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Abstract 

   Protein phosphorylation is a key signaling mechanism utilized by cells as a means of regulating 

various pathways within the cell. Protein phosphatase one (PP1) is a highly conserved enzyme 

that catalyzes the removal of a phosphate group from serine/threonine residues in eukaryotes. 

PP1 gains substrate specificity through the binding of regulatory proteins, of which over 200 are 

currently identified in humans. Most of these subunits dock PP1 via the RVxF binding motif.  

Transforming acidic coiled coil protein three (TACC3) has been identified as a potential PP1 

interactor through quantitative mass spectrometry and also contains an RVxF motif (KVTF). 

Here, I have validated the TACC3-PP1 interaction, and demonstrated that it occurs via the RVxF 

motif.  

   TACC3 is a non-motor spindle assembly protein and plays an important role in the proper 

segregation of chromosomes during mitosis. Due to its key role in maintaining genomic 

integrity, it has recently been implicated in a number of cancers. Here, I explore the expression 

of TACC3 mRNA in 20 cancers and the effect of aberrant TACC3 expression on patient survival 

from clinical data. 

   The work presented here increases our knowledge of PP1 and its interaction with the 

regulatory subunit TACC3, and also provides insight into the role TACC3 is playing in cancer. 
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Chapter One: Introduction 

1.1 Post translational modifications and reversible protein phosphorylation 

   Cell signaling is an important cellular process that provides a means for cells to communicate 

efficiently within themselves as well as with each other (Morgan 1989). One strategy cells 

employ during signaling events is to use a variety of post-translational protein modifications.  

These modifications involve the covalent addition of a ligand to a protein that then causes the 

protein to function in a modified manner. The change in function of the protein through the 

modification allows many different cellular processes and pathways to be controlled with either 

the addition or subsequent removal of a post-translational modification (Mann and Jensen 2003). 

Dozens of different protein modifications have been identified and include ubiquitination, 

acetylation, methylation, glycosylation and most commonly, phosphorylation (Khoury, Baliban 

et al. 2011) (Figure 1).   

   Reversible protein phosphorylation is an important cellular process that serves to regulate 

many different pathways within the cell. Phosphorylation involves the addition of a phosphate 

group to a protein from the terminal phosphate of ATP/GTP via a protein kinase. In reverse, the 

dephosphorylation is the hydrolytic removal of the phosphoryl group by a protein phosphatase 

(Chen, Plotkin et al. 2005). The addition or removal of a phosphate group acts as a molecular 

switch thereby altering protein function, changing possible interactors or impacting subcellular 

localization (Petersen, Lukas et al. 1999, Alvarado-Kristensson, Melander et al. 2004, 

Mollapour, Tsutsumi et al. 2011). In mammalian cells, this phosphorylation event generally 

occurs on either a serine, threonine or tyrosine residue within the protein amino acid sequence, 

with the frequency of phosphorylation on each residue being approximately 86.4%, 11.8%, and  



 

 2 

 

Figure 1.1 Post-translational modifications of proteins.  

A selection of types of post-translation modifications commonly found in eukaryotes. Each 

modification can alter protein function, structure or sub-cellular localization. 

 

 

1.8% respectively (Olsen, Blagoev et al. 2006, Olsen, Vermeulen et al. 2010, Khandelwal and 

Wang 2012). The balance of phosphorylation and dephosphorylation events within a cell is 

crucial. The gain or loss of function of certain protein kinases and protein phosphatases as well 

as mutations in the phosphorylation sites on key proteins have been found to lead to tumor 

formation as well as a number of other diseases and disorders (Li, Yen et al. 1997, Fullwood, 

Zhou et al. 2011, Reimand, Wagih et al. 2013). More than 75% of the human proteome will be 
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phosphorylated at some point in its lifetime at one or several of the over 100,000 mapped 

phosphorylation sites within the proteome (Dephoure, Gould et al. 2013, Sharma, D'Souza et al. 

2014). Of the vast eukaryotic proteome, studies have shown that between 2-4% of the proteome 

corresponds to protein kinases and phosphatases, emphasizing the importance of protein 

phosphorylation as a means of control (Kerk, Templeton et al. 2008). 

 

1.2 Protein phosphatases 

1.2.1 Classes of protein phosphatases 

   Protein phosphatases are a diverse group of proteins with multiple classes or families dividing them 

based on a number of different properties (Moorhead, De Wever et al. 2009). These proteins catalyze 

the removal of phosphate groups from specific amino acid residues. The eukaryotic protein 

phosphatases belong to one of four major families based on several different properties including 

sequence homology, substrate preference or catalytic signature. The 4 major families are the metallo-

dependent phosphatases (PPM), the phospho-tyrosine phosphatases (PTP), the aspartic acid-based 

phosphatases, and the phosphoprotein phosphatases (PPP) (Table 1.1) (Moorhead, De Wever et al. 

2009).  

   The PPM family of protein phosphatases includes members such as PP2C and pyruvate 

dehydrogenase phosphatase and depend on metal ions (Mg2+/Mn2+) within the active site for catalysis. 

These phosphatases only dephosphorylate serine and threonine residues, and share 11 conserved motifs 

and four highly conserved aspartic-acid residues in the active site which are required for coordination 

of the metal-ions that drive catalysis (Cohen 1997, Andreeva and Kutuzov 2001).  

   The PTPs are the largest and most diverse group of phosphatases (Alonso, Sasin et al. 2004). They all 

share a unique catalytic motif, CX5R, and have a wide variety of substrates including proteins, lipids,  
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Table 1.1 Classification of protein phosphatases. 

Adapted from (Kerk, Templeton et al. 2008). Protein phosphatases as classified into four 

families: PPP (Phosphoprotein phosphatases), PPM (Mg2+/Mn2+-dependent protein 

phosphatases), PTP (Protein tyrosine phosphatases) and Asp-based catalysis phosphatases. The 

table shows the number of genes in humans which encode each type of phosphatase. 

 

 
Protein Phosphatase Family Subclass Human genes 

PPP family Total 
PP1 

PP2A 
PP2B/PP3 

PP4 
PP5 
PP6 
PP7 

13 
3 
2 
3 
1 
1 
1 
2 

PPM family (PP2C) Total 20 
PTP family 

Class I PTPs (Classic) 
 
 

Class I PTPs (DSPs) 
 
 
 
 
 

 
 
 

Class II PTPs (CDC25) 
Class III PTPs  (LMWPTP) 

Total 
Total 

Receptor 
Non-receptor 

Total 
MAPKP 

Slingshots 
PRL 

Atypical DSP 
CDC14 
PTEN 

Myotubularins 
Other 

 

106 
37 
20 
17 
67 
11 
3 
3 
19 
5 
7 
16 
3 
3 
1 

Asp-based catalysis 
FCP-like 

Chronophins 
EYA 

Total 13 
8 
1 
4 

Total phosphatases  158 
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complex carbohydrates and mRNA (Fischer, Charbonneau et al. 1991, Guan and Dixon 1991). This 

group is further divided into three classes based on sequence. Class I PTP’s include: the classical PTPs, 

such as receptor tyrosine phosphatases and non-receptor tyrosine phosphatases which act on phospho-

tyrosine residues, and the dual-specificity (DSP) phosphatases, which act on phospho-tyrosine, -serine, 

and -threonine residues in protein and non-protein substrates. The DSPs include the MAPK 

phosphatases, Cdc14s, PTENs, myotubularins and atypical DSPs (Moorhead, De Wever et al. 2009). 

Class II PTPs include only one member, the low molecular mass PTP (LMWPTP), while the Class III 

PTPs are tyrosine/threonine specific and include the Cdc25s (Bordo and Bork 2002, Bottini, Bottini et 

al. 2002). 

    The aspartic-acid based phosphatases earn both their name and classification through the use of 

aspartic-acid during catalysis, specifically in the  highly conserved catalytic motif  DXDXT/V 

(Moorhead, De Wever et al. 2009, Shi 2009). The most prominent member of this family is the RNA 

polymerase II C-terminal phosphatase (FCP1) (Fuda, Buckley et al. 2012). 

   The final class of protein phosphatases is the PPP family. This family of phosphatases are 

serine/threonine specific and share three common motifs (GDXHG-, -GDXVDRG- and –GNHE-) 

within their catalytic domain (Honkanen and Golden 2002, Wang, Zhang et al. 2008). This family 

includes the critical cell cycle regulatory proteins PP1 and PP2A, which function by binding additional 

proteins to aid in specificity, regulation and stability (Cohen 2002). PP1 gains its substrate specificity 

through the binding of a regulatory subunit, allowing the catalytic subunit to be targeted to many 

different substrates. Over 200 different regulatory proteins have currently been identified for PP1, 

which will be discussed in more detail in Section 1.3.  PP2A binds to a scaffolding (A) subunit as well 

as one of 26 different regulatory (B) subunits (Cohen, Brewis et al. 1990, Yanagida, Kinoshita et al. 

1992).  The PPP family of protein phosphatases are considered to be very ancient enzymes and are 
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widely found across eukaryotes with an impressively high degree of conservation (Moorhead, De 

Wever et al. 2009). 

 

1.2.2 Evolution of protein phosphatases 

   One of the key characteristics of protein phosphatase’s catalytic subunits is their lack of a 

conserved substrate targeting sequence (Uhrig, Labandera et al. 2013). This is in direct contrast 

to the protein kinases that recognize and phosphorylate a unique motif within their substrates 

(Sharrocks, Yang et al. 2000). The number of protein phosphatases in the cell is markedly lower 

than the protein kinases, forcing the few protein phosphatases to have a broad substrate 

specificity in order to dephosphorylate the many substrates of the protein kinases (Moorhead, 

Trinkle-Mulcahy et al. 2007). Protein phosphatases have evolved to use regulatory subunits or 

domains as a means to confer their specificity and target them towards their substrates 

(Ingebritsen and Cohen 1983). The evolution of protein phosphatases, specifically the PPP and 

PPM families allow us to observe convergent evolution in the real world. These two families, 

while performing similar functions by strictly dephosphorylating serine/threonine residues, have 

very little sequence similarity, but structurally share similar folds (Moorhead, De Wever et al. 

2009).  

 

1.3 Protein phosphatase one 

1.3.1 Protein phosphatase one catalytic subunit and conservation 

   Protein phosphatase one (PP1) is a member of the PPP family of protein phosphatases and is 

known to dephosphorylate serine/threonine residues, which account for nearly 98% of the 

phosphorylated residues within a cell. PP1, along with its PPP family member, PP2A are 
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responsible for catalyzing approximately 90% of the dephosphorylation reactions from these 

residues (Sharma, D'Souza et al. 2014). PP1 is a key player in cellular regulation and has been 

shown to be crucial for many different cellular processes including cell division (Pinsky, Nelson 

et al. 2009). PP1 itself is considered a catalytic subunit and binds to regulatory subunits in order 

to form the holoenzyme. This catalytic subunit is encoded by multiple genes in most eukaryotes 

and has a remarkably high degree of conservation. In humans, there are three different isoforms 

of PP1: PP1a, PP1b and PP1g. Each isoform is a separate gene, located at 11q13.2, 2p23.2 and 

12q24.11 for a, b, and g respectively. These isoforms are 90% identical in their amino acid 

sequences, with slight differences only on the N- and C- termini (Figure 1.2). The high level of 

conservation is not surprising when considering the similarities between catalytic mechanisms 

and regulation. 

 

1.3.2 Mechanism of catalysis by protein phosphatase one 

    The mechanism through which the PP1 catalytic subunit carries out the dephosphorylation 

reaction is, as previously mentioned, highly conserved. As a member of the PPP family of 

phosphatases, PP1 utilizes metal ions to catalyze the removal of a phosphate group from a 

serine/threonine residue. The active site on the catalytic subunit is defined by the presence of two 

metal ions, located between three different clefts, the hydrophobic groove, the acidic groove and the C-

terminal groove (Shi 2009). These two metal ions are coordinated by three histidine, two aspartic acid 

and one asparagine residue that work to actively dephosphorylate the substrate (Figure 1.3). These 

metal ions interact with the oxygen atoms of a water molecule which then initiates a nucleophilic attack 

on the phosphorous atom of the phosphate group (Goldberg, Huang et al. 1995, Barford, Das et al. 

1998). Other residues located in the active site function to help stabilize the transition state, donate a  
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Figure 1.2 Conservation of human PP1 isoforms.  

The protein sequences of each human PP1 isoform, a, b, and g (available from NCBI) were 

aligned using Clustal Omega (Sievers, Wilm et al. 2011). Residues conserved across all three 

isoforms are indicated by (*), residues with highly similar biochemical properties are indicated 

by (:), residues with less similar properties are indicated by (.), and residues that are not 

conserved are indicated by a space. Key active site residues are indicated by red squares. 
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Figure 1.3 Protein phosphatase one active site.  

A crystal structure of the active site of PP1. The phosphate molecule (red) is modelled in the 

active site next to two Mn2+ ions (purple) and surrounded by the three histidine residues (green), 

two aspartic acid residues (yellow) and an asparagine residue (cyan), which are responsible for 

catalysis. Image was generated from PDB file 4MOV using PyMol (Choy, Hieke et al. 2014, 

Schrodinger 2015). 

 

 

proton to the removed phosphate group, and ultimately regenerate the serine/threonine residue. 

1.3.3 PP1 regulatory subunits and the RVxF motif 

   PP1 generally exists in vivo as a holoenzyme, consisting of at least two different subunits, the 

previously discussed catalytic subunit, and a regulatory subunit. Interaction with different 

regulatory subunits allows PP1 to have multiple substrates and be targeted towards multiple locations at 
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various time points with only three mammalian isoforms, α, β and γ (Cohen 2002). This demonstrates 

the importance of the regulatory subunits in diversification of protein phosphatases, especially when 

considering the discrepancy between the large variety and number of protein kinases in the proteome 

and the limited number of protein phosphatases available to carry out the subsequent reverse reactions 

(Moorhead, De Wever et al. 2009). The association of PP1 with one of the over 200 different currently 

identified regulatory subunits can change the catalytic subunits substrate affinity, sub-cellular 

localization, or even affect the dephosphorylation capabilities of the enzyme by regulating the activity 

(Ceulemans, Stalmans et al. 2002, Barr, Elliott et al. 2011).  

   The majority of these regulatory subunits share a highly conserved, degenerate PP1 docking motif 

[R/F][X]0-1[V/I] {P [F/W], referred to from here on as RVxF (Egloff, Johnson et al. 1997, Bollen 2001, 

Ceulemans, Stalmans et al. 2002, Wakula, Beullens et al. 2003) (Figure 1.4A). In this motif, the two 

hydrophobic residues, valine and phenylalanine, are crucial for the docking of this motif to the catalytic 

subunit of PP1 (Pinheiro, Marsh et al. 2010). They fit into the hydrophobic cleft of the catalytic subunit, 

located on the back of the protein away from the active site, so as to not interfere with catalytic activity 

(Gibbons, Weiser et al. 2005) (Figure 1.4B). It has previously been shown through site-directed 

mutagenesis that mutating the valine and phenylalanine in the RVxF motif disrupts the binding of the 

catalytic subunit of PP1 with its regulatory subunit and can disrupt PP1 function (Templeton, Nimick et 

al. 2011). Although the RVxF motif is the most common, several other PP1 regulatory subunit docking 

motifs do exist such as the G/SILK and MyPhoNE motifs (Uhrig, Labandera et al. 2013). One of the 

key features of the RVxF motif is the high frequency of a serine or threonine residue in the x position. 

Serine and threonine are both residues that are frequently phosphorylated. Phosphorylating these 

residues within the RVxF motif can act as a means of regulating the docking of the RVxF-containing 

regulatory subunits to PP1. The addition of a phosphate group to a serine/threonine residue in this  
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Figure 1.4 Protein phosphatase one and the regulatory subunit docking the RVxF motif. 
A. The consensus sequence for the RVxF motif. The most prevalent residues in each position are 

shown, based on validated PP1 binding proteins. Motif sequences were taken from (Hendrickx, 

Beullens et al. 2009) and image created using WebLogo (Crooks, Hon et al. 2004). B. (i) Front 

view of PP1(green) bound to one of its regulatory subunits (MYPT1; blue). The PP1 active site 

is represented by the 2 purple metal ions. (ii) Back view of PP1 bound to MYPT1 showing the 

conserved RVxF motif (cyan) docking the catalytic subunit of PP1. The valine (VAL-36) and 

phenylalanine (PHE-38) of the RVxF motif fit into the hydrophobic cleft allowing the regulatory 

subunit to dock. The hydrophobic cleft is located on the back of the catalytic subunit, away from 

the active site so as not to interfere with catalysis. Image was manipulated from PDB file 1S70 

using PyMol (Terrak, Kerff et al. 2004, Schrodinger 2015). 
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position will disrupt the interaction of PP1 and the regulatory subunit by preventing the valine 

and phenylalanine residues from docking to the hydrophobic cleft. The addition of a negative 

charge from the phosphate group will also act to further abolish binding by repelling the docking 

site. 

 

1.4 Protein phosphorylation throughout the eukaryotic cell cycle and mitosis 

   In eukaryotes, the cell cycle is a highly-regulated process that involves time-dependent events 

with four different stages all functioning to allow the cell to progress through the cycle. The 

events that take place in the cell cycle such as replication of chromosomes, growth, and cell 

division are all crucial processes that are required for cells to survive and function properly 

(Hartwell and Weinert 1989). The four major stages of the cell cycle are: G1-phase, or gap phase 

1, where cells grow and prepare for entry into the next stage, S-phase, or synthesis phase, where 

diploid cells duplicate chromosomes via DNA replication. From S-phase, cells enter another 

growth stage, referred to as gap 2 phase or, G2-phase. After completing G2, the cell will enter 

M-phase, or mitosis. It is during this stage in the cell cycle where a parent cell will undergo a 

cascade of events that leads to the segregation of chromosomes and the generation of a daughter 

cell (Morgan 2007).  There is also an additional quiescent stage Go, in which a cell will reside 

until stimuli cause it to enter G1, where it can then progress through the cell cycle. The transition 

of the cell between these four phases is tightly controlled, largely by the process of reversible 

protein phosphorylation (Hunt 2002). 

1.4.1 Cyclin-dependent kinases as master regulators of the cell cycle 

   A family of proteins known as the cyclin-dependent kinases (Cdks) and their association with a 

second family of proteins, the cyclins, are largely considered to be the master regulators of the 
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cell cycle. The interaction of the Cdks with different members of the cyclins acts as a means of 

regulating when a cell enters/exits each stage of the cell cycle (Obaya and Sedivy 2002). Cdk’s 

carry out their role as master regulators by controlling mRNA processing, transcription and 

numerous other cellular events (Morgan 2007). Cdk levels remain fairly constant throughout the 

cell cycle, while cyclin levels vary depending on the phase. This results in the Cdk activity being 

regulated via post-translational modifications, mainly phosphorylation, which controls the 

binding of the appropriate cyclin and the activation of the kinase activity (Morgan 1995). The 

Cdk-active site is a modified ATP-binding site that is inaccessible to substrate without the 

docking of a cyclin to the Cdk. Cdks are only active upon formation of the cyclin-Cdk complex 

(Morgan 2007). Upon cyclin binding, the T-loop of the Cdk undergoes a conformational change, 

exposing the active site, and allowing ATP to bind. There is a very high degree of specificity 

controlling which cyclin protein is binding, as the cyclin plays a large role in determining 

substrate specificity (Morgan 1997). As an additional means of control, Cdk-activating kinases 

(CAK), phosphorylate Cdks on the T-loop to increase the activity of the complex and allow Cdks 

to become fully active (Morgan 2007).  

   In addition to activating kinase activity, phosphorylation at different locations on the Cdks can 

act to inhibit the kinase activity. Inactivating the Cdks is just as important to proper cell cycle 

progression as timely activation. By limiting which Cdk is active and when it is activated, the 

precise timing of the cell cycle is regulated (Morgan 2007) (Figure 1.5). 

 

1.4.2  Mitosis is controlled by phosphorylation 

   Mitosis is the stage in the cell cycle, where the chromosomes that were previously duplicated during 

S-phase are divided into two daughter cells. Mitosis itself is divided into four sub-stages: prophase,  
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Figure 1.5 The eukaryotic cell cycle is controlled by the cyclin-dependent kinases and the 
cyclins.  

The four major phases of the cell cycle and their associated Cdk/cyclins. Once a cell is 

stimulated to enter the cell cycle, expression of cyclin D increases and it associates with its 

binding partners Cdk4/6. The formation of this complex promotes the transcription of genes 

required for S-phase, including cyclin E. The increased levels of cyclin E allow it to bind Cdk2, 

resulting in the cell to transition from G1 to S-phase. During S-phase, cyclin A levels rise, and it 

complexes with Cdk2. The cyclin A/Cdk2 complex regulates the synthesis of a second set of 

chromosomes and allows the cell to transition to G2-phase. At the G2/M transition, cyclin A 

associates with Cdk1, promoting the translation of cyclin B, which then forms the cyclin B/Cdk1 

complex that is required for mitotic entry. This complex phosphorylates many proteins required 

for controlling mitotic progression. Upon completion of mitosis, cyclin B is degraded, leading to 

a decrease in Cdk1 activity and mitotic exit.  
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metaphase, anaphase and telophase (O'Connor 2008). The process of cell division is tightly regulated 

through post-translational modifications, specifically, protein phosphorylation. One of the key 

indicators of the onset of mitosis is a marked increase in the level of protein phosphorylation within the 

cell. At the onset of mitosis, the serine/threonine mitotic protein kinases, cyclin-dependent kinase 1 

(Cdk1), the Auroras (AurA, AurB), the NIMAs (Nek) and the Polos (Plk1) all play major roles in 

phosphorylating key mitotic players (Nigg 2001, Potapova, Sivakumar et al. 2011).  

   As previously mentioned, the Cdk1-cyclin B complex is the master regulator of mitosis and is 

responsible for driving the events required for cell division to occur. Upon mitotic entry and binding to 

cyclin B, Cdk1 becomes active through the phosphorylation of Thr161 on its T-loop (Enserink and 

Kolodner 2010). Protein kinases Wee1 and Myt also play a role in regulating Cdk1s activity by 

phosphorylating Thr14 and Tyr15 residues near the active site (Mueller, Coleman et al. 1995, O'Farrell 

2001).  These protein kinases prevent Cdk1 from becoming active prior to the G2/M transition until 

CDC25 dephosphorylates these residues fully activating Cdk1 and allowing mitosis to begin (Russell 

and Nurse 1986, O'Farrell 2001). The balance of regulation mechanism between the protein kinases 

and the protein phosphatases is crucial for the proper timely progression of the mitotic events (Nigg 

2001). The fully active Cdk1 then begins to phosphorylate key mitotic players including Polo-like 

kinase 1 (Plk1), Greatwall kinase and the Aurora kinases to activate numerous downstream pathways 

and drive mitotic progression forward (Dephoure, Zhou et al. 2008, Olsen, Vermeulen et al. 2010). 

Protein phosphatase activity is crucial outside of mitosis to prevent early mitotic entry, but must be 

inhibited for the cell to fully enter mitosis. PP1 is inactivated by phosphorylation of Thr320 by Cdk1, 

while PP2A is inhibited by both ENSA and ARPP19, which, interestingly, are activated by Greatwall 

kinase, one of Cdk1’s substrates (Lindqvist, Rodriguez-Bravo et al. 2009, Wu, Guo et al. 2009, Gharbi-

Ayachi, Labbe et al. 2010, Mochida, Maslen et al. 2010). 
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   As the cell progresses through mitosis and more downstream effects are felt, eventually mitotic 

kinase activity begins to decrease. At the metaphase/anaphase transition, the formation of the APC/C 

complex allows the proteolytic degradation of cyclin B by this complex. With decreased cyclin B 

levels, Cdk1 activity drops, and the ~700 residues that were phosphorylated by the mitotic kinases must 

be dephosphorylated for mitotic exit to occur (Potapova, Sivakumar et al. 2011). It is at this point that 

the protein phosphatases, specifically PP1 and PP2A play a critical role and begin to dephosphorylate 

the large number of phospho-serine/threonine residues and return the cell back to an interphase level of 

phosphorylation (Potapova, Sivakumar et al. 2011). With the declining activity of Cdk1, PP1 is able to 

auto-dephosphorylate at Thr320 and partially activate until it can dephosphorylate and dissociate from 

its inhibitory binding partner, inhibitor-1. This then allows PP1 to fully activate and begin actively 

dephosphorylating the large number of proteins and allow mitotic exit (Wu, Guo et al. 2009). 

 

1.4.3 The mitotic spindle and the spindle assembly checkpoint 

   The mitotic spindle is a highly dynamic structure found within dividing eukaryotic cells and is 

essential for the separation of sister chromatids between daughter cells during anaphase. The mitotic 

spindle is a cytoskeletal structure composed of hundreds of different proteins, the majority of which are 

tubulin, forming microtubules (Walczak and Heald 2008). Microtubules are composed of a and b 

tubulin heterodimers, that arrange to form the cylindrical, hollow microtubule structure. A third type of 

tubulin, g,  is a specialized variant that forms the g-tubulin ring complex (g-TURC), which acts as a 

nucleation site for microtubule formation (Zheng, Wong et al. 1995, Nogales, Whittaker et al. 1999). 

Of these microtubules, there are three distinct types which all serve unique functions for the mitotic 

spindle. Microtubules have plus and minus ends, with the plus ends growing much more rapidly. The 

astral microtubules (i) radiate into the cytoplasm from centrosomes. These microtubules are present 
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during interphase, and at the onset of mitosis, they shorten in length. As the astral microtubules shorten, 

many more microtubules are nucleated from the centrosomes. Some of these microtubules become 

kinetochore microtubules (ii) and connect the poles to the kinetochores, which are attached to the sister 

chromatids and help to hold them together. These microtubules bundle together in parallel to form K-

fibers (O'Connell and Khodjakov 2007). The remaining microtubules are polar microtubules (iii), 

which also originate from the spindle poles at the centrosome and overlap in an anti-parallel manner at 

the spindle equator, interacting with the free arms of the chromosomes (Karsenti and Vernos 2001). 

The polymerization and subsequent de-polymerization of microtubules drives their dynamic nature. As 

the asymmetrical microtubules lengthen and shorten, their bipolar nature creates an opposing tension 

force on the kinetochores from the opposite poles of the cell. This results in the alignment of the sister 

chromatids at the cellular equator(Nogales and Ramey 2009). Once the chromosomes are properly 

aligned and pass through the spindle assembly checkpoint (SAC), the microtubules retract and pull the 

sister chromatids apart to opposite poles of the cell, progressing mitosis from metaphase to anaphase 

(Walczak and Heald 2008). 

    Many different proteins called MAPs (microtubule associated proteins) enhance the stability of the 

microtubules and assist in their dynamic nature. Dyenin and kinesin are two MAP motor proteins, that 

recognize the spindle structure and polarity and move different microtubules, associated protein 

complexes, and even chromosomes along the anti-parallel spindles (Saxton, Stemple et al. 1984, 

Wittmann, Hyman et al. 2001). In addition to the tubulins and motor proteins, many kinase complexes 

are recruited to the centrosomes to phosphorylate and assist in regulating the dynamic cell cycle. Many 

proteomic studies have identified a high level of spindle proteins are phosphorylated during mitosis, 

implying once again that the mitotic kinases are crucial in driving mitosis and overall cell cycle 

progression (Doxsey, Zimmerman et al. 2005, Nousiainen, Sillje et al. 2006, Walczak and Heald 2008). 



 

 18 

   Proper segregation of chromosomes is crucial for cell cycle progression and a healthy, functional cell 

post-mitosis. One way that the cell ensures proper separation occurs is through the alignment of the 

chromosomes at the metaphase plate by the mitotic spindle. Improper alignment of chromosomes can 

lead to cells that are multinucleated, have aneuploidy or have supernumerary centrosomes leading to 

the cells later being arrested in G1 at the post-mitotic checkpoint. For this reason, the metaphase-

anaphase transition has its own checkpoint, the Spindle Assembly Checkpoint (SAC) that ensures the 

chromosomes are properly aligned and that the spindle is properly functioning prior to the progression 

to anaphase.  

   Phosphorylation once again, acts as a regulatory mechanism for the SAC. AurB has been identified as 

the mitotic protein kinase responsible for this event. It is important to note that AurB localizes to the 

centrosome during metaphase and performs this key role by phosphorylating the SAC proteins, turning 

the checkpoint “on”, and arresting the cell in metaphase. AurB can sense the tension in the centrosomes 

that is generated by the microtubules being properly attached to the chromosomes at the metaphase 

plate. Without the presence of tension, AurB promotes the recruitment of several SAC proteins to the 

kinetochores to aid in proper attachment of the chromosomes and ultimately the proper alignment. 

These proteins inhibit the APC/C, delaying the onset of anaphase (Krenn and Musacchio 2015). 

   Once the kinetochores are properly attached, and the chromosomes are aligned, the SAC must be 

turned “off” to allow progression into anaphase. PP1 is targeted to the kinetochores by several 

associated proteins allowing it to reverse the phosphorylation events initiated by AurB (Lesage, Qian et 

al. 2011). CASC5, a kinetochore associated protein and known RVxF containing regulatory subunit of 

PP1, is one of the proteins responsible for the recruitment of PP1 to the kinetochores to perform this 

action. Interestingly, it has been shown that mutations within the conserved binding motif can lead to 

prolonged activation of the SAC and delay the onset of anaphase. With proper alignment of the 
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chromosomes and increased tension on the centrosomes, AurB is pulled away from its substrates, 

allowing PP1 to dephosphorylate the SAC proteins and drive mitotic progression (Liu, Vleugel et al. 

2010, Rosenberg, Cross et al. 2011). 

 

1.5 Transforming acidic coiled coil protein 3 and the TACC family of proteins 

1.5.1 The transforming acidic coiled coil (TACC) proteins 

    Transforming acidic coiled coil protein 3 (TACC3) is a member of the TACC family of 

proteins. This group of proteins consists of three members, TACC1, TACC2 and TACC3. They 

are named for their acidic nature and the presence of a C-terminal coiled coil domain now known 

as the TACC domain (Figure 1.6) (Still, Hamilton et al. 1999, Still, Vince et al. 1999, Peset and 

Vernos 2008). This domain is the signature of the family and shows a high level of conservation. 

Although all three TACC proteins share this conserved C-terminal domain, they have very 

diverse N-terminal domains, suggesting that the TACC domain is crucial to the functionality of 

this family of proteins (Gergely 2002, Still, Vettaikkorumakankauv et al. 2004, Peset and Vernos 

2008). TACC proteins are present in many different eukaryotic organisms from yeast to 

mammals, with lower organisms having one homolog, and mammals having three (Gergely 

2002).  

   All members of the TACC family are associated with regulation of chromosome integrity, 

centrosome-dependent assembly of microtubules and mitotic spindle stability during mitosis 

(Schneider, Essmann et al. 2008). They also function as microtubule plus-end tracking proteins 

that regulate microtubule dynamics (Nwagbara, Faris et al. 2014). These ideas have gained-

widespread support through different experimental studies. The TACC proteins have all been 

shown to localize to the centrosome during cell division, but in slightly different ways. TACC2  



 

 20 

 
 

 
 

 
 

 
 

Figure 1.6 The domain architecture of TACC3. 
The domain structure of TACC3 with select key features highlighted. N-terminal region (NTR; 

pink), residues 1-108; Clathrin interacting domain (blue), residues 522-577; ch-TOG interacting 

region (orange), residues 678-688; TACC domain (green), residues 636-838. The RVxF motif 

and a key AurA phosphorylation site are also indicated(Burgess, Peset et al. 2015). 

 

 

localizes to the centrosome throughout the cell cycle, whereas TACC1 and TACC3 only localize 

to the centrosome during mitosis, with TACC3 covering a much larger area. This suggests that 

these proteins have similar, yet non-overlapping functions. Although more studies need to be 

done, it is likely TACC1 and TACC3 localize to the cytoplasm during interphase, but there is 

also some evidence they may remain in the perinuclear region (Gergely, Karlsson et al. 2000, 

Piekorz, Hoffmeyer et al. 2002, Peset and Vernos 2008). It has also been shown that the coiled-

coil TACC domain is required to localize these proteins to the centrosomes and microtubules 

(Gergely, Karlsson et al. 2000, Piekorz, Hoffmeyer et al. 2002).   

    The TACC proteins first emerged as a group of proteins implicated in cancer due to their 

genes being found in genomic regions frequently rearranged in various cancers. Specifically, 
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TACC1 was first identified as being located within a genomic region amplified in breast cancer. 

The expression of the TACC proteins is altered in numerous different cancers (Still, Hamilton et 

al. 1999, Gergely, Karlsson et al. 2000, Peset and Vernos 2008). Interestingly, all three TACC 

genes are located near an FGFR gene. It is believed that the TACC family and the FGFR family 

likely arose from an ancestral FGFR/TACC gene pair. TACC3 maps close to FGFR3, and the 

fusion products of these two proteins have been implicated in a handful of different cancers 

(Still, Vince et al. 1999, Stewart, Thompson et al. 2004, Parker, Annala et al. 2013, Capelletti, 

Dodge et al. 2014, Yuan, Liu et al. 2014). All 3 TACC proteins are known to interact with ch-

TOG, a cytoskeleton associated protein, however the function of this interaction has only been 

determined with TACC3 (Peset and Vernos 2008). 

 

1.5.2 Transforming acidic coiled coil 3 

   TACC3 is a non-motor microtubule associated protein (MAP), that is known to play a major role 

in the formation of the mitotic spindle (Peset and Vernos 2008). As previously mentioned, it is 

localized to the centrosomes and microtubules of the mitotic spindle. Depletion of TACC3 has been 

linked to numerous defects including: triggering the SAC, partially destabilized microtubule content, 

defects in chromosome alignment, decreased microtubule density, increased duration of mitotic events, 

aneuploidy, chromosomal instability, p21WAF mediated Go/G1 phase arrest, or even apoptosis. Studies 

in mice have shown that the absence of TACC3 can lead to embryonic lethality, suggesting that 

TACC3 is essential for embryonic development and cell division (Piekorz, Hoffmeyer et al. 2002, 

Gergely, Draviam et al. 2003, Schneider, Essmann et al. 2007, Schneider, Essmann et al. 2008). In 

contrast, overexpression of TACC3 causes an accumulation at the spindle poles, and increased 

microtubule length (Gergely, Karlsson et al. 2000, Peset, Seiler et al. 2005, Peset and Vernos 2008).  
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   TACC3 is required to allow the cell to pass through the SAC and transition from metaphase to 

anaphase, allowing proper mitotic progression (Schneider, Essmann et al. 2007). Due to its role in 

mitosis, TACC3 protein levels must be tightly regulated to ensure proper progression of the cell cycle. 

It has been reported that TACC3 levels are elevated during G2/M phase and that the levels are 

regulated via a proteasome dependent pathway (Piekorz, Hoffmeyer et al. 2002, Jeng, Lin et al. 2009). 

TACC3 protein levels follow a trend similar to that seen for typical mitotic markers such as Cyclin B1, 

Cdh1 and Cdc20. It has been shown that TACC3 interacts with the APC/C activating protein Cdh1, 

and this interaction controls TACC3 levels by mediating the interaction of TACC3 for ubiquitination 

and ultimately proteasome-dependent degradation (Jeng, Lin et al. 2009).  

   TACC3 is expressed in relatively few adult tissues with the exception being high levels in lung, 

testes, ovaries, and hematopoietic lineages such as bone marrow, liver, thymus and spleen. It has also 

been found in all stages of embryonic development, particularly in proliferating tissues, again 

implicating its important in cell division and overall development. Embryonic lethality, decreased cell 

number, widespread cell death and mitotic defects have been observed in TACC3 deficient mice 

(Piekorz, Hoffmeyer et al. 2002, Yao, Natsume et al. 2007, Peset and Vernos 2008). 

   Given its importance in maintaining genomic integrity in the cells, TACC3 has also previously been 

associated with many different types of cancers, which will be discussed further in Section 1.5.4 

(Lauffart, Vaughan et al. 2005, Cerami, Gao et al. 2012, Gao, Aksoy et al. 2013, Yao, Kondoh et al. 

2014). 

 

1.5.3 TACC3 and its role in mitosis 

   TACC3, as previously mentioned, plays a role in mitotic spindle assembly and chromosome 

alignment during mitosis. As a member of the TACC family, it localizes to the centrosomes and 
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microtubules of the mitotic spindle, specifically co-localizing with a-tubulin on the spindles and g-

tubulin at the centrosome (Gergely, Karlsson et al. 2000, Piekorz, Hoffmeyer et al. 2002, Peset, Seiler 

et al. 2005).  Emerging evidence suggests TACC3 is involved in the regulation of centrosome-mediated 

microtubule nucleation by impacting g-tubulin ring complexes. These complexes play a key role in the 

control of microtubule nucleation. Depletion of TACC3 affected the assembly of the g-TURC and 

reduced the localization of the g-TURC proteins to the centrosome, ultimately affecting chromosome 

integrity (Kollman, Polka et al. 2010, Singh, Thomas et al. 2014, Suhail, Singh et al. 2015). 

   It has been shown that TACC3 forms a 1:1 complex with colonic hepatic tumor overexpressed gene 

(ch-TOG), a cytoskeleton associated protein and microtubule polymerase that is essential to the 

stabilization of microtubules (Kinoshita, Noetzel et al. 2005, Brouhard, Stear et al. 2008). The 

interaction between these two proteins is conserved across evolution and occurs via the TACC domain. 

This strengthens the idea that the TACC domain is crucial for promoting microtubule assembly (Lee, 

Gergely et al. 2001, Kinoshita, Noetzel et al. 2005, O'Brien, Albee et al. 2005, Peset, Seiler et al. 2005, 

Peset and Vernos 2008). The formation of this complex is important for the function of both proteins. 

In TACC3 depleted cells, ch-TOG localization to the centrosomes and microtubules is impaired, while 

overexpression of TACC3 recruits more ch-TOG to the spindle poles. This implies that TACC3 is 

crucial for the correct localization and recruitment of ch-TOG (Lee, Gergely et al. 2001, Kinoshita, 

Noetzel et al. 2005, Peset and Vernos 2008). Ch-TOG does have a function independent of TACC3. At 

the centrosomes, it promotes microtubule assembly and growth, is a known microtubule plus-end 

tracking protein that binds the ends of microtubules, and helps to contribute to spindle bipolarity 

(Gergely, Draviam et al. 2003, Holmfeldt, Stenmark et al. 2004, Barr and Gergely 2008, Akhmanova 

and Steinmetz 2010, Hood and Royle 2011). There is mounting evidence that TACC3 may also behave 
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as a plus-end tracking protein as it has been observed in human cells with ch-TOG mediating the 

interaction between TACC3 and the microtubule plus-ends. The formation of the TACC3-ch-TOG 

complex is required for TACC3 to track the ends, suggesting ch-TOG may be responsible for bringing 

TACC3 to the plus-ends, as it is still able to track the ends in the absence of TACC3.  

    Clathrin is a protein formed through the association of three clathrin heavy chains (CHC) that 

interact via their C-termini, with each CHC tightly associating with a clathrin light chain (CLC). The 

N-terminus of the CHC is a globular domain that allows the protein to localize to the mitotic spindle 

(Royle, Bright et al. 2005, Royle 2006, Royle and Lagnado 2006). A protein generally associated with 

membrane-trafficking, a small sub-set of clathrin has also been shown to form a complex at the 

microtubules with TACC3 and ch-TOG (Tanenbaum, Vallenius et al. 2010, Hood and Royle 2011, 

Royle 2012). This TACC3-ch-TOG-clathrin complex works to stabilize K-fibers within the mitotic 

spindle by forming physical cross-linking bridges between adjacent microtubules, and possibly 

reducing the rates of microtubule catastrophe (Cheeseman, Booth et al. 2011, Hood and Royle 2011). 

The complex also appears to contribute towards the stability of centrosomal tubulin as loss of the 

complex results in g-tubulin dispersion and centrosome fragmentation (Foraker, Camus et al. 2012). It 

is important to note that this complex is different from the TACC3-ch-TOG complex as when non-

clathrin binding TACC3 mutants were studied, they were still able to complex with ch-TOG and track 

the microtubule plus-ends (Gutiérrez-Caballero, Burgess et al. 2015). These bridges were first seen 

many years ago through electron microscopy that showed the presence of density between the 

microtubules of K-fibers (Wilson 1969). It is only in recent years that the composition of these bridges 

has been discovered and models have been proposed. The bridges are an interconnected network that 

can contact multiple microtubules within the K-fiber forming a mesh-like structure.  
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   Clathrin was first identified as a TACC3 interacting partner through a quantitative proteomics study 

and has the same microtubule distribution pattern as TACC3 and ch-TOG, but only during mitosis, 

suggesting it is a binding partner only during mitosis (Hubner, Bird et al. 2010, Booth, Hood et al. 

2011). Interestingly, the depletion of clathrin, specifically the CHC during mitosis has similar effects as 

TACC3 depletion, including less bridges between K-fibers and decreased microtubule density. The 

depletion of both proteins did not cause more severe defects, which implies the proteins belong to the 

same complex. The TACC3-ch-TOG-clathrin complex may also prevent the loss of microtubules from 

the K-fibers through the cross-linking or ch-TOG polymerase activity (Gergely, Draviam et al. 2003, 

Royle, Bright et al. 2005, Lin, Hu et al. 2010, Booth, Hood et al. 2011). Clathrin itself is unable to bind 

the microtubules and requires TACC3-ch-TOG to perform its role at the K-fibers (Booth, Hood et al. 

2011). The stabilizing effects of this complex on the spindle suggests TACC3 has a role in mitosis as 

an adaptor that brings proteins together into complex on the microtubule to hold K-fibers together. It is 

still unclear whether this complex also interacts with inter-polar microtubules, and how/if it gains 

specificity for kinetochore microtubules. The order of recruitment of these proteins to the K-fibers also 

requires more study, but phosphorylation of TACC3 by mitotic kinase AurA has been shown to play a 

key role. 

   Aurora A (AurA) interacts with all the TACC proteins via one or more consensus motifs. The 

interaction between AurA and TACC3 is important for TACC3’s localization and function at the 

centrosome, which has been supported in several different systems. It has been shown that the 

inhibition of AurA prevents TACC3 from localizing to the centrosome in humans, suggesting that 

phosphorylation by this kinase serves as a means of regulating TACC3 recruitment and by association, 

ch-TOG and clathrin (Conte, Delaval et al. 2003, Kinoshita, Noetzel et al. 2005, LeRoy, Hunter et al. 

2007, Booth, Hood et al. 2011). AurA phosphorylates TACC3 at Ser-558. It is possible that this causes 
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a conformational change that allows TACC3 to bind the microtubules. This phosphorylation event by 

AurA allows the direct interaction between CHC and TACC3, forming the TACC3-ch-TOG-clathrin 

complex. This entire complex is loaded onto the spindles and recruits additional proteins for spindle 

assembly. Further studies are required to understand how the phosphorylation of TACC3 on Ser-558 

influences its association with microtubules (Albee and Wiese 2008, Lin, Hu et al. 2010).  

   Currently, there are multiple theories on how the TACC3-ch-TOG-clathrin complex forms and 

localizes itself to the kinetochore microtubules. The current leading theory suggests that TACC3 in 

complex with ch-TOG at the centrosomes is phosphorylated by AurA at Ser-558 causing it to localize 

to the microtubules. Phosphorylated TACC3 is then able to recruit clathrin to the spindle where it is 

able to bind multiple TACC3 proteins forming the microtubule bridges and generating the mesh 

structure (Figure 1.7). Many different studies have provided evidence for this proposed model. It has 

been shown that the overexpression of TACC3 increases the amount of the TACC3-ch-TOG-clathrin 

complex on the K-fibers. This caused the chromosome to take more time to align at the metaphase 

plate, suggesting that mitosis is very sensitive to TACC3 levels, and making TACC3 a likely candidate 

for controlling the formation of the TACC3-ch-TOG-clathrin complex at the K-fibers (Nixon, 

Gutiérrez-Caballero et al. 2015). Further evidence for TACC3 as the primary factor recruiting the 

remaining complex components was gained through the depletion of each of the three complex 

members. The depletion of TACC3 or ch-TOG greatly reduced the amount of clathrin recruited to the 

spindle. Depleting TACC3 or clathrin also decreased the binding of ch-TOG to the microtubules. In 

contrast, depleting ch-TOG seems to have little to no effect on TACC3 localization, where clathrin 

depletion results in a small but significant decrease in TACC3 spindle localization (Booth, Hood et al. 

2011). These experimental results strongly suggest that TACC3 is the first protein of the complex to be 

recruited to the kinetochore microtubules, in an AurA-dependent manner (Booth, Hood et al. 2011). 
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Figure 1.7 Phosphorylated TACC3 forms a complex with ch-TOG and clathrin to help 
stabilize K-fibers. 

One possible model for the formation and localization of the TACC3-ch-TOG-clathrin complex 

at the kinetochore microtubules. First (1.), TACC3 already bound to ch-TOG at the centrosome 

is phosphorylated at Ser-558 by AurA. The phosphorylated TACC3-ch-TOG complex then 

moves to the microtubules and recruits clathrin (2.) The triskelion clathrin is then able to bind 

multiple p-TACC3-ch-TOG complexes forming the final complex and stabilizing the K-fibers 

(Booth, Hood et al. 2011, Hood and Royle 2011, Royle 2012, Thakur, Singh et al. 2013). 

 

 

   Increasing numbers of studies into TACC3 have identified several other protein binding partners, 

although the function of their interactions is less clear at this time. NDEL1, an AurA substrate may be 

required for TACC3 recruitment to the centrosomes, potentially serving to connect TACC3 and 

AurA(Mori, Yano et al. 2007). SNX9 and Hsp72 have both been implicated in the recruitment and 

assembly of TACC3-ch-TOG- clathrin complex at the K-fibers (Ma, Robinson et al. 2013, O’Regan, 
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Sampson et al. 2015). It is clear that TACC3 alone and in complex plays an important role in mitosis. 

More research is necessary to fully understand the molecular mechanisms taking place at the mitotic 

spindle. As more and more information is uncovered implicating TACC3 in cancers, understanding the 

role TACC3 is playing at the molecular level will allow researchers to develop new strategies. 

 

1.5.4 TACC3 and cancer 

   TACC3 is emerging as an interesting target in cancer. In the past year alone 14 papers on 

TACC3 and its expression or role in cancer cells have been published. The TACC3 gene maps to 

4p16, which is within a translocation breakpoint region. Its aberrant expression has been detected 

in various cancers leading to numerous mitotic defects. However whether it is functioning as an 

oncogene or tumor suppressor is still unclear (Ding, Huang et al. 2017). It has been shown to be 

upregulated in many different cancers including lung, prostate, glioma, cholangiocarcinoma, 

colorectal and gastric. Interestingly, it has been shown to be downregulated in thyroid and 

ovarian cancers (Peters, Kudla et al. 2005, Ulisse, Baldini et al. 2007, Yun, Rong et al. 2015, Du, 

Liu et al. 2016, He, Yao et al. 2016, Jiang, Kuang et al. 2016, Ding, Huang et al. 2017, Li, Ye et 

al. 2017, Sun, Tian et al. 2017). Understanding the mechanism of TACC3 in cancer may help to 

target cancer cells and mitotic processes without impacting the microtubule activity in non-

dividing cells (Ding, Huang et al. 2017). 

   An FGFR3-TACC3 fusion protein has been identified in many cancers, with the TACC 

domain remaining highly conserved, leading to increased levels of fibroblast growth factor 

receptor 3 (FGFR3) activation, which then turns on other signaling pathways such as the key 

ERK and PI3K/Akt pathways (Yuan, Liu et al. 2014). The fusion product localizes to spindle 

poles and moves to the mid-body in late mitosis, which is different than TACC3 alone (Singh, 
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Chan et al. 2012). EGF/EGFRs are inducers of the epithelial-mesenchymal transition (EMT), 

which plays a major role in metastasis of cancer cells. Depletion of TACC3 in cancer cells has 

been shown in cervical cancer to abolish EGF-mediated EMT, decreasing the chance the cell will 

undergo metastasis (Ha, Kim et al. 2013, Petschnigg, Kotlyar et al. 2017).  

   In prostate cancer, the expression of TACC3 is significantly upregulated compared to normal 

tissue and is associated with poor prognosis. Downregulating TACC3 in these cells repressed 

prostate cancer cell migration and invasion. This study by Li, et al. found a direct correlation 

between the mRNA expression level of TACC3 and the aggressiveness of the prostate cancer. 

They also found that the increased expression led to significantly shorter survival times in 

patients with lower TACC3 expression. The Wnt/b-catenin signaling pathway is a pathway that 

when activated contributes to metastasis and is frequently activated in prostate cancer. Silencing 

TACC3 in prostate cancer cells reduced the expression of b-catenin, suggesting that the 

overexpression of TACC3 may play a role in activating this pathway and therefore inducing 

metastasis. This makes TACC3 an attractive target for preventing metastasis in prostate cancer 

cells (Li, Ye et al. 2017). 

   A study by Sun et al. 2017 looked at the expression of TACC3 in glioma. They found that 

increased TACC3 expression was associated with higher grade tumors, mutations in isocitrate 

dehydrogenase and more. They believe TACC3 may impact DNA repair in addition to the cell 

cycle and that TACC3 has the potential to be predictive marker for chemo- and radiotherapy. 

Consistent with the study done in prostate cancer, this study also found that higher expression 

levels of TACC3 led to decreased prognosis and survival time. Specifically, they identified 

TACC3 as an independent prognostic factor for overall survival (Sun, Tian et al. 2017). 
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   A study of TACC3 in cholangiocarcinoma by He et al. 2016 found that TACC3 may be an 

anti-cancer molecular drug target of histone deacetylase inhibitors (HDACIs). They found that 

TACC3 mRNA was downregulated in cells treated with HDACIs, and that TACC3 protein levels 

were increased in untreated cholangiocarcinoma cells (He, Yao et al. 2016). This is consistent 

with the above studies, strongly implicating increased TACC3 expression with cancer. 

   From this small sample of the many studies of TACC3 and its role in various cancers, it is clear 

to see that more research must be done to understand TACC3’s role and how we can use it as a 

potential anti-cancer target. 

  

1.6 Project objectives and hypothesis 

   With limited knowledge of TACC3 and its many roles in the cell as well as its implication in many 

cancers, there is much to explore with regards to this protein. We hypothesize that TACC3 is a 

regulatory subunit of PP1, binding through the RVxF motif, and serves to either regulate or be 

regulated by PP1. It is also hypothesized that PP1 interacts with TACC3 specifically during mitosis, 

potentially impacting the spindle associated function of TACC3. Additionally, since aberrant TACC3 

expression has been implicated in many different cancers, we also believe it may be a potential 

biomarker, prognostic marker or therapeutic target in cancer treatment.  

 

1.6.1 Specific research objectives 

• Confirm that the interaction between TACC3 and PP1 is direct and occurs through the 

conserved RVxF motif both in vivo and in vitro using various biochemical techniques. 

• Investigate whether the binding of TACC3 and PP1 is dependent on the phosphorylation status 

of the RVxF motif or other phosphorylation sites of TACC3. 
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• Gain insight into the timing of the TACC3-PP1 interaction, specifically whether the interaction 

is mitosis specific. 

• Explore the link between TACC3 and cancer using a bioinformatics approach.  
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Chapter Two: TACC3 and PP1 interact specifically through the RVxF motif 

 

2.1 Introduction  

   Protein phosphorylation, as previously discussed, is a key post-translational modification, 

crucial for the regulation of many different cellular processes. Identifying the kinases and 

phosphatases responsible for these modifications and how they interact with different proteins is 

key to understanding the vast signaling network of reversible protein phosphorylation.  

   Previous work has been done to identify new PP1 regulatory subunits. TACC3 was first 

identified as a novel PP1 regulatory subunit by Nasa (2016). Utilizing U2OS cells stably 

expressing GFP-tagged PP1 a, b, g or GFP- alone, she performed a GFP-Trap experiment to pull 

out PP1 and any interacting proteins. These potential interacting proteins were then sent to the 

Kettenbach lab at Dartmouth for mass spectrometry analysis. Her work identified 173 

asynchronous and 78 mitotic potential PP1 interactors. One of the potential PP1 interacting 

proteins was identified as TACC3. Since this protein is known to be involved in mitosis and has 

been implicated in cancer we chose to explore the interaction between TACC3 and PP1. Here, 

we characterize that TACC3-PP1 interact both in vitro and in vivo, and is mediated through the 

highly conserved RVxF motif. 

 

2.2 Materials and methods 

2.2.1 Cloning and site directed mutagenesis of TACC3 

   A pGEX-6p-1 plasmid containing the TACC3 gene with GST- on the N-terminus and -His6 on 

the C-terminus was obtained through Addgene. The GST-TACC3-His6 was a gift from Stephen 

Royle (Addgene plasmid # 69106) (Nixon, Gutiérrez-Caballero et al. 2015).  The putative PP1 
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binding motif and/or the proximal Cdk1 consensus site, KVTFQTP (TACC3-WT) within the 

TACC3 gene in the plasmid was mutated to generate four different mutants: 54KATAQTP60 

(TACC3-KATA), 54KVDFQTP60 (TACC3-KVDF), 54KVTFQEP60 (TACC3-EP) and 

54KVDFQTP60 (TACC3-KVDFQEP), via site directed mutagenesis. Purified GST-TACC3-His6 

plasmid (100ng) was mixed with the respective mutant primer, designed using the QuikChange 

Primer Design System (Agilent Technologies) and mutated using the QuikChange Lightning 

Multi Site-Directed Mutagenesis Kit (Agilent Technologies) and PCR (95°C; 2min, [95°C; 20s, 

55°C; 30s, 65°C; 225s]30, 65°C; 5min. 4°C; forever). The PCR product was then incubated with 

Dpn1 at 37°C for 5 min. The digestion product was transformed into XL10-gold E. coli cells and 

plated on 100mg/mL ampicillin-LB agar plates and incubated (overnight) O/N at 37°C. Mutated 

colonies were validated by sequencing through Eurofin MWG Operon LLC sequencing. 

Plasmids were then transformed into E. coli CPRIL BL21 for protein expression.  

2.2.2 Sequence alignment of WT TACC3 and RVxF mutants 

    TACC3 and the RVxF mutant proteins (WT, KATA, KVDF, KVDFQEP, KVDFQEP) 

sequences were obtained through sequencing (Eurofin). Sequences were aligned using Clustal 

Omega (Sievers, Wilm et al. 2011).  

 

2.2.3 Expression and purification of wild-type human GST-TACC3-His6 and its four 
KVTFQTP mutants 

    E. coli CPRIL BL21 cells containing the WT or mutant TACC3 plasmids were seeded into LB 

cultures O/N with 100µg/mL ampicillin at 37°C and 200RPM. The saturated cultures were then 

sub-cultured (1:100) into 1L LB media with 100µg/mL ampicillin. Cultures were then incubated 

at 37°C with shaking (200RPM) until the OD600 reached 0.4, at which time expression was 
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induced with 0.1mM isopropyl-thio-b-D-galactopyranoside (IPTG). Induction occurred O/N (not 

to exceed 16h) at 21°C with shaking (200RPM). Following induction, the E. coli cells were 

collected via centrifugation at 5000RPM for 20 min. Cells were then re-suspended in GST lysis 

buffer (50mM Tris-HCl pH 7.5; 150mM NaCl; 3mM DTT; 0.05% (v/v) NP-40; 1mM 

benzamidine and 1mM PMSF) and lysed using sonication at level 14 for 7 cycles of 30s pulses. 

Lysed cells were spun down at 14,000RPM for 40 minutes. The supernatant was removed and 

filtered through a double layer of miracloth. The filtered lysate was then incubated with 1 mL of 

Glutathione-Sepharose beads (GE Life Sciences) at 4°C for 1-1.5h. The lysate and beads were 

then placed in a gravity column and allowed to settle. The beads were washed with 200 column 

volumes (CV) of GST-wash buffer A (25mM Tris-HCl pH7.5; 750mM NaCl; 1mM DTT; 0.1% 

(v/v) NP-40) followed by washing with 50CV of GST-wash buffer B (25mM Tris-HCl pH7.5; 

150mM NaCl; 1mM DTT). TACC3 proteins were then eluted using GST-elution buffer (25mM 

Tris-HCl pH 7.5; 150mM NaCl; 1mM DTT; 30mM reduced Glutathione – pH to 8.0). 2mL of 

elution buffer was added to the column and allowed to incubate with the beads for 5 min then 

collected. This was repeated 5 times for a total elution volume of 10mL. Eluted TACC3 proteins 

were then concentrated down to ~300µL using a 30kDa Centricon. Concentrated proteins were 

then dialyzed O/N into GST-pulldown assay buffer (25mM Tris-HCl pH 7.5; 150mM NaCl; 5% 

glycerol). Dialyzed proteins were assayed using Bradford reagent with BSA as a standard to 

determine the concentration and either used immediately, or stored at -80°C. TACC3 has an 

expected molecular weight of 140kDa. With the addition of the N-terminal GST tag (26kDa) and 

the C-terminal His6 tag (1kDa) the GST-TACC3-His6 protein was an expected molecular weight 

of approximately 170kDa. The presence of full-length protein was confirmed through Western 
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blotting with three different antibodies, Anti-GST (N-terminal tag), Anti-TACC3 (protein of 

interest) and Anti-His6 (C-terminal tag) (Figure 2.1). 

 

2.2.4 Western blotting and antibodies 

   Samples for immunoblotting were run on SDS-PAGE, transferred onto nitrocellulose 

membranes for 200V/h and then probed with the appropriate antibodies. Antibodies and their 

dilutions used in this study: Anti-GST (RGST-45A-Z, ICL, 1:500), Anti-PP1/Anti-PP1a 

(SC7482, Santa Cruz, 1:500), Anti-PP1b (Ab53315, AbCam, 1:50000), Anti-PP1g (in-house, 

1:500), Anti-TACC3 (8069, Cell Signaling Technology, 1:1000), Anti-His6 (MHIS-45ALY-Z, 

ICL, 1:10000), and Anti-GFP (11814460001, Roche Diagnostics, 1:1000). Following incubation 

with the primary antibodies, membranes were washed (3x5min) with TBS+ 0.1% (v/v) Tween-

20 and then incubated with HRP-conjugated goat anti-mouse or goat anti-rabbit (Thermo-Fisher 

Scientific, 1:5000). Membranes were again washed (3x5min) with TBS+ 0.1% (v/v) Tween-20 

and developed with enhanced chemiluminescence (ECL; Perkin-Elmer). 

 

2.2.5 Expression and purification of human PP1 isoforms 

  PP1 (a, b, g) was expressed and purified as described in Moorhead et al. 1994(Moorhead, 

MacKintosh et al. 1994). In summary, E. coli CPRIL BL21 cells containing pCW-PP1 plasmid 

(a, b, g) were seeded into LB cultures overnight (O/N) with 100µg/mL ampicillin at 37°C and 

200RPM. Saturated cultures were sub-cultured (1:100) into 1L LB media with 100µg/mL 

ampicillin. Cultures were then incubated at 28°C with shaking (200RPM) until the OD600 

reached 0.4, at which time expression was induced with 0.3mM IPTG. Induction occurred O/N 

(not to exceed 16h) at 28°C with shaking (200RPM). Following induction, the E. coli cells wer
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Figure 2.1 Confirmation of full-length GST-TACC3-His6. 

BL21 E. coli cells expressing one of five versions of GST-TACC3-His6 (WT, KATA, KVDF, 

KVTFQEP or KVDFQEP) were collected and lysates were incubated with Glutathione 

Sepharose beads (GST purification). To confirm the protein purified was full-length TACC3 

with both the N-terminal GST tag and the C-terminal His6 tag, purified protein was separated 

using SDS-PAGE and analyzed using western blotting. Expected molecular weight for full-

length GST-TACC3-His6 is approximately 170kDa (n=3). 

 

 

collected via centrifugation at 5000RPM for 20 min. Cells were then re-suspended in PP1 

resuspension buffer (50mM HEPES pH 7.5; 100mM KCl; 1mM EDTA; 2mM MnCl2; 5% (v/v) 

glycerol; 0.1% (v/v) BME and 0.1mM PMSF) and lysed using sonication at level 14 for 7 cycles 

of 30s pulses. Lysed cells were spun down at 14,000RPM for 40 minutes. The supernatant was 
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removed and filtered through a double layer of miracloth. The filtered lysate was then incubated 

with 1 mL of Sepharose beads covalently linked with microcystin-LR at 4°C for 1.5h. The lysate 

and beads were then placed in a gravity column and allowed to settle. Beads were then washed 

with 200CV of PP1 wash buffer A (50 mM Tris-HCl pH 7.5; 0.5M NaCl; 0.1 mM EGTA; 5% 

(v/v) glycerol; 1 mM MnCl2; 0.1% (v/v) BME) followed by washing with 50CV of PP1 wash 

buffer B (50 mM Tris-HCl pH 7.5; 0.1 mM EGTA; 5% (v/v) glycerol; 1 mM MnCl2; 0.1% (v/v) 

BME). The PP1 isoforms were then eluted using PP1 wash buffer B with an additional 3M 

NaSCN. 5 mL of the elution mixture was added to the column and allowed to incubate for 30 

minutes. The 5mL was then collected and the column was washed with an additional 5mL of the 

elution mixture. Eluted PP1 proteins were dialyzed O/N into dialysis buffer 1 (PBS; 0.2M KCl 

and 0.1% (v/v) BME). Dialyzed proteins were then concentrated down to ~500µL using a 10kDa 

centricon and the concentrated PP1 proteins were dialyzed once more O/N into dialysis buffer 2 

(PBS; 0.2M KCl and 0.1% (v/v) BME and 50% glycerol). Dialyzed proteins were then assayed 

using Bradford reagent with BSA as a standard to determine the concentration and either used 

immediately, or stored at -80°C. Each isoform of PP1 (a, b, g) has an expected molecular weight 

of 37kDa. Isoform specific antibodies were used to identify each isoform through western 

blotting purified protein (Figure 2.2).  

2.2.6 In-vitro PP1 binding assay 

   Glutathione Sepharose beads (50µL) were blocked with 5% (w/v) BSA in assay buffer (25mM 

Tris-HCl pH 7.5; 150mM NaCl) for 30min at 4°C. Blocked beads were washed (1x5min) with 

assay buffer. TACC3 was purified as described in Section 2.2.3, added to the beads along with  
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Figure 2.2 Validation of isoform specific PP1 antibodies. 

BL21 E. coli cells expressing either PP1a, b, or g were collected purified using microcystin 

sepharose. To confirm the protein purified was the correct isoform and that the antibodies were 

not cross-reacting, purified protein was separated using SDS-PAGE and analyzed using western 

blotting. Expected molecular weight for all PP1 isoforms is 37kDa (n=3). 

 

 

assay buffer to a total volume of 500µL, and incubated end-over-end (EOE) for 30min at 4°C. 

Purified PP1 (as described in Section 2.2.5) was added, and the mixture was allowed to incubate 

EOE for another 2h at 4°C. Beads were then washed (3x5min) with wash buffer (25mM Tris-

HCl pH 7.5; 150mM NaCl; 0.01% (v/v) NP-40) and eluted by boiling (10min) with 2X SDS 

buffer. Eluates were analyzed by western blotting (Section 2.2.4).  
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2.2.7 HeLa cell culture, mitotic cell synchronization, cell cycle synchronization and cell lysate 
collection 

   HeLa cells obtained from ATCC were cultured in DMEM and supplemented with 10% (v/v) 

FBS and 10U/mL penicillin-streptomycin. To obtain mitotic cell populations, cells were arrested 

in pro-metaphase with 40ng/mL nocodazole. After 12-16h of arrest, cells were released into 

fresh media for 30min to ensure they entered mitosis. To synchronize cells for cell cycle 

collection, cells were arrested with 2mM thymidine for 17h followed by 7h release. Following 

release, cells were blocked in prometaphase with 40 ng/mL nocodazole. After 9 h arrest, the cells 

were released into fresh media and harvested at different time points within a 24 h cycle. All 

cells (asynchronous, mitotic, cell cycle) were collected in the same manner. Cells were washed 

with PBS and either scraped (asynchronous and cell cycle) or shook-off (mitotic) into lysis 

buffer (10mM Tris-HCl pH 7.5; 150mM NaCl, 5mM EDTA and 0.5% (v/v) NP-40). Lysates 

were sonicated at level 7 for 3 rounds of 30s pulses and spun down (14000RPM at 4°C for 10 

min) to remove cellular debris. Protein concentration was determined using the Bradford assay 

with BSA as a standard. Lysates were either used immediately, or stored at -80°C. 

 

2.2.8 GST-TACC3-His6 pulldown of PP1 in HeLa cells 

   Glutathione Sepharose beads (50µL) were blocked with 5% (w/v) BSA in assay buffer (25mM 

Tris-HCl pH 7.5; 150mM NaCl; 1mM EDTA) for 30min at 4°C. Beads were then washed 

(1x5min) with assay buffer. TACC3 was purified as described in Section 2.2.3, was added to the 

beads along with assay buffer to a total volume of 500µL, and incubated EOE for 30min -1h at 

4°C. Following the incubation, beads were spun down and the supernatant removed. HeLa cell 

lysates (described in Section 2.2.7) were added to the beads and incubated EOE for an additional 
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1-1.5h at 4°C. Beads were washed (3x5min) with wash buffer (25mM Tris-HCl pH 7.5; 150mM 

NaCl; 1mM EDTA; 0.1% (v/v) NP-40) and eluted by boiling (10min) with 2X SDS buffer. 

Eluates were analyzed by western blotting (Section 2.2.4) (n=3). 

 

2.2.9 U2OS cell culture, mitotic cell synchronization and cell lysate collection 

   U2OS cells expressing GFP-alone or one of three GFP-tagged isoforms (GFP-C, GFP-PP1a, 

GFP-PP1b and GFP-PP1g) were a generous gift from Dr. Laura Trinkle-Mulcahy, University of 

Ottawa (Trinkle-Mulcahy, Chusainow et al. 2007). When these stable cell lines were generated, 

they were specifically selected for cells expressing GFP-tagged PP1a, b, and g at endogenous 

levels.  The cells were cultured in DMEM and supplemented with 10% (v/v) FBS and 400µg/mL 

gentecin (G418; Gold Biotechnology). To obtain mitotic cell populations, cells were arrested in 

pro-metaphase with 40ng/mL nocodazole. After 12-16h of arrest, cells were released into fresh 

media for 30min to ensure the cells entered mitosis. Mitotic and asynchronous cells were 

collected. Cells were washed with PBS and either scraped (asynchronous) or shook-off (mitotic) 

into GFP-Trap lysis buffer (10mM Tris-HCl pH 7.5; 150mM NaCl, 0.5mM EDTA and 0.5% 

(v/v) NP-40). Lysates were sonicated at level 7 for 3 rounds of 30s pulses and spun down 

(14000RPM at 4°C for 10 min) to remove cellular debris. Protein concentration was determined 

using the Bradford assay with BSA as a standard. Lysates were either used immediately, or 

stored at -80°C. Endogenous TACC3 has an expected molecular weight of 140kDa. With the 

addition of the N-terminal GFP tag (27kDa), the GFP-TACC3 protein has an expected molecular 

weight of approximately 170kDa. 
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2.2.10 GFP-Trap using U2OS GFP-tagged PP1 cells 

   Mitotic and asynchronous U2OS cell lysates (as described in Section 2.2.9) were incubated 

with GFP-Trap_A beads (Chromotek) for 1h at 4°C. Following incubation, the beads were 

washed (3x5min) with GFP-Trap wash buffer A (10mM Tris-HCl pH 7.5; 150mM NaCl; 0.5mM 

EDTA and 0.5% (v/v) NP-40) then with GFP-Trap wash buffer B (10mM Tris-HCl pH 7.5; 

150mM NaCl and 0.5mM EDTA). Bound proteins were eluted with 2X SDS buffer and eluates 

were analyzed by western blotting (Section 2.2.4) (n=4). 

 

2.2.11 Transfection of HeLa cells with GFP-TACC3 

   A pBrain plasmid containing the TACC3 gene with GFP- on the N-terminus and an shRNA 

site to knockdown endogenous TACC3 was obtained through Addgene. The pBrain-GFP-

TACC3KDP-shTACC3 was a gift from Stephen Royle (Addgene plasmid #59356)(Booth, Hood 

et al. 2011). The presence of the sh-RNA site will function to knock down the endogenous 

TACC3 in the HeLa cells so only knock-down proof GFP-tagged TACC3 will be expressed. 

HeLa cells were cultured in antibiotic-free DMEM, supplemented with 10% (v/v) FBS and 

grown to 60-70% confluency. GFP-TACC3 plasmid was diluted with Opti-MEM reduced serum 

media (Thermo-Fisher Scientific) while Lipofectamineâ 2000 (Thermo-Fisher) was also diluted 

with Opti-MEM. Both solutions were allowed a short incubation (5min) at room temperature and 

then were combined and again allowed to incubate for 5min at room temperature. The plasmid-

Lipofectamine mixture was then added drop-wise to HeLa cells and allowed to react at 37°C for 

48h. Cells were either collected (as previously described in Section 2.2.7) or placed under 

selective pressure using DMEM supplements with 10% (v/v) FBS, 10U/mL penicillin-
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streptomycin and 400µg/mL Geneticin (G418; Gold Biotechnology). Collected cells were 

analyzed through western blotting (Section 2.2.4) (n=5). 

 

2.3 Results and discussion 

2.3.1 TACC3 sequence analysis 

   Following the identification of TACC3 as a potential PP1 interactor through mass 

spectrometry, we searched the protein sequence for the presence of a PP1 binding motif. We 

identified an RVxF motif with sequence KVTF at residues 54-57 in the N-terminal region of the 

protein. The perfect PP1 binding RVxF motif as well as the presence of a threonine residue in the 

x position makes TACC3 an excellent candidate for a PP1 regulatory subunit. Threonine is a 

polar amino acid and accounts for approximately 12% of the protein phosphorylation events 

within the proteome. As previously mentioned, the presence of a serine or threonine residue in 

the x position of the RVxF motif acts a means of regulating PP1 docking to the regulatory 

subunits. The large phosphoryl group blocks the Val and Phe residues from docking into the 

hydrophobic binding groove on the PP1-catalytic subunit. Since TACC3 contains an RVxF motif 

with sequence KVTF, it seems probable that TACC3 interacts with PP1 via this sequence and 

that the binding is controlled through the phosphorylation of Thr-56. Threonine-56 has been 

reported as being phosphorylated in several data sets and studies (Kettenbach, Schweppe et al. 

2011, Klammer, Kaminski et al. 2012). Although the kinase and phosphatase responsible have 

yet to be identified, the literature supports the idea that the TACC3-PP1 interaction is regulated 

through phosphorylation of the RVxF motif. Interestingly, there is a Cdk1 phosphorylation site 

(S/TP) located only two residues downstream of the RVxF motif within the N-terminal region of 
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TACC3. The TP site (residues 59-60) has been reported as phosphorylated in over 60 data sets 

and studies (Yu, Zhu et al. 2007, Miller, Brunak et al. 2010, Kettenbach, Schweppe et al. 2011, 

Klammer, Kaminski et al. 2012, Mertins, Qiao et al. 2013, Mertins, Yang et al. 2014, Sharma, 

D'Souza et al. 2014, Mertins, Mani et al. 2016). With the proximity to the RVxF motif, it is 

possible that the phosphorylation of Thr-59 may also prevent PP1 docking to TACC3, and one or 

both phosphorylated threonine residues may regulate the PP1-TACC3 interaction. The 

phosphorylation site of a nearby TP site has been previously shown to regulate PP1 docking to 

the RVxF in other cases such as NIPP-1 (Beullens, Van Eynde et al. 1999). 

   In order to explore that TACC3 and PP1 are interacting through the RVxF motif, and that the 

interaction is regulated through the phosphorylation of Thr-56 and/or Thr-59 we successfully 

generated a series of four TACC3-RVxF mutants: TACC3-54KATA57, the non-binding mutant 

missing the key valine and phenylalanine residues required for PP1 docking; TACC3-54KVDF57, 

the RVxF phospho-mimetic mutant with aspartic acid in the x position to mimic a state of 

constant phosphorylation; TACC3-59EP60, the TP phospho-mimetic mutant to again mimic a 

constant state of phosphorylation; and the TACC3-54KVDFQEP60 mutant, mimicking constant 

phosphorylation at both the RVxF motif and the TP site. The mutants were generated through 

site-directed mutagenesis and validated with sequencing (Figure 2.3). The wild-type TACC3 

protein and the four TACC3 RVxF/TP mutant proteins were expressed and purified from E. coli 

cells (Figure 2.4). The purification was performed with Glutathione-Sepharose, and as can be 

seen in the colloidal stains (Figure 2.4, A-E) there are some degradation products present in the 

final eluates, however, the presence of the full-length protein was validated through western 

blotting (Figure 2.4, F). 
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Figure 2.3 Alignment of wild-type TACC3 and four RVxF TACC3 mutants. 
The partial protein sequences (residues 44-64 of 838) of human TACC3 and four RVxF TACC3 

mutants. Full protein is 838 amino acids. Partial sequences were aligned using Clustal Omega. 

The conserved RVxF docking site (residues 54-57) and the Cdk1 TP phosphorylation site 

(residues 59-60) are indicated in green. Mutated residues are indicated for each mutant in red. 

The red circles represent phosphorylation of the threonine residues (T56/T59) and how access to 

the key docking residues (V55/F57) would be restricted when the motifs are phosphorylated. 

 

 

2.3.2 TACC3 protein levels are decreased outside of mitosis 

   Previous studies have indicated that TACC3 levels are reduced outside of mitosis via a 

proteasome-dependent pathway (Jeng, Lin et al. 2009). We confirmed this result through a cell 

cycle experiment. Our results support the previously published work (Figure 2.5). HeLa cells 

were synchronized and collected as described in Section 2.2.9. The blot shows that the TACC3 

levels follow that same pattern as known mitotic markers CyclinB1 and H3S10, with protein 

levels peaking at 1-2 hours and beginning to decrease after mitosis (3h). 
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Figure 2.4 Expression and purification of wild-type GST-TACC3-His6 and RVxF mutants 
from E.coli BL21 cells. 
BL21 E. coli cells expressing one of five versions of GST-TACC3-His6 (WT, KATA, KVDF, 

KVTFQEP or KVDFQEP) were collected and lysates were incubated with Glutathione 

Sepharose beads (GST purification). Panels A-E. Colloidal stain of the expression and 

purification procedure. A. Wild-type TACC3 protein. B. KATA - non-binding mutant protein. C. 

KVDF - phospho-mimetic mutant protein. D. KVTFQEP - phospho-mimetic protein. E. 

KVTFQEP - double phospho-mimetic protein. F. Western blot confirming the identity of the WT 

and 4 RVxF mutant proteins as GST-TACC3-His6. Blot was probed with Anti-GST antibody 

(ICL Labs). Molecular weight markers are indicated on the right (n=15). 
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Figure 2.5 TACC3 protein levels are decreased outside mitosis 
HeLa cells were synchronized in G2/M phase following an incubation with 

thymidine/nocodazole. Cells were collected every hour and cell lysate proteins were separated 

using SDS-PAGE. Membranes were probed for the presence of TACC3 (Cell Signalling) or 

known cell cycle markers: CyclinB1 – mitotic marker, H3S10 – mitotic marker, and CyclinE – 

interphase marker (n=2). 

 

 

2.3.3 TACC3 binds PP1 in vitro 

   The mass-spectrometry data showed that TACC3 interacted with PP1 in mitotic and 

asynchronous eluates. To determine if the interaction between TACC3 and PP1 is direct, an in 

vitro PP1 binding assay using partially purified full-length TACC3 and PP1 was performed and 

the eluates were western blotted for the presence of PP1. The blot shows the presence of PP1 in  

the TACC3, as compared to the control with GST alone, suggesting the interaction between the 

two proteins is direct (Figure 2.6).  

 

TACC3 
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Figure 2.6 GST-TACC3-His6 binds recombinant PP1 in vitro. 

Glutathione Sepharose beads were incubated with purified wild-type GST-TACC3-His6, or GST 

protein alone. Purified human PP1 (𝛼, β, ɣ) and protein complexes were eluted from the resin 

using 2X-SDS buffer and separated using SDS-PAGE. Membranes were probed for the presence 

of PP1 in the eluates with Anti-PP1 (Santa-Cruz), and controls were probed with Anti-GST (ICL 

Labs) (n=6). 

 

 

2.3.4 TACC3 binds PP1a, b, and g via the RVxF motif in vitro 

   TACC3 has a perfect PP1 RVxF motif with sequence KVTF, making it an ideal PP1 

interacting partner. With the confirmation that TACC3 and PP1 are binding in vitro we set out to 

validate that the interaction between the two proteins is occurring via the RVxF motif. 

Additionally, we wanted to explore the role of phosphorylation either within the RVxF motif 
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and/or at the Cdk1 site to regulate the docking of TACC3 to PP1. The in vitro PP1 isoform 

binding assay was performed using wild-type TACC3 and the previously discussed TACC3 

mutants. The TACC3 proteins were incubated with each of the three isoforms of PP1 (a, b, g) to 

see if the proteins showed a preference for a specific isoform. Western blot analysis was 

performed on eluates from the experiment and probed for the presence of PP1a, PP1b or PP1g.   

The blots show the presence of all three PP1 isoforms in the wild-type at similar levels, as 

compared to the GST control alone, suggesting that the interaction between the two proteins is 

not isoform specific (Figure 2.7). Due to the high degree of similarity between the three PP1 

isoforms, it is not surprising that TACC3 is able to bind all of them. Looking at the TACC3-

KATA mutant, or the non-binding mutant, we observe a reduction in PP1 signal to below the 

levels of detection (Figure 2.7). This result supports the idea that the RVxF is important for 

interaction with PP1, and emphasizes the key roles of the valine and phenylalanine for docking. 

With regards to the role of phosphorylation as a means of regulating the TACC3-PP1 interaction, 

we see slightly different results between the three isoforms of PP1. PP1a is present with the 

TACC3-KVDF mutant as well as the TACC3-KVDFQEP mutant, but is not present with the 

TACC3-EP mutant (Figure 2.7). It is important to note that the amount of PP1 present in the 

TACC3-KVDF and TACC3-KVDFQEP mutants is less when compared to the wild-type 

TACC3. The presence of PP1 with the TACC3-KVDF and lack of PP1 with the TACC3-EP 

suggest that phosphorylation of the Cdk1 site may be responsible for the regulation of PP1 

docking to the TACC3 RVxF motif, however, the presence of a band in the TACC3-KVDFQEP 

mutant suggests phosphorylation of these two motifs does not control PP1 binding. In 

comparison, PP1b is present with the TACC3-EP and TACC3-KVDFQEP mutants but not with  
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Figure 2.7 GST-TACC3-His6 binds all isoforms of recombinant PP1 in vitro through the 
RVxF motif. 

Glutathione Sepharose beads were incubated with purified wild-type GST-TACC3-His6 as well 

as with the four TACC3 mutants. Purified human PP1 (𝛼, β, or ɣ) was added and complexes 

were eluted from the resin using 2X-SDS buffer and run on SDS-PAGE. Membranes were 

probed for the presence of PP1 in the eluates with Anti-PP1 (lower panels; 𝛼, Santa-Cruz; β, 

AbCam ɣ, in-house), and controls were probed with Anti-GST (upper panels; ICL-Labs) (n=4). 

 

 

the TACC3-RVDF (Figure 2.7). The presence of PP1b with the TACC3-EP and not the 

TACC3-RVDF would suggest that phosphorylation of the RVxF is regulating PP1 docking, but 

like PP1a, the presence of PP1b with the TACC3-KVDFQEP would suggest neither 

phosphorylation site is responsible. Similar to PP1a, less PP1b appears with the RVDF-EP and 

PP1-RVDFQEP mutants. Finally, PP1g is present with TACC3-KVDF, TACC3-EP and TACC3-

KVDFQEP (Figure 2.7). This result suggests that phosphorylation of the RVxF motif and/or the 

Cdk1 site is not controlling PP1 docking to the TACC3 RVxF motif.  
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    The results of the in vitro PP1 isoform binding assay confirm that TACC3 interacts with all 

three isoforms of PP1 through the RVxF docking motif. The role of phosphorylation of the 

RVxF motif and/or the Cdk1 site as a means of regulating the interaction is still unclear. PP1 is 

still present with the TACC3 phospho-mimetic mutants, but less than is present with the wild-

type TACC3. The result obtained suggests that phosphorylation at one or both phosphorylation 

sites may contribute to regulating binding, but there are likely additional factors playing a role in 

the overall regulation. One possibility that should be noted is the possibility that the phospho-

mimetic residues are not in fact mimicking the effect of phosphorylation in this position. To 

explore this possibility, a peptide pulldown could be performed using synthetic peptides 

phosphorylated at Thr56, Thr59 or both. 

 

2.3.5 TACC3 binds PP1 in vivo 

   Following the validation of the TACC3-PP1 interaction in-vitro, we set out to confirm the  

interaction of these proteins in mammalian systems. Purified wild-type TACC3 and the RVxF  

mutants were incubated with either asynchronous or mitotic HeLa cell lysate and western blot 

analysis was performed on the pulldown eluates, probing for the presence of PP1. The blot 

shows the presence of PP1 with the wild-type TACC3 in both the mitotic and asynchronous 

experiments, with a much stronger band in the mitotic sample (Figure 2.8). No PP1 was found 

with the GST-only control or any of the TACC3 mutants. The greater amount of PP1 found in 

the mitotic eluate is expected as it is hypothesized TACC3 and PP1 interact primarily during 

mitosis. The absence of PP1 with TACC3-KATA further indicates that the TACC3-PP1 

interacting is occurring via the RVxF motif. The lack of PP1 with TACC3-KVDF, TACC3-EP 

and TACC3-KVDFQEP would suggest that phosphorylation at both sites results in abolishment 
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Figure 2.8 GST-TACC3-His6 binds PP1 in HeLa cells. 
Glutathione Sepharose beads were incubated with purified wild-type GST-TACC3-His6 as well 

as with four TACC3 mutants, or GST protein alone. HeLa whole cell lysates (mitotic or 

asynchronous) were added and complexes were eluted from the resin using 2X-SDS buffer and 

run on SDS-PAGE. Membranes were probed for the presence of PP1 in the eluates with Anti-

PP1 (lower panels; Santa-Cruz) and controls were probed with Anti-GST (upper panels; ICL 

Labs) (n=3).  

 

 

of the TACC3-PP1 interaction. It is interesting that no PP1 binding is seen with the phospho-

mimetic mutants in the HeLa lysate pulldown, while some binding was seen with the in vitro 

binding assay. Since most cellular proteins are present in the HeLa lysate, it strengthens the idea 

that additional factors may be contributing to regulating the TACC3-PP1 interaction, and that 

phosphorylation of these sites alone is not sufficient to completely abolish binding. Another 

possibility as to why we see no binding of PP1 with these mutants is the possibility of PP1 being 

bound by endogenous TACC3 still present in the cell lysates. To ensure the results we are seeing 
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are true, and that the mutants are really not binding PP1, the pulldown should also be done using 

HeLa cells with endogenous TACC3 knocked down. 

   To further explore the interaction of TACC3 and PP1 in vivo, a GFP-Trap experiment using 

GFP-tagged PP1 (a, b, g) expressing U2OS cells showed an enrichment of TACC3 in the mitotic 

eluates of all three PP1 isoforms, as compared to the GFP control (Figure 2.9). Looking at the 

intensity of the TACC3 bands, it appears TACC3 may prefer binding PP1b, then PP1a and then 

PP1g. However, it is important to note that the levels of PP1 in each of the three isoform cell 

lines corresponds to endogenous levels. PP1b has the highest level of expression, followed by 

PP1a and finally PP1g. The blots do show the presence of TACC3 with all three isoforms of PP1 

in the asynchronous eluates, however, they are comparable in intensity to the band found with 

the GFP control. Since cellular levels of TACC3 levels are reduced outside of mitosis (Figure 

2.5), this result is consistent with the expected result (Jeng, Lin et al. 2009). The results from the 

GFP-Trap experiment further validate the TACC3-PP1 interaction in vivo, and that it is 

specifically occurring during mitosis. It also provides insight into the possibility that TACC3 

may preferentially bind certain isoforms of PP1 in vivo. 

 

2.3.6 Transfection of HeLa Cells with GFP-TACC3 

   To further explore the TACC3-PP1 interaction in vivo, we set out to develop a stable HeLa cell 

line expressing GFP-tagged TACC3, with endogenous TACC3 knocked down. To do this we 

successfully transfected a plasmid containing the GFP-TACC3 gene into HeLa cells (Figure 

2.10). The blot shows the presence of the GFP-tagged TACC3 as well as the endogenous 

TACC3. It has been reported in one recent studies that TACC3 may have several splice variants,  
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Figure 2.9 GFP-PP1 preferentially binds TACC3 during mitosis in U2OS cell lysates. 
Asynchronous or mitotic U2OS cell lysates with the GFP-tagged PP1 isoforms were incubated 

with GFP-Trap beads and allowed to incubate. Elutes were run on SDS-PAGE. Membranes were 

probed with Anti-TACC3 (upper panels, Cell Signaling), and controls were probed with Anti-

GFP (lower panels, Roche) (n=4). 

 

 

TACC3-001 is the full-length protein at 838 amino acids and 140kDa. The other six variants are 

all considerable smaller ranging from 16-25kDa. It is possible a dimer of these splice variants 

may account for the bands seen at the bottom of the transfection blot (Ezkurdia, Juan et al. 2014). 

To fully develop the stable cell line and fully knock-down the endogenous TACC3, the 

transfected cells must be placed under selective pressure to remove any un-transfected cells. 

Once the cells are selected, we would expect to only obtain the top band, and no longer see the 

endogenous TACC3 expressed. 
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Figure 2.10 Transfection of HeLa cells with pBrain-GFP-TACC3KDP-shRNA. 
Purified plasmid was successfully transfected into HeLa cells using Lipofectamine 2000 reagent 

and Opti-MEM media. Cells were collected and lysed. Membranes were probed with Anti-

TACC3 (Cell Signalling) or Anti-GFP (Roche) antibodies (n=5). 

 

 

2.4 Conclusions 

   The results presented here confirm the mass spectrometry results, which first identified a 

potential interaction between TACC3 and PP1. This interaction occurs via the highly conserved  

RVxF motif with sequence KVTF in TACC3. My results also demonstrate that the Val and Phe 

are crucial for docking to PP1 and that the mutation of these residues abolishes the interaction.  

The role of phosphorylation as a means of regulating the interaction still requires more study. In 

vitro, binding is still observed between TACC3 and PP1 when the RVxF and/or Cdk1 site 
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(54KVTFQTP60) are phosphorylated, although it appears reduced. In vivo, binding of the two 

proteins appears to be abolished upon phosphorylation of one or both motifs. These results 

suggest that phosphorylation of these motifs is likely playing a role in regulating the TACC3-

PP1 interaction but that additional factors are required to fully abolish binding. The in vitro and 

in vivo results both show that TACC3 can bind all three isoforms of PP1, however it may prefer 

PP1b in vivo. 

 

2.5 Future directions 

   With the data presented above, we have confirmed the mass spectrometry data that first 

detected the TACC3-PP1, and validated that it occurs via the conserved RVxF motif, but we 

have also raised several questions that require more study. First, understanding the role of 

phosphorylation of the RVxF and/or Cdk1 site as a means of regulating the TACC3-PP1 

interaction requires additional work. Our results here indicate that phosphorylating these motifs 

may play a role, but further studies are needed to fully understand these events. 

   The KVTF sequence within TACC3 has been identified as being phosphorylated, but the 

kinase responsible is still unknown. Identification of the kinase responsible will provide insight 

into when during the cell cycle this motif is phosphorylated, and ultimately on the function of the 

TACC3-PP1 interaction. Additionally, very little is known with regards to the phosphatases 

responsible for dephosphorylating TACC3. Thr-56 and Thr-59, both implicated above as playing 

a part in affecting the TACC3-PP1 interaction do not yet have a phosphatase associated with 

their dephosphorylation. The phosphatase responsible for dephosphorylating the key AurA 
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phosphorylation site Ser-558 is also yet to be identified. Identifying the phosphatases responsible 

for these events will provide insight into TACC3-PP1 interaction. 

   Finally, upon the successful generation of the GFP-TACC3 HeLa stable cell line, the role of 

the TACC3-PP1 interaction in vivo can be explored more closely. Specifically, the effect of 

abolishing the interaction on mitotic spindle assembly, chromosome segregation and overall 

mitotic rate using the TACC3-KATA mutant. Since TACC3 and PP1 both play important roles 

in mitosis and mitotic progression, it will be interesting to fully understand the role these proteins 

are playing together. 
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Chapter Three: TACC3 expression and cancer 

 

3.1 Introduction  

   Cancer is the leading cause of death in Canada, causing over 75,000 or 30% of deaths in 2013 

(StatisticsCanada). To combat this deadly group of diseases, we must understand the underlying 

molecular mechanisms that lead to tumorgenesis and metastasis. The loss of cell cycle control 

through the activation of oncogenes or inactivation of tumor suppressor genes leads to genomic 

instability and is recognized as one of the hallmarks of cancer (Hanahan and Weinberg 2000). 

Fundamentally, cancer is a disease of tissue growth regulation. TACC3, as previously discussed 

is involved in mitotic spindle assembly and chromosome alignment during mitosis. Due to its 

importance in cell division and ensuring the proper segregation of chromosomes to maintain 

genomic integrity, it is not surprising that TACC3 is emerging as a growing target for cancer 

research. Overexpression of TACC3 in cells has been shown to cause disorder in the 

organization of K-fibers, reducing the spacing of the microtubules causing them to be more 

tightly packed (Nixon, Gutiérrez-Caballero et al. 2015). Overexpression has also been linked to 

mitotic defects such as an increase in the length and number of microtubules and cancers (Lee, 

Gergely et al. 2001, Ha, Kim et al. 2013). 

   The Cancer Genome Atlas (TCGA) is a public database containing patient data for both tumor 

and normal tissues as well as clinical data for genomic changes in 33 types of cancer. Available 

in this database is mRNA sequencing data, which provides insight into the quantity of mRNA 

transcripts for thousands of proteins. Here, using this database we explore the mRNA levels of 

TACC3 in 20 different cancers and the effect of these mRNA levels on patient survival. 
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3.2 Materials and methods 

3.2.1 TCGA datasets and Broad GDAC Firehose 

   Patient samples were collected and analyzed through the TCGA. The TCGA collects and 

analyzes high-quality tumor samples and makes the data publicly available. The data is passed 

through several different groups for various types of analysis before being added to the public 

database. Clinical and mRNA datasets utilized in this study were accessed through the Broad 

GDAC Firehose, which provides TCGA data and analyses for immediate algorithmic analysis. 

Datasets used in this study are: Bladder urothelial carcinoma (BLCA), Breast invasive carcinoma 

(BRCA), Cholangiocarcinoma (CHOL), Colorectal adenocarcinoma (COADREAD), Esophageal 

carcinoma (ESCA), Glioblastoma multiforme (GBM) Glioma (GBMLGG), Head and neck 

squamous cell carcinoma (HNSC), Kidney chromophobe (KICH), Kidney renal clear cell 

carcinoma (KIRC), Kidney renal papillary cell carcinoma (KIRP),  Liver hepatocellular 

carcinoma (LIHC), Lung adenocarcinoma (LUAD), Lung squamous cell carcinoma (LUSC), 

Prostate adenocarcinoma (PRAD), Rectum adenocarcinoma (READ), Stomach adenocarcinoma 

(STAD), Stomach and esophageal carcinoma (STES), Thyroid carcinoma (THCA) and Uterine 

corpus endometrial carcinoma (UCEC). Special thanks to Dr. Pinaki Bose (University of 

Calgary) for introducing me to these databases and taking the time to teach me how to analyze 

the vast amount of information present within them. 

 

3.2.2 TACC3 mRNA expression plots 

   Box and whisker plots were generated from mRNA sequencing normalized gene data sets 

using Microsoft Excel. Statistical significance was calculated using an unpaired two-sided 

Student’s t-test. P<0.05 was considered statistically significant. 
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3.2.3 Kaplan-Meier survival curves 

   Kaplan-Meier survival curves were generated from mRNA sequencing normalized gene data 

sets and clinical data sets using Cutoff Finder (Budczies, Klauschen et al. 2012). It is important 

to note that the data used in these curves are the same as those in the cancer expression graphs 

and that the TACC3 expression data has been matched to the patient clinical information. The 

most significant cut-off was determined using a log-rank test to compare the hazard estimate of 

the two groups with regards to survival. The log-rank test is a non-parametric test done by 

looking at all observed and expected events (our event = death) in each group at each observed 

time point and generating an overall summary across all time points(Harrington 2005). It 

accomplishes this through the comparison of hazard ratios, which are the conditions of two 

levels of the event. These ratios are obtained through regression models. These ratios can be 

interpreted as the chance of the event occurring in group one, versus the chance of the event 

occurring in group two of a study (Spruance, Reid et al. 2004, Brody 2016). The cut-off values 

represent the TACC3 mRNA expression level where either above or below, survival rates are 

most significantly decreased. P<0.05 was considered statistically significant. 

 

3.3 Results and discussion 

3.3.1 Increased TACC3 mRNA levels in cancer tissues correlates with decreased patient 
survival  

   First, we wanted to explore the expression of TACC3 in both cancer and normal tissues using 

mRNA sequencing data from the TCGA. we explored the mRNA levels of TACC3 in both tumor 

and normal tissue samples. We generated box and whisker plots for each of these data sets. Upon 
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analysis of data sets from 20 different cancers, we grouped the cancers into three separate groups 

based on the mRNA expression levels and the correlation of patient survival as determined from 

Kaplan-Meier plots to those mRNA levels.  

   The first group of cancers all have significantly increased TACC3 mRNA levels in cancer 

tissues compared with normal tissues. These ten cancers also have significantly decreased patient 

survival with increased TACC3 mRNA levels (Figures 3.1, 3.2, 3.3, 3.4, 3.5). Looking at each 

cancer individually, we can see a definite trend in the data for this group. LUAD had TACC3 

mRNA expression levels that were significantly increased in cancer tissues versus normal tissues 

(Figure 3.1A). Interestingly, a Kaplan-Meier survival analysis using the data obtained from the 

TCGA dataset, shows that patients with high TACC3 expression had survival outcomes 

decreased to levels that were significant compared to patients with low TACC3 expression 

(Figure 3.1B). This data suggests that the upregulation of TACC3 might contribute to the 

progression of LUAD and a poor clinical outcome. Additionally, we looked to see if any other 

factors such as age, race, cancer stage or whether the patient underwent radiation treatment 

contributed to TACC3 mRNA expression level and/or patient prognosis in LUAD. Of the 515 

cancer patients, there was no correlation with any of these factors. Male and female patients 

ranged in age from 38-88 years of age with 388 identifying as Caucasian, 52 as Black/African 

American, 8 as Asian, 1 as American Indian/Alaska Native and 66 had no race data available. 

TACC3 mRNA expression levels and patient prognosis was evenly distributed throughout the 

genders, ages and races. All four cancer stages were also identified within the 515 patients with 

the majority (269 patients) being either 1A or 1B. However, there once again appeared to be no 

correlation between the cancer stage and TACC3 expression or patient survival. The same was  
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Figure 3.1 TACC3 is upregulated in lung adenocarcinoma and prostate adenocarcinoma 
tissues, and survival rates are decreased with high TACC3 expression.  
A. TACC3 mRNA expression levels in LUAD (TCGA, Normal n=59; Tumor n=515) B. Kaplan-

Meier analysis of TACC3 mRNA levels for LUAD patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in PRAD (TCGA, Normal n=52; Tumor n=497) D. Kaplan-

Meier analysis of TACC3 mRNA levels for PRAD patients (TCGA; Cutoff Finder, Charite). 
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Figure 3.2 TACC3 is upregulated in kidney chromophobe and kidney renal clear cell 
carcinoma tissues, and survival rates are decreased with high TACC3 expression. 

A. TACC3 mRNA expression levels in KICH (TCGA, Normal n=25; Tumor n=66) B. Kaplan-

Meier analysis of TACC3 mRNA levels for KICH patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in KIRC (TCGA, Normal n=72; Tumor n=533) D. Kaplan-

Meier analysis of TACC3 mRNA levels for KIRC patients (TCGA; Cutoff Finder, Charite). 
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Figure 3.3 TACC3 is upregulated in kidney renal papillary cell carcinoma and glioma 
tissues, and survival rates are decreased with high TACC3 expression.  

A. TACC3 mRNA expression levels in KIRP (TCGA, Normal n=32; Tumor n=290) B. Kaplan-

Meier analysis of TACC3 mRNA levels for KIRP patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in GBMLGG (TCGA, Normal n=5; Tumor n=668) D. Kaplan-

Meier analysis of TACC3 mRNA levels for GBMLGG patients (TCGA; Cutoff Finder, Charite). 
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Figure 3.4 TACC3 is upregulated in liver hepatocellular carcinoma and uterine corpus 
endometrial carcinoma tissues, and survival rates are decreased with high TACC3 
expression.  

A. TACC3 mRNA expression levels in LIHC (TCGA, Normal n=50; Tumor n=371) B. Kaplan-

Meier analysis of TACC3 mRNA levels for LIHC patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in UCEC (TCGA, Normal n=24; Tumor n=176) D. Kaplan-

Meier analysis of TACC3 mRNA levels for UCEC patients (TCGA; Cutoff Finder, Charite). 
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Figure 3.5 TACC3 is upregulated in cholangiocarcinoma and glioblastoma multiforme 
tissues, and survival rates are decreased with high TACC3 expression. 
A. TACC3 mRNA expression levels in CHOL (TCGA, Normal n=9; Tumor n=36) B. Kaplan-

Meier analysis of TACC3 mRNA levels for CHOL patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in GBM (TCGA, Normal n=5; Tumor n=153) D. Kaplan-

Meier analysis of TACC3 mRNA levels for GBM patients (TCGA; Cutoff Finder, Charite). 
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true for radiation. Only 61 of the 515 patients had undergone radiation treatment, which did not 

appear to contribute to the level of TACC3 mRNA expression or survival. 

   In addition to LUAD, six other cancer datasets (PRAD, Figure 3.1C-D; KICH, Figure 3.2A-

B; KIRC, Figure 3.2C-D; KIRP, Figure 3.3A-B; GBMLGG, Figure 3.3C-D; and LIHC, Figure 

3.4A-B) had TACC3 mRNA expression levels that were significantly increased in cancer tissues 

versus normal tissues, and significantly decreased patient survival outcomes with high TACC3 

expression. Two cancer datasets (UCEC, Figure 3.4C-D; and CHOL, Figure 3.5A-B) had 

significantly increased TACC3 mRNA expression in cancer, and significantly decreased patient 

survival outcomes with high TACC3 expression and finally, one data set (GBM, Figure 3.5C-D) 

had significantly increased TACC3 mRNA expression in cancer tissues, and significantly 

decreased patient survival outcomes with high TACC3 expression. These ten cancers account for 

50% of the datasets explored in this study. Together, these datasets suggest that TACC3 is 

upregulated in cancer, and that increased TACC3 mRNA expression leads to decreased survival 

rates. 

 

3.3.2 TACC3 mRNA levels are increased in cancer tissues but does not correlate with patient 
survival 

   Utilizing the same data analysis techniques as for the first group of cancers, the second group 

of cancers studied were also identified as having significantly increased TACC3 mRNA levels in 

cancer tissues compared with normal tissues. However, in contrast to the first group, these eight 

cancers had poor patient survival when TACC3 expression was below the significant cut-off 

(Figures 3.6, 3.7, 3.8, 3.9). All the cancers in this group share the same trend of increased 

TACC3 expression in cancer tissues, but six show decreased survival with lower TACC3  
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Figure 3.6 TACC3 is upregulated in colorectal adenocarcinoma and lung squamous cell 
carcinoma tissues, but survival rates are decreased with low TACC3 expression. 
A. TACC3 mRNA expression levels in COADREAD (TCGA, Normal n=51; Tumor n=379) B. 

Kaplan-Meier analysis of TACC3 mRNA levels for COADREAD patients (TCGA; Cutoff 

Finder, Charite) C. TACC3 mRNA expression levels in LUSC (TCGA, Normal n=51; Tumor 

n=501) D. Kaplan-Meier analysis of TACC3 mRNA levels for LUSC patients (TCGA; Cutoff 

Finder, Charite). 
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Figure 3.7 TACC3 is upregulated in stomach adenocarcinoma and stomach and esophageal 
carcinoma tissues, but survival rates are decreased with low TACC3 expression.  
A. TACC3 mRNA expression levels in STAD (TCGA, Normal n=35; Tumor n=415) B. Kaplan-

Meier analysis of TACC3 mRNA levels for STAD patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in STES (TCGA, Normal n=46; Tumor n=599) D. Kaplan-

Meier analysis of TACC3 mRNA levels for STES patients (TCGA; Cutoff Finder, Charite). 
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Figure 3.8 TACC3 is upregulated in head and neck squamous cell carcinoma and rectum 
adenocarcinoma tissues, but survival rates are decreased with low TACC3 expression.  
A. TACC3 mRNA expression levels in HNSC (TCGA, Normal n=44; Tumor n=520) B. Kaplan-

Meier analysis of TACC3 mRNA levels for HNSC patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in READ (TCGA, Normal n=10; Tumor n=94) D. Kaplan-

Meier analysis of TACC3 mRNA levels for READ patients (TCGA; Cutoff Finder, Charite). 
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Figure 3.9 TACC3 is upregulated in bladder urothelial carcinoma and esophageal 
carcinoma tissues, and decreased survival rates are not significant. 

A. TACC3 mRNA expression levels in BLCA (TCGA, Normal n=20; Tumor n=427) B. Kaplan-

Meier analysis of TACC3 mRNA levels for BLCA patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in ESCA (TCGA, Normal n=11; Tumor n=184) D. Kaplan-

Meier analysis of TACC3 mRNA levels for ESCA patients (TCGA; Cutoff Finder, Charite). 
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expression and two show no significance with regards to patient survival and TACC3 expression.  

   COADREAD has TACC3 mRNA expression levels that were significantly increased in cancer 

tissues versus normal tissues (Figure 3.6A). In contrast to the previous group, a Kaplan-Meier 

survival plot showed that patients with lower TACC3 expression had a significantly decreased 

survival outcome than patients with low TACC3 expression (Figure 3.6B). This data raises some 

questions as to whether the upregulation of TACC3 is contributing to COADREAD progression 

and a poor clinical outcome. In addition to COADREAD, five other cancer datasets (LUSC, 

Figure 3.6C-D; STAD, Figure 3.7A-B; STES, Figure 3.7C-D; HNSC, Figure 3.8A-B; and 

READ, Figure 3.8C-D) had TACC3 mRNA expression levels that were significantly increased 

in cancer tissues versus normal tissues and had significantly decreased patient survival outcomes 

with low TACC3 expression. Two cancer datasets (BLCA, Figure 3.9A-B; and ESCA, Figure 

3.9 C-D) also had significantly increased TACC3 mRNA expression in cancer, but patient 

survival with decreased TACC3 levels was not significant. 

   Looking at these eight cancers as well as the ten cancers from group one, it appears that 

TACC3 is upregulated in cancers. 18 of the 20 (90%) cancer datasets in this study have 

significantly increased TACC3 mRNA expression in cancer tissues. The survival data is less 

clear at this time. In this group of eight cancers, six had significantly decreased patient survival 

with decreased TACC3 expression, but it is important to note that the significant cut-off values 

for high and low expression in these cancers, especially STES and HNSC, were well above most 

of the normal tissue expression levels. Connecting the upregulation of TACC3 mRNA 

expression levels in cancer and patient survival outcomes will require more study. 
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3.3.3 TACC3 mRNA levels are not increased in cancer tissues  

   Finally, the last group of cancers we studied did not have significantly increased TACC3 

mRNA levels in cancer tissue compared to normal tissues, and did not follow the trends of the 

first two groups. The first, THCA did not have significantly increased TACC3 mRNA levels in 

cancer tissues, but survival was significantly decreased when TACC3 expression was high 

(Figure 3.10A-B). Interestingly, the second cancer in this group appears to have an opposite 

trend from all the other cancer datasets studied. BRCA had significantly decreased TACC3 

expression in cancer tissues when compared to normal tissues (Figure 3.10C). The Kaplan-

Meier survival analysis for BRCA also correlated with the expression data, with decreased 

patient survival rates seen with low TACC3 expression, although the significant cut-off value 

was well below the bulk of the expression data. (Figure 3.10D).  Both cancers in this group do 

not fit with the trends seen for the other 18 cancer datasets analyzed in this study. THCA does  

not appear to have increased TACC3 mRNA levels and in BRCA it appears TACC3 may be 

downregulated. Additionally, the patient survival outcomes for these two groups do not fit with 

the trends seen with the other 18 cancer datasets. Further analysis and additional data is needed 

to draw conclusions as to the role of TACC3 expression in cancer and its effect on patient 

survival. 

 

3.3.4 Clathrin and ch-TOG mRNA levels are also significantly increased in lung 
adenocarcinoma 

   With 90% of the cancers analyzed having significantly increased levels of TACC3 mRNA, we 

next explored whether two of TACC3’s binding partners, clathrin and ch-TOG, also had 

increased mRNA levels. We chose to look at lung adenocarcinoma (LUAD), a cancer in which  



 

 73 

A B 

C D 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
Figure 3.10 TACC3 is not upregulated in thyroid carcinoma and is downregulated in 
breast invasive carcinoma tissues. 
A. TACC3 mRNA expression levels in THCA (TCGA, Normal n=59; Tumor n=501) B. Kaplan-

Meier analysis of TACC3 mRNA levels for THCA patients (TCGA; Cutoff Finder, Charite) C. 

TACC3 mRNA expression levels in BRCA (TCGA, Normal n=112; Tumor n=1093) D. Kaplan-

Meier analysis of TACC3 mRNA levels for BRCA patients (TCGA; Cutoff Finder, Charite). 
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TACC3 mRNA levels were significantly increased, and poor patient survival was also found to 

be significantly increased. We generated box and whisker plots for both of these data sets using 

mRNA sequencing data from the TCGA, in the same manner as with TACC3. It is important to 

note that these are the same LUAD patient samples and data as used in the TACC3 mRNA 

analysis. 

   Upon analysis of the data sets, we found that both clathrin and ch-TOG have significantly 

increased mRNA levels in LUAD cancer tissues compared with normal tissues (Figure 3.11). 

This result is consistent with what was seen with TACC3 mRNA levels in LUAD. Since all three 

of these proteins are known to form a complex that plays a role in mitosis and genome integrity it 

is interesting to see them following the same trends. Whether the upregulation of TACC3, 

clathrin or ch-TOG is contributing to the upregulation of the others, or whether an entirely 

different factor is causing these high mRNA levels remains to be determined. It seems likely that 

since these proteins are involved in the same complex, there is a yet to be determined factor 

causing the overexpression of TACC3, chTOG, and clathrin mRNAs. High levels of these 

proteins would lead to increased numbers of the complex on the mitotic spindle, which is known 

to cause K-fibers to pack more tightly and cause issues with the stability of the spindle.  

 

3.4 Conclusions 

   The analysis of 20 cancer datasets has suggested that TACC3 is upregulated in some cancers. 

In 90% of the cancers, TACC3 was significantly increased when compared to normal tissue 

mRNA expression. In 50% of the cancers, high TACC3 expression led to decreased patient 

survival outcomes, suggesting a role for TACC3 in decreasing patient prognosis. TACC3 was 

also identified as being downregulated in BRCA, with low TACC3 expression leading to poor  
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Figure 3.11 ch-TOG and clathrin are both upregulated in lung adenocarcinoma tissues. 
A. ch-TOG mRNA expression levels in LUAD (TCGA, Normal n=59; Tumor n=515) B. 

Clathrin mRNA expression levels in LUAD (TCGA, Normal n=59; Tumor n=515). 

 

 

patient survival (Table 3.1). This is in direct contrast with the majority or the data, but implies 

that TACC3 may be playing a different role in BRCA. The expression data we obtained for 

LUAD, PRAD, GBMLGG, CHOL, COADREAD and BRCA is all consistent with previously 

reported studies, strengthening our results (Du, Liu et al. 2016, He, Yao et al. 2016, Jiang, Kuang 

et al. 2016, Ding, Huang et al. 2017, Li, Ye et al. 2017, Sun, Tian et al. 2017). Additionally, we 

also found that ch-TOG and clathrin mRNA levels are also significantly increased in LUAD, 

following the same trend we saw with TACC3.  
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Table 3.1 Summary of TACC3 mRNA expression plots and Kaplan-Meier survival curves. 

TACC3 mRNA expression levels in 20 different cancer types compared with TACC3 mRNA 

expression in normal tissues and grouped together based on significance. The expression data 

was matched to patient clinical survival data. The table summarizes the data presented. 

Cancer Type 
Cancer mRNA 

Expression 
Range 

Normal mRNA 
Expression 

Range 

Expression 
Significance 

Patient Survival 
Outcome 

mRNA Expression 
Cut-off and 
Significance 

LUAD 156-7906 174-972 1.106E-67 

 
Decreased with 

high TACC3 

expression 

1339/p=7E-6 

PRAD 50-2342 30-826 6.904E-4 932/p=2E-5 

KICH 67-1959 42-381 1.078E-4 451/p=3.3E-7 

KIRC 38-2630 32-488 7.164E-45 761/p=9.2E-15 

KIRP 58-13944 57-312 1.325E-6 723/p=0 

GBMLGG 32-11389 52-99 2.189E-34 182/p=0 

LIHC 79-5017 41-449 1.922E-46 842/p=4.1E-4 

UCEC 289-10086 75-1682 1.704E-35 971/p=3.5E-1 

CHOL 141-2960 68-266 3.436E-9 575/p=1.7E-2 

GBM 81-99057 52-99 2.995E-2 988/p=4.5E-2 

COADREAD 337-10136 193-1294 4.602E-30 

Decreased with 
low TACC3 
expression 

 

821/p=1.2E-2 

LUSC 49-12244 157-996 1.631E-76 621/p=1.4E-2 

STAD 34-7081 61-1616 1.049E-14 599/p=1.4E-2 

STES 34-7081 16-1616 1.576E-22 2951/p=2.3E-2 

HNSC 257-8294 90-1265 5.010E-31 2403/p=1.3E-2 

READ 337-10136 284-1294 2.450E-4 662/p=1.2E-2 

BLCA 89-19817 79-2786 1.869E-9 3017/p=8.2E-2 

ESCA 143-6380 83-834 0.096E-12 1468/p=8.9E-2 

THCA 40-2560 65-3215 2.341E-1 
Decreased with 

high TACC3 
expression 

256/p=1.4E-2 

BRCA 13-1413 99-6593 1.644E-3 
Decreased with 

low TACC3 
expression 

80/p=2.6E-4 
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   With the conflicting role of TACC3’s expression in cancer, it is still unclear what the effects of 

the protein are on cancer cells. It is important to note that this expression data is based on mRNA 

sequencing counts, not protein. Although mRNA and protein and closely linked, there is no clear 

relationship between mRNA transcripts and the protein present in the cell. Many cellular 

processes such as translation rates, protein transport and protein degradation can all influence the 

amount of protein in the cell and cause it to differ from mRNA levels and these processes are 

often disrupted in cancer (McManus, Cheng et al. 2015, Liu, Beyer et al. 2016). There are 

currently no technologies available to correctly predict the protein concentration based solely 

from mRNA transcript level. To accurately determine protein levels, measurements must rely on 

antibody techniques such as Western blotting or quantitative mass spectrometry. To determine 

whether the results of this bioinformatics study have clinical applications, the actual protein 

levels present with these transcripts must be determined. A study by He et al. 2016, found that in 

CHOL, protein levels were increased, and did correlate with the mRNA sequencing data (He, 

Yao et al. 2016). Additional biochemical studies should be done to determine if the protein levels 

are increased in the remaining cancers and confirm that TACC3 is upregulated.  

 

3.5 Future directions 

   With the data presented above, we have found that TACC3 mRNA is upregulated in some 

cancers, and high levels appear to contribute to poor patient survival, raising several questions 

that require further study. First, determining the actual protein level present in these tissues will 

be crucial in understanding this mRNA data. As previously mentioned, mRNA levels do not 

always directly indicate protein levels (Liu, Beyer et al. 2016). To ensure that the protein levels 

in these tissues correlate with the mRNA levels, patient tissue samples could be western blotted 



 

 78 

for the presence and level of TACC3 in both normal and cancer tissues. Although western 

blotting is powerful, quantitative mass spectrometry could also be used to compare TACC3 

levels in tumorigenic versus normal tissue (Kettenbach, Schweppe et al. 2011). 

   Another important study that should be done with this data is to correlate it with other mRNA 

transcripts commonly under/over expressed in cancers. We have already done this with ch-TOG 

and clathrin in LUAD, and it would be interesting to see if the results are consistent between the 

three proteins across the 20 cancers in this study. By identifying other proteins that are 

up/downregulated in these cancers in a manner similar to TACC3, we may be able to gain further 

insight into the role of TACC3 in the cancer cells. Additionally, by correlating with other 

mRNAs, such as known TACC3 interactors, we may be able to see how these proteins are 

connected within cancer cells and begin to get a clearer picture of what is happening at the 

molecular level, and how it differs from normal cells. 

   Currently 213 TACC3 mutations have been identified in 161 cancer samples (Cerami, Gao et 

al. 2012). Of these mutations, the majority are missense, with the remainder being truncating, 

either through fusion or splicing, and in-frame mutations. No mutations have currently been 

identified within TACC3’s RVxF motif or the downstream TP site (54KVTFQTP60), however, 

exploring the currently identified mutations may provide insight into TACC3’s role in cancer 

cells. By mapping the TACC3 mutations to potential phosphorylation or protein binding sites, 

trends may begin to emerge to help us understand the impact of these mutations. 

   Finally, and most importantly is linking this bioinformatics data to clinical applications. 

Understanding how the expression and mutations of TACC3 are affecting cancer cells will 

potentially allow researchers to use it as a biomarker for cancer, in diagnosis and/or prognosis. 

Additionally, upon understanding the molecular role TACC3 is playing, researchers may be able 
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to utilize it as a drug target for preventative or therapeutic purposes. In conclusion, understanding 

the expression of TACC3 in cancer might provide new directions for utilizing this protein as a 

therapeutic target.  
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Chapter Four: Final Conclusions and Directions 

 

  TACC3 is a non-motor microtubule associated protein with a key role in the formation of the 

mitotic spindle. Depletion and overexpression of this protein has been shown to cause multiple 

different mitotic and chromosomal defects. Recently TACC3 has been implicated in several 

different cancers.  The main goal of this thesis was to characterize the interaction between 

TACC3 and PP1 in-vitro (Chapter 2) and explore the link between TACC3 and cancer through 

bioinformatics (Chapter 3). Here we present that TACC3 interacts with PP1 through the RVxF 

motif, and that the interaction is mitosis specific. We also show that TACC3 mRNA levels are 

significantly increased in 18 of 20 cancers and that high levels of TACC3 mRNA correlate with 

decreased patient prognosis. 

   As an RVxF containing protein we have shown a novel interaction between TACC3 and PP1 

via the RVxF motif. The regulation of this interaction still requires more study to fully uncover 

the mechanism. Our results indicate that phosphorylation of the motif may contribute to the 

abolishment of the interaction, but that additional factors are likely required. We believe TACC3 

binding to PP1 may be regulated through multiple contact points between the proteins, not just 

the RVxF motif. This has been shown in other known regulatory proteins such as NIPP1, 

inhibitor-2, and spinophilin (Hurley, Yang et al. 2007, Carmody, Baucum et al. 2008, O'Connell, 

Nichols et al. 2012). In this proposed model, we believe the RVxF site is required to help bring 

TACC3 into contact with PP1 and that there likely exist other contact points or motifs where 

TACC3 and PP1 also bind. Upon phosphorylation on the RVxF motif or the TP site, the 

interaction between the two proteins begins to decrease, however it is not fully abolished due to 

the other docking sites on the proteins. These other contact points have yet to be identified and 



 

 81 

further studies are required to fully understand how the docking of these proteins is regulated. 

Fully understanding how these two proteins interact and identifying the kinases and phosphatases 

associated with regulating the interaction will help to provide insight into the mechanistic effects 

of the interaction.  

   The role these two proteins are playing as a pair within the cell has also yet to be determined. 

Through the generation of stable HeLa cell lines, their cellular effects on mitotic spindle 

assembly, chromosome segregation and overall mitotic progression can be explored.  

   With TACC3 emerging as a new target of study in cancer research we looked at TCGA data 

for TACC3 mRNA expression in 20 different cancer tissues vs normal tissues. We found that 

TACC3 mRNA levels were significantly increased in 90% of the cancers when compared with 

normal tissue mRNA expression. Additionally, we found that high TACC3 mRNA expression 

correlated with significantly decreased patient survival.  

   Understanding the implication of this result requires further study. First, this study was 

performed using mRNA sequencing data, which does not always correlate with total protein 

levels. To determine whether these results have any potential clinical applications, true protein 

levels should be determined.  

   We also explored the mRNA expression of ch-TOG and clathrin, two known TACC3 

interactors, in lung adenocarcinoma. Both were found to be significantly upregulated in cancer 

versus normal tissues. It would be interesting to explore if the trend remains true across the 

remaining cancers in the study. Exploring levels of the PP1 isoforms within the cancers could 

also provide insight into what is happening at the molecular level. Understanding how TACC3 

and PP1 expression is linked within cancer cells may provide mechanistic insight into the 

implication of this interaction in both normal and cancer cells.  
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   Through the biochemical exploration of the TACC3-PP1 interaction in vivo and its potential 

downstream consequences, we may be able to use the bioinformatics results from this study and 

gain insight into what is happening within cancer cells.  

   TACC3 is a protein implicated in both cancer and mitosis, and PP1 is known to play a key role 

in cell cycle control. It seems likely that the interaction of these two proteins plays a role in 

proper mitotic progression and cell division. Since the hallmarks of cancer include genetic 

instability and mutations, improper cell division can help cancer cells to proliferate. 

Understanding the interaction of these two proteins and their expression within cancer cells may 

provide a potential biomarker for diagnosis/and or prognosis or even a therapeutic target. In 

conclusion, understanding the interaction of PP1 and TACC3 may provide insight into the cell 

cycle progression and its effects on cancer.   
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