyubiquitin from HECTD1 may be crucial for preventing its degradation. As a result, 

TRABID may be essential for reducing HECTD1 turnover. 
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 Western blotting of HECTD1 in HEK293T whole cell lysates following TRABID 

knock-down exposes a dramatic decrease in HECTD1 levels at 48 hours post-

transfection (Figure 29). No appreciable reduction of HECTD1 levels can be seen when 

cells are transfected with non-targeting control siRNA duplexes, indicating that knock-

down is not likely to be the product of off-target effects. Remarkably, although TRABID 

levels appear to be reduced in control samples similar to previous experiments (see 

above), HECTD1 levels are clearly not reduced when cells are transfected with non-

targeting siRNA duplexes. Furthermore, a reduction in TRABID levels cannot be seen 

upon HECTD1 knock-down. At the current time it remains a unclear how TRABID and 

control siRNAs differentially affect HECTD1 protein levels. Additionally, it is uncertain 

how TRABID-specific knock-down results in HECTD1 reduction, yet a similar reduction 

in HECTD1 levels is not seen in control samples where TRABID levels have been 

decreased relative to untreated samples. In light of these findings, additional controls are 

still required to dissect the curious results seen in control transfected cells. 

 Immunoprecipitation experiments previously indicated that HECTD1 activity is 

integral for the HECTD1-TRABID interaction (Tran et al, 2013). The observation that 

HECTD1 levels are reduced following loss of TRABID suggests that a function of 

TRABID may be to stabilize HECTD1 and prevent its degradation. This stabilization may 

potentially be a consequence of TRABID reversing the autoubiquitination of HECTD1. In 

such a model, loss of TRABID would result in the buildup of K48 polyubiquitin on 

HECTD1, targeting the protein for degradation by the proteasome. Curiously, these 

same experiments, when performed previously by Tran and colleagues (2013), showed 

HECTD1 levels were unchanged upon TRABID knock-down, while TRABID levels were 

elevated following HECTD1 knock-down. These incongruent results are very surprising 

considering the experiments presented above were performed in the same cell type, and 

with the same duplexes, that produced the originally reported results. In future 

experiments, the effect of TRABID knock-down on HECTD1 levels should be 

investigated following treatment with the proteasomal inhibitor MG132. If HECTD1 levels 

are enhanced when the proteasome is inactive, the hypothesis that HECTD1 regulates 

its turnover with K48 autoubiquitination could be supported. 
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Figure 28: HECTD1 levels are decreased upon TRABID knock-down 
Knock-down of TRABID function in HEK293T cells reduces HECTD1 protein levels. At 48 hours 
post transfection TRABID knock-down results in reduced HECTD1 levels equivalent to what is 
seen with HECTD1 knock-down. TRABID protein levels appear unaffected by loss of HECTD1. 
GAPDH used as a loading control. 

3.3.2. Loss of HECTD1 does not alter global ubiquitination levels 

 The HECTD1 protein has been shown interact with numerous substrates, 

including Hsp90 and APC. Furthermore, loss of HECTD1 has been shown to alter the 

ubiquitination state of PIPKIγ90. In C. elegans, hecd-1 mutant strains display a global 

decrease in ubiquitination levels, when compared to wild-type animals (Liu et al, 2011). 

These findings suggest that HECTD1 is capable of interacting with a variety of cellular 

substrates, and it is likely that additional novel HECTD1 targets have yet to be 

discovered. HECTD1 has also displayed the ability to catalyze the formation of several 

types of polyubiquitin chains. Based on these described data, I postulated that 

decreasing HECTD1 activity in HEK293T cells through the use of siRNA would result in 

altered global ubiquitination levels. 

 To test this hypothesis, HEK293T cells were transfected with HECTD1 or control 

siRNA duplexes, and incubated for 48 hours before harvesting whole cell lysates. The 
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total protein concentration in each whole cell lysate was determined through BCA assay, 

before being normalized and loaded into a 4-15% gradient SDS-PAGE gel. Next, the 

level of each ubiquitination type was analyzed via Western blot using antibodies specific 

for K48 or K63 polyubiquitin chains.  

 The results of Western blots revealed that global levels of both K48 and K63 

polyubiquitin appear essentially unchanged upon HECTD1 knock-down. Comparing the 

banding patterns of blots performed on untreated samples to those treated with control 

or HECTD1 siRNA shows no clear variability in K48 or K63 ubiquitination profiles (Figure 

30), in two independent experiments. These data are surprising, as numerous pieces of 

information indicate that HECTD1 targets multiple substrates. Although unexpected, 

these findings could indicate that in HEK293T cells, HECTD1 is only targeting a single, 

or small number of proteins for ubiquitination. One must also consider the findings of 

immunocytochemical experiments, which have alluded HECTD1 has variable cell type-

specific, and cell context-specific roles. While a loss of HECTD1 function throughout an 

organism such as C. elegans reveal a global decrease in ubiquitination, analyzing 

ubiquitin levels in a single cell type may not reveal the same profound effect. If cell 

context is critical to the function of HECTD1, loss of the protein from cells in culture may 

have a dramatically reduced effect when compared to loss of function in a tissue or 

organism. 
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Figure 29: Global ubiquitination levels are not markedly altered upon HECTD1 

knock-down 
HECTD1 has previously been shown to catalyze the formation of K48 and K63 polyubiquitin 
chains. K48 and K63 specific Western blots were performed on HEK293T whole cell lysates 48 
hours after HECTD1 knock-down. Comparing control, or HECTD1 siRNA treated samples with 
untreated samples reveals minimal variability in banding patterns. 
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3.3.3. Knock-down of HECTD1 alters the behaviour of cells grown 
in culture 

 Numerous pieces of data have indicated that loss of HECTD1 function results in 

abnormal cellular movements. Curiously, disruption of HECTD1 can lead to both an 

increase (Sarkar et al, 2012) and decrease (Li et al, 2013) in cellular migration. When 

performing HECTD1 knock-down experiments, I noticed that within 24 hours of 

performing transfections, cells treated with HECTD1 siRNA appeared unusual when 

compared to cells treated with control siRNA. At low cellular densities, HECTD1 knock-

down seems to cause cells to clump and form colony-like groups, rather than spreading 

evenly across the growth surface (Figure 31). As cellular density increases with time, the 

clumping associated with HECTD1 is less obvious, however cells still appear more 

tightly packed than what is observed with control transfections. This knock-down 

phenotype has not yet been quantified, however similar results have been noted on 

multiple occasions. Surprisingly, preliminary observations indicate loss of TRABID 

function may produce a similar clumping effect (data not shown), but this phenomenon 

has not yet been thoroughly investigated. Observing a similar phenotype with knock-

down of both proteins seems counterintuitive, as HECTD1 and TRABID should have 

opposing functions. Despite these findings, the clumping phenotype observed upon 

HECTD1 and TRABID knock-down could conceivably result from defects in cellular 

migration. It should also be noted that a similar phenotype, described as increased 

cellular density, was observed in the cranial mesenchyme of hectd1 mutant embryos. 

Unfortunately, detailed analyses of cellular densities in mice were never presented. 
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Figure 30: HECTD1 knock-down causes cells to clump in culture 
Loss of HECTD1 function in HEK293T cells induces cells to form colony-like clumps. Normally, 
HEK293T spread evenly across growth surfaces as cells divide. Knock-down of HECTD1 with 
siRNA causes cells to become tightly packed (arrows) rather than spread out evenly as growth 
occurs. 
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3.4. Functional characterization of HECTD1 through the 
analysis of conserved protein domains 

3.4.1. Generation of a HECTD1 expression construct 

 Immunocytochemical analysis has shown that HECTD1 is enriched at several 

distinct cellular structures, including the centrosome, cell junctions, and mitotic spindle. 

Although several experiments support these findings, replicating HECTD1 staining 

patterns with an affinity-tagged expression construct would indisputably validate the 

subcellular localization of HECTD1. The HECTD1 gene spans a region of DNA over 107 

kilobases in length, far too large for conventional PCR amplification. However, the 

HECTD1 protein is 2610 amino acids in length, which indicates it can be encoded by a 

cDNA 7830 bases long. In theory, production of this full-length HECTD1 cDNA is a far 

more manageable process than amplifying the genomic fragment encoding the entire 

HECTD1 gene. 

 In order to create a HECTD1 cDNA, mRNA was isolated from HEK293 cells and 

reverse transcribed using gene specific primers. The inherent error-prone nature of 

reverse transcription led me to amplify HECTD1 cDNA as two fragments. Nested PCR 

was subsequently performed to produce two overlapping pieces of DNA, spanning the 

entire length of the HECTD1 coding region. Each fragment was subcloned into a plasmid 

vector and sequenced to ensure the absence of any mutations. Using various cloning 

techniques, overlapping HECTD1 fragments were subsequently stitched together and 

inserted into a plasmid vector. 

 Frustratingly, sequencing results have shown that full-length HECTD1 is prone to 

point mutations, and as a result, a wild-type clone has yet to be isolated. Several 

attempts to reverse mutations through site-directed mutagenesis have proven 

unsuccessful. Compounding this issue is the observation that transformation of the full-

length HECTD1 construct into numerous strains of bacteria adversely affects their 

growth rates. Colony formation is severely reduced in bacteria harbouring full-length 

HECTD1 constructs. E. coli strains containing full-length HECTD1 fail to grow on solid 

media or in liquid culture at 37 °C, and incubation in richer media has produced no 

noticeable increase in growth. Culturing at 22 °C has been effective in promoting the 
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growth of colonies on solid media, but all clones capable of growing at this lower 

temperature have contained point mutations.  

 Based on these results, I have hypothesized that low levels of HECTD1 are 

being expressed aberrantly in bacteria transformed with the full-length HECTD1 

construct, and that HECTD1 is highly toxic to bacteria. Remarkably, several independent 

cloning experiments have produced colonies harbouring an identical thymine to cytosine 

transition, 6128 bases from the start of the cDNA. This mutation would result in a leucine 

to proline substitution in the HECT domain of HECTD1. It is possible that such a 

mutation may produce a dramatic change in the activity or 3D conformation of HECTD1, 

making it less toxic to bacteria, permitting growth. 

 At this time, it seems unlikely that HECTD1 activity would have any effect within 

the bacterium. In addition to HECTD1 being a metazoan specific protein, all likely 

interaction partners, including ubiquitin, TRABID, APC, and various cytoskeletal 

elements, do not exist in bacteria. It is feasible that HECTD1 could negatively impact 

bacterial growth by manipulating the activity of chaperones related to Hsp90, but this is 

merely conjecture. Continuing experiments are attempting to eliminate PCR itself as a 

variable in the formation of mutations in HECTD1. We instead intend to create a full-

length HECTD1 cDNA construct from existing cDNA fragments of wild-type sequence by 

using several rounds of restriction digests and DNA ligations. If mutations persist using 

these alternative "cut and paste" methods, it provides compelling evidence to support 

the theory that HECTD1 may be toxic to bacteria. If the proposed experiments fail, 

HECTD1 could be subcloned into a vector designed to tightly regulate expression, which 

should prevent unwanted transcription. 

3.4.2. Identification of a previously unreported exon 

 Although construction of a full-length HECTD1 cDNA has not yet been possible, 

sequencing of HECTD1 cDNA fragments revealed the presence of a previously 

unreported exon (Figure 32). This exon is 48 bases in length, in-frame, and located 

slightly before the start of the conserved SUN domain. Similarly, experiments performed 

by Melissa Frederic on the C. elegans hecd-1 gene have identified previously unknown 

splice variants (unpublished data). These findings support the hypothesis that hectd1 
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encodes multiple isoforms. If the HECTD1 protein exists in numerous forms, there is the 

possibility that antibodies targeting different regions of the protein may target specific 

isoforms. If true, this may explain why different HECTD1 antibodies appear to be 

targeting different structures, albeit with some degree of overlap. 

 
Figure 31: Novel HECTD1 exon sequence 
Sequencing of HECTD1 cDNA fragments reveal a novel exon, 2979 bases from the predicted 
translational start site. The exon is 48 bases in length and in frame, which would introduce an 
additional 16 amino acids upstream of the conserved SUN domain. 

3.4.3. The SUN and MIB domains of HECTD1 may be important for 
centrosomal localization 

 A key step in understanding the function of HECTD1 is dissecting the roles of its 

various conserved domains. This was addressed by creating expression constructs 

corresponding to various HECTD1 domains, bearing affinity tags. The HECTD1 ANK 

domain was isolated to produce a small protein fragment, however the SUN and MIB 

domains were amplified together due to their close proximity (the engineered protein 

fragment containing both the SUN and MIB domain will henceforth be referred to as 

SUN/MIB). Both domain fragments were amplified from HECTD1 cDNA and cloned into 

a mammalian expression vector encoding a myc epitope tag. Engineering both 

expression constructs was straightforward, however the HECTD1 ANK fragment failed to 

express in HEK293T cells. Western blot of transfected HEK293T cell lysates failed to 

show any evidence of overexpression 48 hours after transfection (data not shown). In 

contrast, strong overexpression was observed 24 hours after transfection of the tagged 

SUN/MIB construct (Figure 33). 

 The localization pattern of the SUN/MIB construct in HEK293 cells was next 

observed to determine if the protein fragment would localize to any of the regions 

previously identified in immunocytochemistry experiments. In the vast majority of 
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HEK293 cells, the SUN/MIB fragment localized throughout the cytoplasm, and did not 

appear to be enriched at any discernable cellular structure. However, in rare cases, I 

have observed the HECTD1 SUN/MIB fragment concentrating at discrete puncta 

adjacent to the nucleus (Figure 34). The punctate signal I have observed with the 

SUN/MIB fragment closely resembles the positioning and shape of centrosomal markers 

I previously observed when analyzing the endogenous HECTD1 protein. It should be 

noted that cells in which this phenomenon has been observed seem to be expressing 

the tagged SUN/MIB fragment at very low levels. At this time, I have been unable to 

obtain quality images of this predicted centrosomal enrichment in cells co-stained for 

known centrosomal proteins. Due to the rare occurrence of this expression pattern in 

HEK293 cells, the SUN/MIB fragment will need to be expressed in additional cell types 

to test if these results are repeatable. Furthermore, until the overexpressed HECTD1 

SUN/MIB fragment can be observed in concert with known centrosomal markers, the 

proposed centrosomal localization remains purely speculative. 

 The affinity-tagged SUN/MIB fragment may prove to be a valuable tool for the 

identification of HECTD1 interaction partners. I have successfully expressed SUN/MIB in 

bacteria, but attempts to pull down interaction partners from HEK293 lysates using this 

fragment have been fruitless thus far. Production of the SUN/MIB fragment in HEK293 

cells should be possible, although a large-scale transfection protocol will likely be 

required to produce a suitable concentration of protein for analysis. Difficulties in 

obtaining an ANK domain fragment may potentially be remedied through the production 

of a larger protein fragment spanning the N-terminus of HECTD1. I anticipate that such a 

truncation would be more stable when overexpressed, allowing study of its expression, 

localization, and binding properties. The production of additional HECTD1 truncation 

constructs is of critical importance for the dissection of domain functions. At this time, all 

attempts to enrich HECTD1 and isolate interaction partners through immunoprecipitation 

with Ab57052, or Ab101992 have failed. 
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Figure 32: Overexpression pattern of HECTD1 SUN/MIB fragment 
Western blot showing the overexpression of myc-tagged SUN/MIB in HEK293T cells. 
Transfection of the HECTD1 SUN/MIB fragment produces a protein approximately 37 kDa in size, 
the predicted mass of the affinity tagged HECTD1 fragment. An equivalent band is not present in 
untransfected samples. 

 
Figure 33: HECTD1 SUN/MIB fragment enriches at a single point adjacent to the 

nucleus 
Following transfection with the SUN/MIB expression construct, methanol-fixed cells were stained 
with anti-myc antibodies (RED) and DAPI (BLUE). Single focal plane epifluorescent images 
reveal that HECTD1 SUN/MIB expresses primarily throughout the cytoplasm, however in a small 
number of cells, an enrichment of signal is visible immediately adjacent to the nucleus. This 
staining patterns resembles those observed with centrosomal markers. Rarely, two closely 
associated foci of SUN/MIB signal can be seen at what may be the centrosome (Inset). Scale bar: 
10 µm. 

3.5. Generating a HECTD1 knock-out cell line using TAL 
Effector Nucleases (TALENs) 

3.5.1. TALEN technology as a means to circumvent the 
shortcomings of RNAi based techniques 

 Identifying phenotypes associated with loss of function is often a key step in 

characterizing protein function. In model organisms such as D. melanogaster or C. 
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elegans, libraries of animal strains have been created following numerous mutagenesis 

screens, something that has not been possible when working with individual cell lines. 

Instead, loss of function analysis in cell culture is often achieved through targeted gene 

disruption, using methods such as RNA interference. 

 In the case of HECTD1 and TRABID, previous experiments facilitated knock-

down of gene function through the transfection of chemically synthesized short RNA 

duplexes. While this technique is excellent for in vitro investigation of protein function, 

and especially useful for biochemical analysis, it has several shortcomings when 

scrutinizing protein function in individual cells. One of the main issues with siRNA duplex 

transfection is the inability to determine which cells have decreased protein levels, as 

there is no visible marker to distinguish transfected and untransfected cells. Additionally, 

RNA interference reduces protein levels, but does not eliminate protein function 

completely, as stable pools of protein translated prior to RNAi may still exist within the 

cell. Moreover, protein knock-down only persists in the presence of RNA duplexes, 

which makes analyzing knock-down phenotypes over time difficult. Numerous RNAi 

methods exist to minimize these described disadvantages, but none have been 

successful in completely eliminating them. 

 Recent advances in genetic manipulation technology have made it possible to 

avoid many of the pitfalls associated with RNA interference by allowing targeted gene 

disruptions to be performed in culture. One of the latest techniques proven effective for 

producing targeted gene knock-outs have been Transcription Activator-like Effector 

Nucleases (TALENs). This technique takes advantage of the known DNA binding 

properties of the TAL Effector (TALE) class of proteins originally identified in the 

Xanthomonas family of bacteria (reviewed by Boch et al, 2010). TALE proteins contain a 

DNA binding domain consisting of arrays of repetitive stretches of 35 amino acids. 

Residues 12 and 13 in the 35 amino acid repeat are hypervariable and confer binding 

specificity to different DNA bases (Boch et al, 2009). As a result, it has been possible to 

engineer DNA constructs encoding proteins capable of binding unique DNA sequences. 

By fusing this DNA binding domain to a FokI restriction endonuclease, highly specific 

DNA binding nucleases have been produced. By employing two TALENs targeting the 

same genetic region, on alternate DNA strands, it is now possible to create targeted 

double strand DNA breaks (Cermak et al, 2011). 
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 Once a double stand break has been created using a set of gene specific 

TALENs, cellular DNA repair machinery can be exploited to obtain a genetic knock-out 

(reviewed by Gaj et al, 2013). Non-homologous end joining (NHEJ) is the simplest 

method for creating a gene knock-out, as DNA repair machinery will simply fuse the 

broken strands together. NHEJ often produces small deletions at the TALEN-induced 

break site (Lei et al, 2012). If the number of bases deleted results in a frame shift, a 

knock-out of the targeted gene will be produced. One of the main problems with relying 

on NHEJ is the inability to control which mutation will be produced, and the inability to 

ensure the same mutation occurs on all DNA strands. Ideally, NHEJ mediated DNA 

repair would introduce a premature stop codon on both strands, ultimately producing a 

homozygous truncating mutation. In reality, this scenario will only occur in a small 

percentage of cells with active TALENs. In many cases, NHEJ will create a premature 

stop codon on one strand, but an in-frame deletion on the other strand, resulting in a 

heterozygote that is still capable of producing an intact and functional protein. 

Furthermore, repair by NHEJ makes it difficult to determine which cells in a population 

have been transfected and mutated, as any co-markers introduced during transfection 

will be lost as cells replicate. To circumvent these problems, additional DNA sequence 

can be introduced into the cell alongside TALEN constructs, which can act as template 

sequences for repair via homologous recombination (Li et al, 2011). These homologous 

recombination donors not only encode the exact mutation of interest, but can also be 

engineered to introduce a visible marker that allows mutants to be quickly identified. 

Donor constructs contain DNA that is homologous to the sequence surrounding the cut 

site, and also contain a reporter (e.g GFP) and a mutated version of the cut site, 

ensuring a premature stop. Homologous recombination also has the advantage of 

ensuring all mutations will be identical, as repair will always introduce the same DNA 

sequence. The presence of a visible marker also makes screening and following 

mutants over time a simple task. 

 The development of targeted gene knock-outs is a groundbreaking achievement 

in cell biology, and these techniques will likely become a key element utilized in future 

studies. In collaboration with several colleagues, I have been successful in creating a set 

of TALEN enzymes that appear to be capable of producing double strand breaks in the 



 

69 

HECTD1 gene. Furthermore, through the use of homologous recombination, it appears 

that we have successfully introduced disruptive mutations into the HECTD1 gene. 

3.5.2. Non-homologous end-joining is a suboptimal method for 
introducing targeted gene disruptions 

 Two TALEN sets were engineered which targeted different regions of HECTD1. 

The first set of constructs targeted exon 9 of HECTD1, which would create a break 

shortly after the predicted transcriptional start site. A second set of TALEN constructs 

was designed to create a double strand break within the conserved ANK domain of 

HECTD1. To test the efficacy of each TALEN set, HECTD1 TALENs were co-transfected 

into HEK293 cells alongside a surrogate dual reporter plasmid (Kim et al, 2011). This 

reporter plasmid contained an in-frame RFP gene, as well as the TALEN recognition 

sequence upstream of an out-of-frame GFP gene. If TALEN constructs are active, the 

recognition sequence on the reporter plasmid will be cut, and subsequently repaired 

through NHEJ, shifting a downstream GFP gene in frame.  

 Once transfected, cells were analyzed for reporter expression through 

fluorescence activated cell sorting (FACS). FACS experiments revealed that roughly four 

percent of cells in the transfected population expressed high levels of both proteins, 

suggesting that TALENs were active in these cells (Figure 35). Based on personal 

communications with an individual previously successful in creating TALEN knock-out 

cell lines (Chunxin Wang), we were advised to utilize a simple GFP reporter plasmid as 

a transfection marker when attempting to isolate mutants, rather than the designed dual 

reporter system, in order to increase the probability of genome disruption. It had 

previously been noted that removing the dual reporter system seemed to increase the 

number of cells with gene disruptions (unpublished data). Since the dual reporter system 

contains a TALEN recognition sequence, it has been postulated that the reporter 

plasmid may act as a nuclease sponge, reducing the effective concentration of TALENs 

within the cell. Using a single reporter system, cells would be sorted based on GFP 

intensity, and it was theorized that cells expressing high levels of GFP would contain a 

larger number of transfected plasmids, and therefore have a greater probability of 

containing TALEN constructs. 
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 Following re-transfection of TALENs in conjunction with a simple GFP reporter, 

approximately five cells expressing GFP were sorted per well into nearly fifty 96 well 

plates. Several days after sorting, wells were examined for the presence of clonal 

colonies. Wells containing a colony that appeared to have arisen from a single cell were 

then subjected to PCR, to amplify 100 bases flanking the cut site. These PCR 

amplifications were then analyzed for small deletions (5+ bp) using an Agilent 

BioAnalyzer, and roughly 50 putative mutant products were identified. These suspected 

mutant products were then subcloned and sequenced to elucidate the nature of each 

mutation; however, sequencing results revealed all PCR products to be wild-type. These 

results are quite surprising, given the large number of total cells that were sorted, as well 

as the output of BioAnalyzer analysis. Most likely, the results obtained on the 

BioAnalyzer were caused by errors in PCR rather than mutations in the hectd1 gene. 

Additionally, what appeared to be single colonies may have in fact arisen from multiple 

cells that grew in close proximity to one another. If this occurred, one would expect wild-

type cells to out-compete mutant cells over time, eventually causing the loss of HECTD1 

mutant cells. Another possibility is that loss of HECTD1 results in lethality, although this 

is unlikely given that mice lacking HECTD1 survive until later stages of embryogenesis. 
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Figure 34: FACS of control-transfected cells following NHEJ-mediated repair 
Sorting protocol used to determine efficacy of HECTD1 specific TALENs. The forward scatter and 
side scatter characteristics of the transfected HEK293 population were analyzed, and used to 
gate what were predicted to be single healthy cells (P1; RED). Gating using forward and side 
scatter should help eliminate clumps of cells and cellular debris from being sorted. A secondary 
gate (P2; GREEN) was set to isolate cells from P1 that expressed both RFP and GFP. A final set 
of gates would isolate cells from P2 with moderate (P3; CYAN), or high (P4; YELLOW) levels of 
GFP. Based on FACS data, greater than 8% of cells should contain active TALENs. 
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3.5.3. Homologous recombination 

 The inability to isolate a mutant clone following TALEN induced DNA cleavage 

and non-homologous end-joining forced us to modify our mutagenesis method. Double 

strand break repair through NHEJ has the disadvantage of creating arbitrary mutations, 

and also lacks a simple visual method for tracking mutant cells. Because of these 

shortfalls, it was decided that utilizing homologous recombination to repair TALEN 

induced breaks would be a superior course of action. To create a specific mutation in the 

HECTD1 gene, a fragment of donor DNA would be required for homologous 

recombination. Therefore, I engineered a plasmid construct that would harbour wild-type 

HECTD1 sequence, as well as a mutation and a reporter gene. The donor plasmid was 

designed such that at the TALEN cut site, HECTD1 sequence would be fused upstream 

of GFP coding sequence that was superseded by a series of stop codons, and 3' UTR. 

This mutant HECTD1 region would be flanked by approximately 1 kilobase of HECTD1 

genomic DNA that surrounded the cut site. In theory, once TALENs had produced a 

double strand break, DNA repair machinery would utilize homologous recombination to 

repair the break (Zu et al, 2013), and as a result, incorporate the mutant HECTD1 

sequence. This would ultimately lead to the cell producing a severely truncated HECTD1 

protein fused with GFP. Homologous recombination holds two significant advantages 

over NHEJ when repairing TALEN induced breaks; the ability to easily identify mutants 

via GFP expression, and the production of identical mutations on all DNA strands. 

 Once a homologous recombination donor plasmid had been produced, it was 

transfected into cells alone to ensure GFP expression would not occur in the absence of 

TALEN activity. Indeed, visualization of cells transfected with the homologous 

recombination donor plasmid alone failed to show any GFP fluorescence (data not 

shown). These results imply that episomal GFP expression does not occur, and also that 

the plasmid will not incorporate into the genome in the absence of active TALENs. On 

the contrary, cells transfected with the homologous recombination donor in combination 

with a TALEN set show clear GFP expression (Figure 36). Fluorescence activated cell 

sorting of cells following homologous recombination confirms cells express GFP (data 

not shown). Unfortunately, continued issues with contamination following sorting have 

prevented the long term maintenance of a mutant HECTD1 line thus far. 
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Figure 35: GFP expression in HEK293 cells following repair of TALEN induced 

double strand breaks by homologous recombination 
Transfection of HECTD1 specific TALENs in combination with a homologous recombination 
donor induces GFP expression in HEK293 cells. Compared to a mammalian GFP expression 
vector transfected alone, fluorescence intensity of HECTD1 mutants is quite low, suggesting 
endogenous HECTD1 may be expressed at low levels. Representatve images of three 
independent experiments. Scale bar: 25 µm. 
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Chapter 4. Discussion 

4.1. The functions of HECTD1 and TRABID may depend on 
multiple variables 

 The one gene, one enzyme concept proposed by Beadle and Tatum in 1941 was 

a pioneering step in the field of molecular biology, however several decades of research 

have since proven the cellular landscape to be infinitely more complex than originally 

anticipated. DNA modifications, regulation of expression, differential splicing, RNA 

interference, and post-translational modifications are just some of the ways a cell can 

produce varying levels of numerous unique protein products from a single gene. Modern 

research continues to show that cell type, cell context, variable splicing, and post-

translational modification are critical factors for the function of a vast number of proteins. 

Likewise, experiments have shown that each of these aspects may be important for 

HECTD1 and TRABID function. 

 The localization patterns I have characterized for both HECTD1 and TRABID 

exemplify the importance of considering cell context when investigating protein function. 

Similarly, the activity of the APC protein, a likely interaction partner of both HECTD1 and 

TRABID, has been shown to be highly dependent on cell context. The observation that 

HECTD1 accumulates at areas of cell-cell contact suggests that the levels or distribution 

of HECTD1 protein within a cell may be influenced by interactions between adjoining 

cells and the ability of cells to organize into a tissue. In IMCD3 cells growing at low 

density, HECTD1 localizes to the centrosome, but becomes highly enriched at regions of 

cell-cell contact as cells form confluent monolayers. These findings reveal that a unique 

pool of HECTD1 is likely active only when junctional structures are established between 

neighbouring cells. At this time it is undetermined whether HECTD1 is involved in the 

construction of cell-cell adhesion structures, or the regulation of proteins at junctions that 

have already been established.  
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 Localization of HECTD1 and TRABID to the mitotic spindle and central spindle, 

respectively, also highlight the importance cell context might play in the function of each 

protein. While each protein likely exists within the cell at all times, the onset of cellular 

division appears to produce a dramatic redistribution of both proteins. Investigation of 

hectd1 mutant mice has shown that loss of function does not result in abnormal levels of 

mitosis in the cranial mesenchyme (Zohn et al, 2007). These findings hint that although 

HECTD1 appears to possess mitosis-specific functions, disruption is unlikely to be 

detrimental to progression of the cell cycle. Appropriately, knock-down of HECTD1 in 

culture does not seem to inhibit the division of cells. Based on the known phenotypes 

associated with HECTD1 loss, it is tempting to speculate that the altered activity of 

HECTD1 and TRABID in dividing cells is correlated to the major cytoskeletal 

rearrangements that occur during mitosis and cytokinesis. The localization patterns of 

HECTD1 in dividing cells exemplify that cell type may also be critical for the function of 

HECTD1. Experiments have shown differential HECTD1 centrosomal staining patterns 

in dividing HeLa and IMCD3 cells. At this time, it is not understood how HECTD1 activity 

at the centrosome might vary depending on cell type, however it demonstrates the 

importance of considering cell type when dissecting protein function. Examination of 

HECTD1 and TRABID localization and interaction partners in additional cell types may 

continue to reveal novel functions of each protein. 

 Several pieces of data indicate a number of HECTD1 isoforms likely exist. 

Sequencing of human HECTD1 cDNA has revealed the presence of a previously 

unreported exon. Although small, such a sequence could have dramatic effects on 

protein function by producing changes in overall protein conformation, or variations to 

specific protein binding interfaces. The close proximity of this novel exon to the 

conserved SUN domain in HECTD1 may denote the existence of a protein isoform with 

unique SUN domain function. Additionally, sequence analyses in C. elegans have 

revealed a HECTD1 isoform may exist that completely lacks the HECT domain (Melissa 

Frederic, unpublished data). These data provide strong evidence that catalysis of 

ubiquitination may not be the sole function of HECTD1. The domain structure of 

HECTD1 may suggest that in the absence of a catalytic domain, HECTD1 could still 

behave as a protein scaffold, providing binding surfaces for numerous interaction 

partners. The evidence gathered to support the notion that HECTD1 exists as multiple 
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isoforms may also explain the variable staining patterns observed with unique anti-

HECTD1 antibodies, as antibody epitopes may only exist or be accessible on specific 

isoforms. 

 The variables described above must all be considered when performing future 

experiments with a HECTD1 knock-out cell line. Mutant hectd1 mice indicate that loss of 

HECTD1 function is unlikely to result in lethality, and while serious neural tube 

abnormalities are clearly visible in hectd1 null mice, other features of the embryo are 

unremarkable in appearance. Similarly, an additional mouse line harbouring a mutation 

in the HECT domain of HECTD1 has been described as having morphological defects 

that appear to be limited to the craniofacial region (Stryke et al, 2003). These 

observations raise the possibility that HECTD1 is only expressed in specific tissues, or at 

specific times during development. Western blotting has already revealed that loss of 

HECTD1 in a whole organism may produce profoundly different effects on ubiquitination 

levels than loss of HECTD1 function in a single cell type. Similarly, knock-out of 

HECTD1 in HEK293 cells may lead to phenotypes associated with centrosomal or 

spindle function, but would likely fail to produce any phenotypes related to functions at 

cellular junctions. Additionally, loss of HECTD1 in HEK293 cultures may produce subtle 

effects on cellular behaviour since only a small pool of protein may continually persist at 

the centrosome. In contrast, loss of HECTD1 during development of whole organism 

relying on highly coordinated mitotic events, and intact tissues may have devastating 

consequences due to potential functions at cellular junctions or the mitotic spindle. 

4.2. HECTD1 represents a novel class of SUN domain-
containing protein that is unassociated with the 
nuclear membrane 

 All characterized SUN domain-containing proteins are known to accumulate 

within the nuclear membrane and interact with KASH domain proteins in the perinuclear 

space. While SUN domains are best known for their role in bridging the nuclear 

envelope, several SUN family members have been shown to exert supplementary 

functions (Tzur et al, 2006), or localize to additional structures, including the spindle pole 

body (Hagan et al, 1995). HECTD1 appears to lack any definitive transmembrane 
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regions, and immunofluorescence data has shown that endogenous HECTD1 is 

enriched at the centrosome, cell junctions, and mitotic spindle, but not the nuclear 

membrane. These findings suggest that HECTD1 represents a novel class of SUN 

domain-containing protein incapable of spanning the nuclear membrane. It is tempting to 

speculate that HECTD1 may interact with novel non membrane-bound KASH domain 

proteins, however the likelihood of this is minimal. Experiments have indicated that 

KASH domains are required, and sufficient, for localization to the nuclear membrane 

(Morimoto et al, 2012), making the existence of unidentified cytoplasmic KASH proteins 

improbable. The atypical localization pattern of HECTD1 could also imply that SUN 

domains are capable of interacting with protein motifs other than KASH domains. In fact, 

research has already illustrated that other SUN proteins are able to perform non-KASH 

related functions by showing that the C. elegans SUN-1 protein is capable of localizing 

to the nuclear membrane in a KASH-independent manner, where it acts as a receptor for 

the apoptotic CED-4 protein (Tzur et al, 2006). 

 While the inability of HECTD1 to localize to the nuclear membrane is unusual for 

a SUN domain-containing protein, loss of HECTD1 function in C. elegans produces 

phenotypes similar to what has been observed in other SUN protein mutants. In C. 

elegans, mutation of the sun-1 gene is reported to result in abnormal gonad morphology 

(Zhou et al, 2009), and reduced brood size (Ceron et al, 2007), two phenotypes we have 

identified in hecd-1 mutant strains (unpublished data). In addition to this phenotypic 

relationship, the centrosomal localization of HECTD1 may also be related to the 

presence of a SUN domain. The SUN-1 protein contains a SUN domain closely related 

to that of HECTD1, which functions to link the nucleus to the centrosome (Minn et al, 

2009). The activity of SUN-1 is known to be essential for coordinated cellular migration 

(Zhang et al, 2009), and its loss of function leads to impaired nuclear movements 

caused by centrosomal detachment from the nucleus (Malone et al, 2003). VAB-10, a 

genetic interaction partner of HECTD1, also plays a role in nuclear migration through the 

regulation of microtubule dynamics (Kim et al, 2011). Theoretically, the irregular gonad 

morphology that has been observed in hecd-1 mutant worms could be associated with 

nuclear migration defects, due to functions at the centrosome. Furthermore, anomalous 

shape and migratory properties of cells, both of which have been documented in 

HECTD1 mutants, are well known consequences of nuclear migration defects. 
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Interestingly, the MIB domain of HECTD1 could also play an integral role in its 

centrosomal positioning. The HECTD1 MIB domain is closely related to the MIB1 and 

HERC2 ubiquitin ligases, both of which are known centrosomal proteins (Jakobsen et al, 

2011, Al-Hakim et al, 2012). Fittingly, preliminary data I have collected has shown that a 

truncated version of the HECTD1 protein comprised of only the SUN and MIB domains 

may localize to the centrosome. Although promising, these preliminary results still 

require validation through the completion of additional experiments. 

 If the HECTD1 SUN domain does not impart the ability to embed within the 

nuclear membrane, it may bestow the capability to bind specific protein families. Of the 

proteins shown to physically interact with HECTD1, none are recognized as binding 

partners of SUN proteins. Conversely, the C. elegans VAB-10 protein, an identified 

genetic interaction partner of HECTD1, is a member of the Spectraplakin family of 

proteins that are well characterized for the ability to bind KASH proteins of the Nesprin 

family (Wilhelmsen et al, 2005). Nesprins have the conserved function of interacting with 

scaffolding proteins that link the three main families of cytoskeletal elements; 

microtubules, actin filaments, and intermediate filaments, and also play an integral role 

in connecting the nucleus to the cytoskeleton. Loss of VAB-10 in C. elegans is also 

known to perturb the organization of microtubules in distal tip cells, negatively affecting 

nuclear migration, and impairing cellular movements. The results of these genetic 

interaction experiments in C. elegans suggest that HECTD1 may somehow be involved 

in the regulation of cytoskeletal cross-linkages, or the organization of cytoskeletal 

components. Thus, the HECTD1 SUN domain could perhaps facilitate interaction with a 

family of cytoskeletal scaffolding proteins, similar what has already been observed 

between KASH domain proteins and cytoskeletal cross-linking proteins. 

4.3. HECTD1 localizes to regions of the cell associated with 
APC function 

 Immunocytochemical analyses have indicated that HECTD1 is a novel 

component of the centrosome, cellular junctions, and the mitotic spindle. HECTD1 is a 

confirmed physical interaction partner of the Adenomatous polyposis coli protein, and 

this interaction may explain the observed cellular distribution of HECTD1. APC has been 
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described as a mobile protein scaffold (Lui et al, 2012), capable of interacting with a 

large number of proteins, and localizing to a variety of cellular structures which happen 

to include the centrosome, cell junctions, and mitotic spindle. 

 The precise role of APC at mammalian centrosomes remains unknown, however 

knock-down of APC function in culture produces cells with abnormal numbers of 

centrosomes (Fodde et al, 2001). In S. cerevisiae the spindle pole body appears to act 

as a loading dock for the APC analogue Kar9 (Liakopolous et al, 2003). It is believed 

that by localizing to the spindle pole body, Kar9 is able to be loaded onto specific 

subsets of microtubules. Conceivably, if APC was to behave similarly in mammalian 

cells, atypical ubiquitination by HECTD1 could act to asymmetrically distribute APC at 

the centrosome, thereby controlling its accumulation within unique subcellular pools. 

Accordingly, a model for asymmetrical APC delivery by means of differential 

ubiquitination supports the observation that TRABID may also be enriched at the 

centrosome, as its deubiquitination activity could allow for tighter control of APC 

distribution. 

 In IMCD3 cells, in addition to localizing to centrosomes, HECTD1 becomes 

highly enriched at regions of cell-cell contact. APC is a known component of cellular 

junctions, and localization to these structures likely results from physical interactions with 

β-catenin and plakoglobin (Zhurinsky et al, 2000). Both β-catenin and plakoglobin are 

key structural components in several types of cell adhesion structures, and function to 

link junctional cadherins to various cytoskeletal elements. APC is thought to compete 

with cadherin proteins for the binding sites on β-catenin and plakoglobin, and although 

local protein concentration is likely a key factor in the outcome of this competition for 

binding, post-translational modification may also play a role. The amino acid 

compositions of the β-catenin and plakoglobin ARM domains produce a α-helical groove 

with a positive net charge (Huber et al, 1997). As a result, the phosphorylation of APC 

proteins increases their binding affinity for β-catenin ARM repeats (Rubinfeld et al, 

1996). Based on this, it is not unreasonable to speculate that a post-translational 

modification such as ubiquitination could disrupt the binding interface that exists 

between APC and β-catenin or plakoglobin. For that reason, HECTD1 may reside at 

junctional structures in order to modulate APC activity, and signify that loss of HECTD1 
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function could alter the behaviour of numerous structural proteins at sites of cell-cell 

contact due to abnormal APC binding properties. 

 During mitosis, anti-HECTD1 antibodies intensely stain spindle microtubules. 

Similar to the observed centrosomal and junctional localization of HECTD1, it is possible 

that association with the mitotic spindle could relate to an interaction with APC. The APC 

protein is known to interact with microtubules directly, via a microtubule binding domain, 

and indirectly through interactions with the microtubule associated proteins EB1 (Bu et 

al, 2003) and KAP3 (Jimbo et al, 2002). APC dysfunction has been shown to result in 

irregular spindle dynamics, with APC knock-down producing cells with mispositioned 

spindle microtubules (Green et al, 2005). Although APC has been shown to localize 

along the length of microtubules during interphase (Askham et al, 2000), association 

with the spindle primarily occurs at the plus-ends of kinetochore-bound microtubules 

(Fodde et al, 2001). Currently, the cellular factors that control mitotic APC activity are 

poorly understood, therefore it is difficult to hypothesize how HECTD1 activity along the 

length of spindle microtubules could influence APC activity at plus-ends. However, if a 

key HECT1 function is to alter the affinity of APC for its substrates through K63 

ubiquitination, localization along the spindle may affect how APC interacts with 

microtubule-associated binding partners. Interestingly, the localization of HECTD1 to 

cellular protrusions recently proposed by Tran and colleagues (2013) may also relate to 

microtubule associated APC. APC is known to redistribute to the leading edge of 

astrocytes following wounding, where it has been proposed to be essential for 

polarization of the microtubule network (Etienne-Manneville et al, 2005). 

 The enrichment of HECTD1 in regions of APC activity likely results from the 

functional interaction with TRABID and STRIPAK components that were recently 

identified (Tran et al, 2013). Furthermore, the concerted activity of HECTD1 and TRABID 

towards atypical forms of polyubiquitin suggest that these two proteins act to modulate 

the behaviour of APC, rather than influencing its stability. As a result, loss of HECTD1 

and TRABID produces no effect on cellular APC levels, but instead has been shown to 

alter its subcellular distribution. At this time, it remains unknown how irregular APC 

function impacts cytoskeletal dynamics and cell migration, however emerging data 

continues to reveal telling clues. 
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4.4. The versatility of HECTD1 and TRABID provides insight 
into potential interaction partners and cellular 
pathways controlling cytoskeletal dynamics 

 Research focusing on the cellular functions of HECTD1 has revealed the ability 

to interact with a diverse number of proteins. In the same way, investigation into the 

subcellular localization of HECTD1 has exposed the protein as being enriched at several 

unique cellular structures. While the presence of protein isoforms may lead to variability 

in HECTD1 antibody binding, interactions between HECTD1 and binding partners could 

also alter the accessibility of specific epitopes. Evidence has also indicated TRABID 

interacts with numerous proteins, including HECTD1, APC, and components of the 

STRIPAK complex. While HECTD1 and TRABID may form a stable complex with APC, 

these interactions are unlikely to explain each of the localization patterns I have 

observed for both proteins. The apparent versatility of HECTD1 and TRABID suggest 

that continued research into the functions of these proteins will likely reveal that both are 

able to bind numerous novel substrates. 

4.4.1. HECTD1 and TRABID may regulate APC distribution and 
actin organization by mediating interactions between APC 
and components of the STRIPAK complex 

 Striatins are a conserved family of scaffolding proteins believed to participate in a 

diverse number of biological processes, including cell signaling, cellular migration, and 

neuronal development (reviewed by Hwang et al, 2013). In mammals, three Striatin 

proteins exist; Striatin (STRN), S/G2 nuclear autoantigen (STRN3), and Zinedin 

(STRN4). Striatin proteins interact with several phosphatase and kinase enzymes, 

forming protein assemblies termed STRIPAK complexes. Mass spectrometry 

experiments have indicated that TRABID interacts with a number of STRIPAK complex 

components (Tran et al, 2013). Similarly, the APC protein is also known to physically 

interact with each Striatin family member (Breitman et al, 2008). HECTD1, TRABID, and 

Striatin family members all bind the Armadillo repeat domain of APC, and experiments 

have indicated the interaction between APC and HECTD1 may be STRN4-dependent 

(Tran et al, 2013). These findings suggest that HECTD1, TRABID, and Striatins form a 
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stable complex that is capable of interacting with APC, and perhaps other proteins 

known to be part of the STRIPAK complex. 

 As described previously, the localization of HECTD1 to regions of cell-cell 

contact is likely related to an interaction with APC. Remarkably, the APC-Striatin 

interaction has previously been linked to activity at cellular junctions. Surprisingly 

however, Striatin colocalizes with APC and the tight junction protein ZO-1, but not β-

catenin, at cell-cell junctions (Breitman et al, 2008). This observation suggests that when 

APC binds Striatin, it functions at tight junctions, rather than at the adherens junctions 

with which it is commonly associated. The localization of APC-Striatin to cell junctions is 

known to be an actin dependent process (Breitman et al, 2008). Curiously however, loss 

of APC and Striatin activity has been shown to lead to disorganization of actin filaments, 

and mislocalization of ZO-1 (Breitman et al, 2008). Although somewhat paradoxical, 

these results clearly implicate Striatin associated APC in the maintenance of tight 

junctions. Furthermore, these findings also suggest that the assembly of tight junctions 

may be closely related to actin dynamics. 

 Like APC and Striatin, TRABID has also been linked to organization of the actin 

cytoskeleton. Loss of TRABID function in PC3 prostate cancer cells induces the 

formation of actin stress fibres, as well as cell shape and migration defects (Bai et al, 

2011). Strikingly, mass spectrometry has revealed a clear association between TRABID 

and Cortactin Binding Protein 2 (CTTNBP2), a component of the STRIPAK complex 

(Tran et al, 2013). As its name implies, CTTNBP2 binds Cortactin; and both proteins 

have been shown to colocalize at the cell cortex (Chen et al, 2012). Cortactin is a key 

regulator of actin dynamics, which functions to promote actin nucleation and 

polymerization through the recruitment of Arp2/3 molecules to actin filaments (Weed et 

al, 2000). An interaction between TRABID and CTTNBP2 may therefore explain how 

TRABID disruption results in irregularities to actin organization. 

 The genetic interaction that has been exhibited between the C. elegans hecd-1 

and vab-19 genes may also be related to the regulation of actin dynamics at the cellular 

periphery. VAB-19 is the C. elegans orthologue of the H. sapiens KANK protein, whose 

function has been linked to regulation of Rho signaling pathways. KANK appears to 

antagonize RhoA function, down-regulating actin assembly at the cell cortex. Loss of 
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KANK function results in increased actin stress fibre formation and enhanced cellular 

migration (Kakinuma et al, 2008). Biochemical analyses have shown that KANK 

physically interacts with the 14-3-3 family of scaffolding proteins that have been 

implicated in RhoA activation. It has been hypothesized that through such an interaction, 

KANK is capable of sequestering 14-3-3, thereby preventing the activation of RhoA 

(Kakinuma et al, 2008). The lethality documented in hecd-1::vab-19 double mutants 

suggests that HECTD1 may be able to compensate for loss of VAB-19 activity, indicating 

both proteins are involved in similar, or redundant cellular processes. 

 Similarly, disruption of hecd-1 in a vab-10 mutant background likely results in 

lethality due to severe cytoskeletal defects. Through the use of tissue specific promoters 

and several splice variants, the C. elegans vab-10 gene is able to encode numerous 

cytoskeletal cross-linking proteins of the Spectraplakin family. Spectraplakins are 

enormous proteins that are a key structural element of each cytoskeletal network. 

Spectraplakins function to link microtubules, actin filaments, and intermediate filaments, 

allowing cross-talk between each cytoskeletal network within the cell (reviewed by 

Suozzi et al, 2012). Fittingly, Spectraplakin function has been shown to be integral to 

maintenance of the cytoskeleton, with disruption leading to microtubule deformation 

(Applewhite et al, 2010), nuclear migration defects (Kim et al, 2011), abnormal 

distribution of cell-cell junctions (Mui et al, 2011), as well several additional phenotypes 

related to behaviour of the cytoskeleton. Loss of both HECD-1 and VAB-10 function 

conceivably produces cytoskeletal abnormalities so severe that the progression of 

embryogenesis becomes impossible. 

 Together, these data provide evidence for the existence of a protein complex 

consisting of HECTD1, TRABID, and STRIPAK components, that functions to regulate 

cytoskeletal dynamics by controlling APC activity at the cell cortex. Appropriately, 

disruption of TRABID, Striatin, and APC have each been linked to the development of 

actin morphology defects. The association between TRABID and CTTNBP2 indicates 

that interaction of the HECTD1/TRABID/STRIPAK complex with APC may influence 

actin dynamics at the cellular periphery by modulating the activity or localization of 

Cortactin. The existence of a complex with such a function would also help to explain 

how loss of HECTD1, TRABID, Striatin, or APC can each lead to the development of cell 

migration phenotypes. Importantly, the regulation of Cortactin activity may be critical to 
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the assembly and maintenance of cellular junctions, and control of cellular morphology 

and migration within developing tissues. 

4.4.2. Emerging data suggests a role for HECTD1 and TRABID in 
the regulation of Katanin-mediated microtubule remodeling 

 The Katanin enzyme is a heterodimeric protein complex consisting of an AAA 

ATPase subunit (p60), and a regulatory subunit (p80). A known component of the 

spindle poles, Katanin has a well documented function in amplification of microtubules at 

the spindle. Through the severing of microtubules emanating from the centrosome, the 

number of microtubules at the spindle poles can be increased quickly, allowing the 

formation of the mitotic spindle. Katanin is also active at the plus-ends of spindle 

microtubules facilitating their depolymerization, allowing for the segregation of 

chromosomes into newly forming daughter cells. Additionally, Katanin is known to 

function during meiosis, where it plays an important role in modeling the meiotic spindle 

(reviewed by Quarmby, 2000, Sharp et al, 2012). 

 Emerging data has reported the possibility that the C. elegans HECD-1 protein 

may function to degrade MEI-1 (Beard et al, unpublished data), an orthologue of the p60 

catalytic subunit of Katanin. Although this data is currently anecdotal, it is intriguing to 

consider how HECTD1 and TRABID function may relate to Katanin function. Newly 

published data has also exposed that in addition to localizing to spindle poles and 

spindle microtubules, the p60 subunit of Katanin associates with microtubules of the 

central spindle during cytokinesis. Reports exposing a link between p60 and cytokinesis 

also illuminated that dissociation of the Katanin catalytic and regulatory subunits occurs 

during cytokinesis (Matsuo et al, 2013). Remarkably, at the early stages of cell division, 

p60 staining at the spindle poles resembles HECTD1 staining patterns (see Figure 12), 

whereas during cytokinesis, p60 localization appears nearly identical to that I have 

shown for endogenous TRABID (see Figure 26). Although the observation may have 

been overlooked or gone unreported, scrutinization of cells expressing HECTD1 shows 

its overexpression may result in the formation of multinucleate cells (Tran et al, 2013). If 

HECTD1 function is somehow related to the progression of cytokinesis, this phenotype 

would be unsurprising. These findings have led me to hypothesize that if a relationship 

does in fact exist between HECTD1 and p60, HECTD1 and TRABID may function to 
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regulate the stability of Katanin during mitosis and cytokinesis through reversible 

polyubiquitination. 

 Although HECTD1 and TRABID are capable of physically interacting with one 

another, as well as the APC protein, it is conceivable that both proteins could also target 

other common substrates at distinct regions of the cell. Through the regulation of p60 

polyubiquitination, HECTD1 and TRABID could function to control Katanin stability at 

specific cellular regions (Figure 36). Co-staining of HECTD1 and TRABID in cells with 

segregated chromosomes shows that HECTD1 localizes to the mitotic spindle, while 

TRABID is enriched along the central spindle. These findings indicate that the activity of 

HECTD1 and TRABID may be essential for regulating the architecture of specific groups 

of microtubules during mitosis. 

 At the onset of mitosis, Katanin catalyzes the severing of microtubules at 

centrioles, facilitating the microtubule amplification that is required to rapidly form the 

mitotic spindle. Once microtubule severing at the spindle poles has produced a 

concentration of microtubules sufficient for forming the spindle, one could speculate that 

Katanin may need to be degraded in order to allow the growth of spindle microtubules. 

The observation that HECTD1 appears to coalesce at the centrosome and along 

microtubules, during what is assumed to be the onset of division, could imply that 

HECTD1 may act to stabilize the growing mitotic spindle through the degradation of 

Katanin. Ubiquitination of p60 by spindle-bound HECTD1 could act to prevent unwanted 

Katanin activity along the spindle microtubules, ensuring their integrity. 

 Localization of TRABID to the central spindle indicates it may function to catalyze 

the deubiquitination of proteins essential for the progression of cytokinesis. 

Appropriately, loss of TRABID function has been shown to produce multinucleate cells 

(Bai et al, 2011). Katanin p60 and p80 subunits have recently been shown to associate 

with central spindle microtubules and midbody, respectively. Moreover, loss of p60 

activity clearly leads to abnormal organization of microtubule bundles at the central 

spindle (Matsuo et al, 2013). The proposed ability of HECTD1 to degrade p60 could also 

mean that TRABID functions oppositely, enhancing stability of the Katanin catalytic 

subunit. In fact, anecdotal evidence has already implicated that TRABID has a role in the 

regulation of microtubule growth and stability (Tran et al, 2013). I have shown that as 
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division progresses, TRABID becomes enriched at the central region of the dividing cell. 

If TRABID is capable of reversing the ubiquitination of p60 previously mediated by 

HECTD1, p60 activity could theoretically be restored at the cleavage furrow. Newly 

reactivated p60 at the midbody could subsequently be able to initiate the formation of the 

central spindle through its microtubule severing activity, perhaps utilizing spindle 

remnants as a substrate. Moreover, as cytokinesis progresses, continued persistence of 

TRABID at the midbody could ensure p60 activity is stabilized until p80 concentration 

returns to a level sufficient for the reestablishment of p60 regulation. 

4.5. Variability in catalytic activity suggests HECTD1 and 
TRABID may produce both proteasomal and non-
proteasomal effects 

 HECTD1 is a functional ubiquitin ligase. Experiments have indicated that 

HECTD1 activity may target substrates, such as PIPKIγ90, for degradation via 

conventional K48 polyubiquitination. HECTD1 also appears to possess the ability to 

autoubiquitinate, which has the potential to function as a self-regulatory mechanism. 

Additionally, data has also revealed that HECTD1 can catalyze the formation of atypical 

polyubiquitin chains, such as K63, on target proteins such as Hsp90 and APC. This 

variability in ubiquitination activity implies that while HECTD1 may function to target 

substrates for degradation, it also likely modulates protein activity through atypical 

ubiquitin chain formation. The multiple established roles of HECTD1 suggest that each 

region of HECTD1 enrichment I have observed could correspond with a unique HECTD1 

substrate, or specific class of polyubiquitination. 

 Similarly, the TRABID deubiquitinase has been shown to be versatile in its 

catalytic activity, due to the ability to recognize several types of polyubiquitin chains. The 

reduction in HECTD1 levels that results from TRABID knock-down indicates that 

TRABID may indeed possess canonical ubiquitin hydrolase functions associated with 

cleavage of K48 polyubiquitin, that have yet to be characterized. Importantly however, 

experiments have also indicated that TRABID will preferentially cleave atypical K29, 

K33, and K63 polyubiquitin (Licchesi et al, 2011). Inactivation of TRABID has been 

shown to result in abnormal distribution of the protein (Licchesi et al, 2011), which may 
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indicate that TRABID complexes with target proteins, and through the removal of 

ubiquitin, alters activity or localization of its substrates, rather than simply preventing 

their proteasomal degradation. 

 At this time, it is unclear exactly how HECTD1 is capable of catalyzing the 

assembly of multiple polyubiquitin linkage types, but domain swapping has previously 

been demonstrated to facilitate alterations in the linkage type catalyzed by HECT class 

ubiquitin ligases (Kim et al, 2009). Given that the hectd1 gene appears to encode 

multiple isoforms, alternative splicing within the HECT domain is a possible model for 

explaining how a single protein could potentially produce variability in ubiquitination. 

4.5.1. Catalysis of non-canonical K63 polyubiquitin may mediate 
protein-protein interactions and target protein distribution 

 HECTD1 and TRABID share a common substrate, the APC tumour suppressor. 

Experiments indicate HECTD1 is capable of catalyzing the formation of K63 

polyubiquitin on APC, while TRABID catalyzes the reverse reaction. As described 

previously, the ability to physically interact, and utilize common substrates has exposed 

HECTD1 and TRABID are part of a protein complex also consisting of STRIPAK 

components. The specificity of HECTD1 and TRABID for K63 polyubiquitin reveals that 

these enzymes probably function to control the subcellular localization of APC, or the 

interaction of APC with specific non-proteasomal binding partners, rather than marking 

APC for degradation. 

 The recent work of Tran and colleagues (2013) has revealed several aspects of 

how atypical ubiquitination may affect not only the assembly of the 

HECTD1/TRABID/Striatin complex, but also the function of the APC protein itself. 

HECTD1 displays the ability to ubiquitinate itself with K63-linked chains, and TRABID 

appears to catalyze their removal. Although the precise reason for this activity has yet to 

be determined, it may somehow affect the affinity of TRABID for HECTD1, as 

catalytically null HECTD1 mutants display decreased TRABID binding. Knock-down of 

TRABID or Striatin has been shown to increase APC K63 polyubiquitination, whereas 

loss of HECTD1 produces the opposite effect. HECTD1, TRABID, and Striatin all interact 

with the Armadillo repeats of APC, however the interaction of HECTD1 with this domain 
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appears dependent upon Striatin function. Knock-down of Striatin causes APC to 

redistribute to a distinct point adjacent to the nucleus, while loss of TRABID and 

HECTD1 function causes APC to accumulate pericentrosomally or within abnormal 

cellular projections, respectively. Given these findings, we must strongly consider that 

the coordinated catalytic functions of HECTD1 and TRABID towards K63 polyubiquitin 

may be responsible for the cellular distribution of APC. 

 Research into the trafficking of the CXCR family of G-protein coupled receptors 

(GPCRs) has exposed that ubiquitination plays an integral role in protein trafficking 

during receptor desensitization. Certain models proposed for GPCR recycling suggest 

that the coordinated actions of ubiquitin ligases and deubiquitinating enzymes are 

essential for this process, and function to control the subcellular localization of receptors, 

thereby altering their availability for ligand binding. Experiments have indicated that 

stable localization of the CXCR7 chemokine receptor to the cell surface depends upon 

its C-terminal tail being constitutively ubiquitinated. Upon binding of its ligand CXCR12, 

CXCR7 becomes phosphorylated at its C-terminus, allowing for an interaction with β-

Arrestin. It has been postulated that the interaction between CXCR7 and β-Arrestin 

leads to the recruitment of an unknown DUB, resulting in the removal of ubiquitin from 

CXCR7, and allowing the receptor to be recruited into clathrin coated pits so it can be 

recycled (Canals et al, 2012). 

 Based on the distribution patterns of APC that result from HECTD1 and TRABID 

knock-down, it is plausible that ubiquitination is also controlling APC trafficking. 

Coincidentally, HECTD1 and TRABID localization to cellular junctions and the 

centrosome may help explain how disrupting their function leads to anomalous APC 

distribution (Tran et al, 2013). As described previously, the centrosome might behave as 

distribution hub for APC, allowing it to be loaded onto specific microtubules for transport 

throughout the cell. The potential localization of both HECTD1 and TRABID at the 

centrosome tempt speculation that HECTD1, TRABID, and STRIPAK components could 

assemble here and subsequently interact with APC, facilitating its transport to cellular 

junctions. In this model, Striatin likely behaves as a transport scaffold, as its disruption 

results in the accumulation of APC near the centrosome. The perinuclear enrichment of 

APC that results from TRABID knock-down suggests that removal of K63-linked ubiquitin 

from the APC protein may be critical for its transport to the cellular periphery. In contrast, 
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the substantial accumulation of APC in cellular projections that occurs from loss of 

HECTD1 function suggests that addition of K63 polyubiquitin to APC acts either to 

reverse the directionality of APC movement along microtubules, or disassemble the APC 

transport complex and prevent excessive APC accumulation at the cell cortex (Figure 

37). 

 Since HECTD1 appears to be enriched within specific subcellular pools, spatial 

distribution may be critical for restricting its function. The variable affinity of TRABID for 

HECTD1 may provide important clues for the dynamics of the 

HECTD1/TRABID/STRIPAK complex. Specific protein-protein interactions at the 

centrosome or cell junctions could trigger this complex to undergo a conformational 

change that modifies the activity of either HECTD1 or TRABID. Since the binding affinity 

of HECTD1 and TRABID is dependent on the catalytic activity of HECTD1, this could 

alter the overall stability of the APC ubiquitination complex. Additionally, HECTD1 

activity may also be dependent on other protein modifications such as substrate 

phosphorylation, similar to what has been exposed previously in studies of the HECTD1 

relative MIB2 (Jurd et al, 2008). As a result, the binding of additional factors at the 

centrosome or cell junctions could be critical for the interaction between APC and a 

transport complex. The observation that APC ubiquitination is increased upon Striatin 

knock-down could also imply that when complexed with TRABID and Striatin, HECTD1 

is somehow inhibited. Although the exact nature of how ubiquitination affects APC 

transport remains a mystery, the loss of HECTD1 or TRABID clearly alters the 

distribution of APC molecules within the cytoplasm. Accordingly, loss of HECTD1 and 

TRABID has already been revealed to disrupt cellular migration and shape change, and 

also appears to impact the behaviour of WNT signaling components other than APC. 

Further evidence that atypical ubiquitination by HECTD1 is mediating protein 

trafficking comes from the study of its role in Hsp90 regulation. Hsp90 is a known 

binding partner and catalytic substrate of HECTD1. HECTD1 has been shown to 

catalyze the synthesis of K63-linked polyubiquitin on Hsp90, which inhibits its secretion 

(Sarkar et al, 2012). Cells lacking HECTD1 catalytic activity show an increased 

concentration of Hsp90 at the cell membrane, suggesting that K63 polyubiquitin 

somehow controls its transport from the cytoplasm to the cellular periphery. Together, 
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studies of the effects of HECTD1 on APC and Hsp90 demonstrate that HECTD1 controls 

trafficking of its substrates utilizing atypical polyubiquitin chains. 

 
Figure 36: Proposed model for APC trafficking through HECTD1, TRABID, and 

Striatin activity. 
Research by Tran and colleagues (2013) has revealed that disrupting HECTD1, TRABID, or 
Striatin function alters the distribution of APC within cells. Based on these APC redistribution 
phenotypes, as well as the localization patterns of HECTD1 and TRABID described above, it 
appears that HECTD1, TRABID, and Striatin function may be responsible for trafficking APC 
between the centrosome and cellular junctions or periphery. Striatin may behave as a scaffold for 
the transport of APC away from the centrosome, as loss of Striatin function results in centrosomal 
accumulation of APC. Although both HECTD1 and TRABID may reside at the centrosome, 
deubiquitination of APC appears to be important for trafficking of APC towards the cellular 
periphery, since knock-down of TRABID has been shown to result in an accumulation of APC 
towards the interior of the cell. In contrast, HECTD1 proteins localizing to regions of cell-cell 
contact may be required to reverse APC trafficking towards the cellular periphery, or prevent APC 
accumulation at the cell cortex. Experiments have demonstrated that loss of HECTD1 function 
results in the accumulation of APC within abnormal cellular projections, suggesting that K63-
polyubquitination of APC may negatively regulate the transport of APC towards the cellular 
periphery. Altered APC distribution at the cellular periphery may ultimately disturb the 
organization of cytoskeletal components at this region of the cell, resulting in impaired cell shape 
changes and cellular movements. 
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4.5.2. Alternative ubiquitination activity 

 Although HECTD1 clearly utilizes ubiquitin in non-degradatory roles, it may still 

participate in the regulation of protein stability though the use of canonical K48-linked 

ubiquitin chains. Loss of HECTD1 function in metastatic breast cancer cell lines 

increases cellular levels of PIPKIγ90, indicating that the protein may be targeted for 

degradation by HECTD1 (Li et al, 2013). While this shows that HECTD1 is somehow 

involved in regulating PIPKIγ90 levels, additional experiments have produced 

confounding results. Namely, overexpression of the E3 ubiquitin ligase Smurf1 increases 

PIPKIγ90 ubiquitination to levels similar to what is seen during HECTD1 overexpression. 

This, when combined with the fact that a physical interaction between HECTD1 and 

PIPKIγ90 has yet to be demonstrated, opens up the possibility that HECTD1 may 

indirectly manage PIPKIγ90 levels by regulating a pathway that controls its 

ubiquitination. 

 While the down-regulation of HECTD1 that I have observed following TRABID 

knock-down contradicts previously published findings, it may also indicate that HECTD1 

utilizes canonical polyubiquitin during autoubiquitination. Previous experiments 

investigating HECTD1 autoubiquitination utilized engineered versions of the protein. 

Consequently, these expression constructs would only encode a single isoform of the 

HECTD1 protein due to the inability to undergo splicing. As a result, affinity-tagged 

versions of HECTD1 could lack the ability to synthesize a variety of polyubiquitin chain 

types. If the catalytic activity of both HECTD1 and TRABID was required to maintain the 

assembly of a Striatin based complex, K48 autoubiquitination by HECTD1 could act as a 

simple regulatory mechanism to prevent uncomplexed HECTD1 particles from being 

active within the cytoplasm and affecting the behaviour of unrelated pools of APC. 

However, until the ubiquitination state of endogenous HECTD1 can be further 

investigated, the precise mechanism of how TRABID function affects HECTD1 stability 

remains unclear. At the present time, K63-linked ubiquitin is the only thoroughly 

demonstrated product of HECTD1 catalysis. Nevertheless, the ability of TRABID to 

catalyze the cleavage of K29 and K33 ubiquitin linkages (Licchesi et al, 2011) makes it 

possible that HECTD1 also synthesizes numerous other atypical polyubiquitin chains on 

substrates that have yet to be identified. 
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4.6. Summary and future directions 

 The findings presented in this study reveal that HECTD1 localizes to several 

regions of the cell where dynamic cytoskeletal processes are prevalent, including the 

centrosome, cell-cell contacts, and the mitotic spindle. HECTD1 localization to the 

centrosome was consistent in all cell types analyzed, and was demonstrated to occur 

independent of dynein function. HECTD1 appears to be unique amongst SUN domain-

containing proteins based on the observation that it does not localize to the nuclear 

membrane. Instead, expression of HECTD1 domain fragments has revealed this 

conserved SUN domain may be critical for centrosomal targeting. At the onset of this 

research, TRABID had been identified as a putative interaction partner of HECTD1. 

Through the use of GFP-fusion constructs, experiments have shown that TRABID 

becomes enriched at the centrosome when overexpressed, suggesting a functional 

interaction with HECTD1. Visualization of endogenous TRABID was also achieved 

through the use of custom monoclonal antibodies, and exposed TRABID as a novel 

component of the central spindle. The specificity of each HECTD1 and TRABID antibody 

used in localization studies was confirmed through siRNA knock-down or antibody pre-

adsorption, validating each finding. Knock-down of HECTD1 function in culture failed to 

produce a global decrease in ubiquitination, but generated cells that distributed 

abnormally across growth surfaces. Furthermore, disrupting TRABID function with 

siRNA resulted in decreased cellular HECTD1 levels, suggesting TRABID may stabilize 

HECTD1. During the course of my research, independent work proved that an 

interaction between HECTD1 and TRABID was genuine, and showed that HECTD1 

catalyzed the addition of K63-linked polyubiquitin to APC.  

 At the present time, experiments are underway to isolate a clonal HECTD1 

knock-out cell line. A series of control transfections and FACS experiments provides 

strong evidence that TALEN constructs we have engineered have the ability to disrupt 

the H. sapiens hectd1 gene. Unfortunately, difficulties with culture contamination 

following FACS have prevented the maintenance of a mutant line long-term. Luckily, this 

appears to be a technical issue with sorting instrumentation that should be simple to 

rectify. Once a putative HECTD1 mutant has been isolated, the TALEN cut site will be 

sequenced in order to verify gene disruption and correct incorporation of the reporter 
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gene. The acquisition of a knock-out cell line will provide us with a valuable tool for 

investigating the cellular role of HECTD1. As previously discussed, the activity of 

HECTD1 and TRABID towards APC may relate to the dynamics of the actin cytoskeleton 

at the cellular periphery. Accordingly, HECTD1 mutant cells should be analyzed for 

disorganization of actin filaments, as well as disruption of overall cytoskeletal 

architecture. The potential relationship between the HECTD1 SUN domain and the 

centrosome also make it possible that loss of HECTD1 function could produce cellular 

defects similar to what has been seen in other SUN protein mutants. For this reason, 

nuclear and centrosomal positioning should be compared between wild-type and 

HECTD1 mutant cells. 

 Amplification of cDNA fragments has provided evidence for the existence of 

additional HECTD1 isoforms, though the significance of this finding has yet to be 

determined. Although construction of a full-length HECTD1 expression construct has 

proven extremely problematic, its production is critical for the completion of planned 

experiments. Several attempts have already been made to isolate endogenous HECTD1 

via immunoprecipitation, but have proven unsuccessful thus far. The creation of affinity-

tagged expression constructs is essential for the identification of novel HECTD1 

interaction partners through pull-downs and mass spectrometry. The availability of a full-

length HECTD1 expression construct will also simplify the production of truncated 

versions of the protein that will allow us to observe the localization and binding 

properties imparted by each HECTD1 domain. Previous research has indicated the N-

terminal region of HECTD1 preceding the SUN domain is responsible for the interaction 

with Hsp90 (Sarkar et al, 2012), but the precise nature of this binding has not been 

thoroughly investigated. By comparing the distribution patterns and interaction partners 

of wild-type and mutant forms of the protein, it should be possible to better understand 

the functional characteristics of each conserved domain within HECTD1. 

 An immediate priority of future experimentation is the validation of preliminary 

data that has been collected. Quantification of the cell clumping defect that has been 

observed in HEK293 cells following HECTD1 knock-out is required in order to better 

describe the phenotype. Similar analysis should also be performed on HEK293 cells 

following TRABID knock-down. Since HECTD1 and TRABID knock-down should both 

theoretically result in APC dysfunction, similar phenotypes may be observed in culture. 
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Conversely, since HECTD1 and TRABID produce opposing effects on APC 

ubiquitination and trafficking, loss of HECTD1 and TRABID may potentially produce 

opposite phenotypes. Since HECTD1 and TRABID both appear to affect cellular 

migration (Sarkar et al, 2012, Li et al, 2013, Bai et al, 2011), performing wound healing 

assays on HECTD1 and TRABID knock-down cells may be a straightforward way to 

address this idea. Conceivably these experiments could show that loss of one protein 

enhances cellular migration during wound healing, while loss of the other reduces 

migration. Furthermore, visualization of a centrosomal marker in cells overexpressing 

the HECTD1 fragment comprised of the SUN and MIB domains is required before 

definitive conclusions can be made about the localization properties of these domains. 

 The inspection of endogenous HECTD1 and TRABID distribution has provided 

us with a wealth of insight into the potential functions of each protein. Continued 

examination of the subcellular distribution of each protein should continue to reveal 

novel aspects of HECTD1 and TRABID function. Although TRABID localization has been 

analyzed in HEK293 cells, immunocytochemistry experiments must also be performed in 

confluent IMCD3 monolayers to search for potential staining of cellular junctions. The 

relationship between HECTD1, TRABID and STRIPAK components suggest that actin 

dynamics may play an important role in the function of each protein. Because of this, 

HECTD1 and TRABID should be visualized following treatment with latrunculin B or 

cytochalasin D, to observe if the localization of either protein is actin-dependent. 

Additionally, since HECTD1 and TRABID appear to bind spindle microtubules, 

experiments can be performed to see if the distribution of these proteins precedes or 

follows formation of spindle components. Treatment with colchicine will destabilize 

microtubules and prevent formation of the spindle apparatus, therefore if HECTD1 and 

TRABID antibodies produce the same staining patterns under these conditions as seen 

in untreated cells, it would indicate that these proteins become enriched at specific areas 

prior to spindle formation, and might be responsible for spindle assembly. 

 Tentative testimony regarding a potential interaction between HECTD1 and 

Katanin also presents an exciting prospect for the development of a future publication. 

Ideally, analysis of p60 levels following HECTD1 and TRABID knock-down would 

provide evidence of perturbed protein stability. Furthermore, visualization of p60 

alongside HECTD1 or TRABID would hopefully show an association along spindle 
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microtubules. Based on what is known about the role of Katanin in organization of the 

spindle, it is suspected that spindle length will be perturbed following loss of HECTD1 or 

TRABID. Quantification of this hypothesized phenotype should be straightforward. I have 

also noted that in figures highlighting the localization of overexpressed HECTD1, cells 

appear multinucleate. As a result, experiments can be carried out to test if the 

occurrence of multinucleate cells is increased when HECTD1 function is disrupted. 

Importantly, a role for HECTD1 and TRABID in Katanin regulation may be closely related 

to the phenotypes our lab has previously identified in C. elegans hecd-1 mutants. 

Continued investigation into HECTD1 and TRABID functions will enhance our 

understanding of how variability in ubiquitination relates to the dynamic cytoskeletal 

processes that are integral to the development of tissues during embryogenesis. 
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