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Abstract 
 

Roles of TTK Kinase in Breast Cancer Tumorigenesis 
 

By Jamie Leigh King 
 
 

 Cancer formation is enabled by genetic changes that control cell division, which 
alters how genetic information is transferred and contributes to malignant cell 
transformation.  TTK is a mitotic kinase that is overexpressed in several cancer types, 
including breast cancer.  While the roles of TTK in centrosome duplication and the 
spindle assembly checkpoint have been well characterized, the complete functional roles 
of TTK in cancer have not been studied.  The research in this dissertation describes 
diverse roles of TTK in breast cancer tumorigenesis. 
 One well characterized role of TTK is in the control of the centrosome duplication 
cycle and formation of the mitotic spindle.   Previous studies have shown centrosome 
amplification (greater than 2 centrosomes) to be associated with genomic instability and 
worse patient outcomes in breast cancer. We found a positive correlation between TTK 
expression and centrosome amplification (CA) in breast cancer cells, as well as a 
correlation between TTK overexpression and worse prognosis in breast cancer patients.  
We also determined that targeting TTK could attenuate proliferation and CA in cell lines 
that have high frequencies of CA. 
 More recently, mitotic kinases like Aurora A and PLK4 have been shown to have 
roles in supporting cell phenotypes that promote cancer cell invasion and metastasis.  In 
addition to establishing a role of TTK in promoting CA, we also found that targeting TTK 
can attenuate the mesenchymal phenotype of aggressive triple negative breast cancer 
cells through various mechanisms, including TGF-β signaling, KLF5 and micro-RNAs. 
 In further studies, we hypothesized that TTK could also mediate radiosensitivity 
in breast cancer, since it has been reported that substrates in the DNA repair signaling 
pathway and targeting some downstream TTK substrates has shown effectiveness in 
radiosensitization.  From this line of investigation, we also found that targeting TTK 
could sensitize radioresistant breast cancer cells by enhancing apoptotic signaling and 
minimizing active DNA repair.  
 Overall, this work highlights the diverse cellular processes through which TTK 
overexpression promotes breast cancer tumorigenesis.  This provides rationale to 
further develop targeted inhibitors against TTK in breast cancer and other types of 
cancer. 
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Chapter 1: Introduction 
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1.1.1 Cancer Overview 

In the most classical definition, cancer is defined as the uncontrolled growth of 

cells.  The uncontrolled growth of cells is caused by a multitude of complex and 

moderately understood factors, such as genetic and environmental as well as metabolic 

changes in the cells.  As human understanding of cancer as a disease has expanded in 

modern times, we have come to understand cellular complexities underlying the various 

types of cancer affecting different parts of the human body.  Although modern 

technology has advanced our understanding of so many facets of cancer and allowed us 

to improve treatments, it remains a devastating global health problem.  In 2018, the 

American Cancer Society estimates there will be ~1.7 million new cases of cancer in the 

United States, with about 600,000 Americans expected to die of cancer (1). 

 

1.1.2 Cancer Hallmarks 

Eighteen years ago, the “Hallmarks of Cancer” were introduced by Hanahan and 

Weinberg (2) as a set of “rules” that transform normal cells into malignant cancer cells.  

These hallmarks represent acquired capabilities shared by all types of cancer cells in 

which molecular programs that regulate cell growth, differentiation and death are 

altered to enable cancer formation.  These original six rules included cancer cells 

acquiring self-sufficiency in growth signaling, insensitivity to anti-growth signals, 

evading programmed cell death (apoptosis), limitless replicative potential, sustained 

angiogenesis and tissue and invasion and metastasis.  Since cancer formation is 

considered a multistep process, changes in each of these six branches ultimately allows 

cancer cells to expand with necessary growth signals and materials, as well as move 

away from the primary site of origin.  In 2011, Hanahan and Weinberg updated the 
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original six hallmarks (3) to include enabling characteristics and emerging hallmarks, 

which included four new features acquired by cancer cells to support malignant 

behavior.  These revised hallmarks included tumor promoting inflammation, 

deregulated cellular energetics, avoiding immune destruction and genomic instability 

and mutation.  Of these enabling characteristics, genomic instability and mutation is a 

central cause of changes in cell signaling pathways that supports acquisition of all the 

other hallmarks.  For example, mutations in oncogenes like Ras (4) and tumor 

suppressors like p53 and Rb (5) are necessary alterations that lead to self sufficient 

growth signaling and insensitivity to growth inhibitory signals.  These oncogenes and 

tumor suppressors may also contribute to cancer evolution by inducing CIN (6, 7).  

While these are large scale changes in cell signaling pathways, genomic instability and 

mutation orchestrated by overexpression of genes involved in cell division is also a 

proponent of genomic instability.  

 

1.1.3 Breast Cancer 

Within the scope of this dissertation research, breast cancer was used as a model 

system to study genetic alterations in cancer.  Breast cancer remains a critical public 

health problem for women globally.  In the United States, breast cancer has the highest 

incidence rate among women and is the second leading cause of cancer related deaths 

after lung cancer (8). In 2017, the American Cancer Society estimated there would be 

about 200,000 new cases of breast cancer diagnosed in the United States and 40,610 

deaths associated with breast cancer (8).  Currently, the lifetime risk for a woman in the 

US to develop breast cancer is 1 in 8 (8), but breast cancer has disproportionate effects 

in different ethnic groups.    The incidence rates of breast cancer are relatively equal 
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between non-Hispanic white women and non-Hispanic black women (128.7 vs. 125.5 

cases per 100,000) (Fig. 1.1) with slightly smaller incidence rates in American 

Indian/Alaskan Native women, Hispanic women and Asian/Pacific Island women.  

However, the mortality rates from breast cancer remain higher among non-Hispanic 

black women (29.5 vs. 20.8 per 100,000). 

Similar to other cancer types, molecular profiling has allowed scientists and 

clinicians to classify breast cancer into various subtypes to understand the clinical 

presentation, treatment response and prognosis (9-11).  This basic molecular profiling 

for breast cancer is based on expression of hormone receptors and the HER2+ receptor 

on breast cancer cells.  Estrogen receptor positive or Progesterone receptor positive 

patients are considered “hormone receptor positive” and are traditionally treated with 

endocrine based therapies such as Tamoxifen (12-14), while Her2+ patients are treated 

with HER2+ blockade therapies such as Herceptin or Lapatinib (15-17).  Patients whose 

tumors do not overexpress either hormone receptor or the Her2+ receptor are 

categorized as triple negative.  At present, there are no available targeted therapies 

specifically for triple negative breast cancer (TNBC) patients since they lack 

overexpression of three classical therapeutic targets.  As a result, TNBC patients are 

primarily treated with chemotherapy and radiation (18).  The luminal A subtype 

(HR+/Her2-) is the most prevalent subtype in the US (71%), luminal B (HR+, Her2 + or 

-) and triple negative account for 24% of cases and Her2+ accounts for 5% (Figure 1.1). 

Clinically, breast tumors are staged based on pathological grade and the TNM (tumor-

node-metastasis) system.  This system accounts for the size of the tumor, involvement of 

lymph nodes and spread to sites of metastases.  At the cellular level, genetic changes 

corresponding to each subtype can result in very different tumor biologies, further 
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contributing to differences in tumor behavior and response to treatment.  Other factors 

that vary by patient but have impacts on breast tumor biology include factors that 

influence hormonal changes such as parity and breast density (19).  Socioeconomic 

factors that impact access to care may also influence clinical responses in breast cancer 

between ethnic groups (20).  However, the influence of socioeconomic and lifestyle 

factors is complicated and confounds underlying differences in tumor biology between 

ethnic groups. 

When examining incidence rates of different breast cancer subtypes, the 

incidence of hormone receptor positive/Her2- breast cancers is highest in non-Hispanic 

black women, while incidence of hormone receptor positive/Her2+ and hormone 

receptor negative/Her2+ breast cancers is equal between ethnic groups.  However, the 

incidence of aggressive triple negative breast cancer is dramatically higher in non-

Hispanic black women (24 vs. 12 cases per 100,000) (21, 22).  Black women are also 

likely to be diagnosed with TNBC at younger ages and more likely to succumb to breast 

cancer across all age groups (23).  Although disparities in access to care which impact 

diagnosis and treatment have begun to stabilize, the racial disparities in breast cancer 

are still very complex and impacted by biologic factors with differential influences (24).  

Therefore, it is of particular clinical relevance to study genetic alterations that may be 

contributing to aggressive breast cancer that could also be involved in racial disparities 

in breast cancer. 
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1.2 Chromosome instability, aneuploidy and deregulated mitosis in cancer 

 

1.2.1 Overview 

In the revised cancer hallmarks described by Hanahan and Weinberg in 2011, 

genomic instability and mutation was included as an enabling characteristic of cancer 

formation (3) .  Genomic instability is defined as changes in the genomic code that leads 

to changes in cell behavior and signaling pathways associated with cancer formation.  

More specifically, these changes can include mutations in the DNA, alterations in 

epigenetic regulators and post-translational modifications. 

To ensure the accurate passage of genetic information that is carried on 

chromosomes in the cell, the cell cycle must be tightly regulated.  The cell cycle includes 

four major stages, including G1, S, G2 and M.  During the S phase, DNA is replicated 

prior to G2 and the mitotic phase.  In mitosis, chromosomes are equally separated 

before the cell divides into two new daughter cells to pass along genetic information 

(25).  Throughout a normal cell cycle, there are necessary checkpoints that allow for the 

cycle to pause if errors are detected.  At these checkpoints, signals can be sent to repair 

errors or allow a cell to undergo apoptosis (26).   Multiple mechanisms that change 

timing of the cell cycle give rise to genomic instability in cancer cells.  Overexpression of 

cyclin dependent kinases, decreased expression of cell cycle inhibitors like the P16/ARF 

family of proteins, and loss of function of tumors suppressors such as Rb and P53 

contribute to accelerated G1/S transition and G2 phases (27, 28) which can bypass 

required checkpoints and allow a cell to remain viable with damaged genetic 

information. 
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 In mitosis, overexpression of genes that control mitotic spindle formation and 

the spindle assembly checkpoint also contribute to genomic instability.  At the level of 

cellular mechanics, defective cell mitosis can result in chromosome instability and 

aneuploidy (incorrect chromosome number) if chromosomes do not align properly and 

accurately segregate during mitosis.  The mitotic spindle is considered the “molecular 

motor” that controls how chromosomes are moved during mitosis.  This “motor” 

consists of centrosomes that control organization of microtubules, which are fibers that 

attach to chromosomes during mitosis.  Chromosome instability (CIN) is a dynamic 

process underlying aneuploidy that is associated with defective cell cycle checkpoints in 

which errors in chromosome segregation, mediated by the mitotic spindle can go 

undetected.  CIN and aneuploidy are detected in a broad range of tumor types including 

breast cancer (29, 30). 

 

1.2.2 Critical factors of centrosome amplification (CA) 

 

The centrosome is the main organelle in eukaryotic cells that is responsible for 

organizing and directing the bipolarity of the mitotic spindle.  Theodor Boveri originally 

described it in the early 1900’s through his studies of sea urchin embryos, where he 

described the centrosome as “the special organ of cell division” (31).  Boveri’s early 

postulations were the foundations for modern centrosome biology since he noted that 

the missegregation of chromosomes could give rise to diseases such as cancer.  Since 

Boveri’s seminal contributions to the field of cell biology, the centrosome has been 

extensively studied at the structural and functional level.  The organelle itself is 

comprised of two centrioles surrounded by pericentriolar material, from which the 
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mitotic spindle can be assembled.  During mitosis, the mitotic spindle functions to pull 

apart chromosomes prior to cell division (32).  Essential centrosome proteins include 

Centrin, gamma tubulin and pericentrin, which are found in the pericentiolar material 

(33).  The presence of these proteins can be used to study various attributes of the 

centrosome, including gamma tubulin and pericentrin staining to observe centrosome 

number.  Other methods can be used to observe other qualities of the centrosome, such 

as electron microscopy to visualize the centrosome structure and microtubule 

nucleation approaches to measure the functional capacity of centrosomes. 

 Since centrosomes have such a critical function in the cell, centrosome 

duplication must be tightly regulated in conjunction with the cell cycle (34).  Similar to 

how chromosomes are separated between daughter cells, the same thing must happen to 

centrosomes.  In mammalian cells, centrosome duplication occurs during the S phase of 

the cell cycle.  This process is initiated by Cdk2 activation between G1/S to start 

duplication of existing centrioles.  Following the S phase, procentrioles are formed and 

mature centrioles are formed by the end of the G2 phase (35).  These “mother” and 

“daughter” centrioles are separated during mitosis.   Defects in the centrosome 

duplication cycle can lead to incorrect duplication of the centrioles, such as 

overproduction of centrioles.  This can eventually lead to defective mitotic spindle 

formation and CIN, as the chromosomes do not faithfully attach to the mitotic spindle 

and separate properly.  The overproduction of centrosomes was coined centrosome 

amplification (CA), which is defined as the acquisition of three or more centrosomes. 

This is a particularly critical issue that can be the source of aneuploidy since it can result 

in genomic instability by inducing CIN (36-39).   
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In 2004, Salisbury et. Al summarized the “hallmarks of CA” which include 

increased centrosome number and volume, excess pericentriolar material, 

supernumerary centrioles and inappropriate phosphorylation of centrosome proteins 

(40).  Various genetic changes can lead to defects in centrosome duplication.  Cyclin 

dependent kinases, core regulators of the cell and centrosome cycles, are temporally 

regulated and are generally hyperactivated in cancer cells (41-45).  Other genetic 

changes, such as loss of tumor suppressor genes, also contribute to CA.  For example, in 

mouse embryonic fibroblasts that lack p53, multiple centrosomes can be generated in 

one cell cycle, causing unequal chromosome segregation (46).  In comparison, normal 

mice or Rb deficient mice do not exhibit CA.  Another example is the inactivation of the 

E2F3 transcription factor which also causes CA in MEF’s, because it causes unregulated 

cyclin E activity and defective association between nucleophosmin B and the 

centrosome (47).  Transcription factors aside from the E2F’s also regulate CA, such as 

YB-1.  When YB-1 was overexpressed in a murine breast cancer model, this led to altered 

mammary gland morphology, abnormal cell proliferation and CA (48).    

1.2.3 Role of CA in Cancer 

The prevalence of CA in cancer cells has also been well characterized (49) and 

shown to initiate tumorigenesis in Drosophila models, via ectopic expression of 

centrosome associated molecules (50, 51).   A number of solid and hematologic cancers 

harbor CA and increased CA correlates with increased aggressiveness and poor survival 

(52). Additionally, approximately 80% of breast cancers exhibit CA and CA appears to 

be dependent on Her2 overexpression (53).  There is further value in studying CA as a 

prognostic marker, since it has also been shown to induce (54) and be associated with 

high grade tumors (55).  Higher frequencies of CA are also detected in advanced tumors 
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and in tumors of higher histological grade (56).  Furthermore, there appears to be 

additional translational value in studying CA in disparate breast cancer populations, 

since higher frequencies of CA are observed in patients with TNBC (57, 58).   

More specifically in breast cancer, there are several structural and functional 

defects associated with centrosomes.  In 1998, excess pericentriolar material, centrioles 

and centrosomes and inappropriate phosphorylation of centrosome proteins were 

observed in breast adenocarcinoma cells (59).  Following those studies, CA was also 

detected in in situ ductal carcinoma, indicating that CA may be an early event in breast 

tumorigenesis (60). Previous work in the Saavedra laboratory explored cell cycle and 

centrosome regulator molecules in the Her2 signaling pathway that could contribute to 

CA.  The Ras oncogene was found to signal CA in mouse mammary lesions and human 

mammary epithelial cells through Cdk4 and Nek2 (41, 61).  Likewise, CA in Her2+ cells 

is dependent on Cdk4 and Nek2 (62). 

One interesting question to address with CA in cancer is how cells are able to 

divide at all with such disordered mitotic spindles, since it is known that most cells with 

CA or CIN do not survive (63, 64).  One strategy employed by cancer cells to persist with 

CA is to “cluster” centrosomes.  This allows the formation of pseudobipolar spindles 

which can resemble normal spindles and make mitosis tolerable to CIN and aneuploidy 

(65).    More recently, other cellular processes that contribute to aggressive breast cancer 

phenotypes, such as genetic changes in genes controlling cell migration and invasion, 

have been tied to CA.  Interestingly, supernumerary centrosomes were shown to 

contribute to directional cell migration (66) and oncogene like induction of cell invasion 

from CA was observed in breast cancer and tied to increased Rac1 activity (67).  Tying 

together the phenotype of centrosome clustering and loss of E-Cadherin, it was recently 
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shown that cells with CA can downregulate E-Cadherin to alter cell contractility and 

promote the efficiency of centrosome clustering (68).  These observations support 

theories that alterations in centrosome molecules contribute to cancer hallmarks beyond 

genomic instability.  

 

1.3 Invasion and metastasis in cancer  

 

1.3.1 Overview 

 Another critical hallmark of cancer that is accounts for a large majority of cancer 

related deaths is metastasis.  The spread of cancerous cells to tissues away from the 

primary site of origin has been a large focus of cancer research, but it is a highly complex 

process that has many debatable points.   

The metastatic cascade includes a series of steps that allows malignant cells to 

expand in the primary tumor and eventually colonize at a secondary organ site (69, 70).  

First, tumor cells must expand in the primary tumor and form invasive subclones.  

These invasive cells must then move through the basement membrane around the 

primary tumor and surrounding microenvironment to reach the bloodstream.  In order 

to move through the basement membrane, invasive cells must also secrete enzymes to 

degrade the extracellular matrix that surrounds the tumor.  After traveling through the 

bloodstream, tumor cells reach a secondary organ site where they can colonize and form 

micrometastases, and larger micromets.  These malignant growths in secondary sites 

are responsible for the majority of cancer deaths, since they can sometimes be 

undetectable and also resistant to treatment. 
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1.3.2 Epithelial to mesenchymal transition (EMT) 

The epithelial to mesenchymal transition (EMT) is in important process in 

cellular differentiation that is rewired by cancer cells to facilitate invasion and 

metastasis.  EMT is thought to be an early cellular change involved in metastasis since it 

allows cells to lose apical-basal polarity and move.  Fundamentally, this cellular process 

involves cellular changes that allow cells to change their shape in order to move to other 

sites of origin (71).  In normal cell functions, EMT is employed by implantation, embryo 

formation, and organ development as well as wound healing and tissue regeneration.  In 

these types of EMT, the cells ultimately reach a final fate and the transformation is 

complete.  

 1.3.3 EMT signaling 

In cancer cells, activation of the EMT “program” involves changes in several 

molecular signals (72), such as transcription factor activation or repression (73), 

expression of cell surface proteins, reorganization of the cellular cytoskeleton and the 

extracellular matrix and changes in micro-RNA (74) expression.  Changes in expression 

of molecules associated with epithelial or mesenchymal cell states can be used by 

researchers to characterize which status a cell belongs to.  Cells that are in an epithelial 

state generally express E-Cadherin and ZO-1 at their cellular junctions and express 

micro-RNA’s such as the miR-200 (75) family of microRNA’s (71).   

As cells transition to a mesenchymal status, they lose expression of cellular 

junction proteins and micro-RNA’s that control expression of epithelial genes and 

change shape.  Cells that have transitioned to a mesenchymal status express 

intermediate filaments like vimentin (76) and N-cadherin, micro-RNAs associated with 
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oncogenic functions such as miR-21 (77) and transcription factors associated with 

inducing expression of mesenchymal genes such as Twist, Zeb1, Snail and Slug (78, 79).  

There are also signaling feedback loops that contribute to the EMT program.  For 

example, there is a feedback loop between Zeb1/2 and miR-200 in which the Zeb 

transcription factors suppress miR-200 expression (80).  MicroRNA’s have also been 

shown to regulate expression of cytoskeletal signaling (81).  Mesenchymal cells also have 

increased expression of enzymes that degrade the extracellular matrix, such as MMP-2 

and MMP-9. The full mechanisms for how cancer cells undergo EMT are not clear, but it 

is known that signaling from the tumor stroma, such as sustained TGF-β signaling (82), 

can induce EMT. 

 

1.3.4 KLF5 in EMT 

Kruppel-like transcription factor 5 (KLF5) is a molecule that has been 

demonstrated to have bidirectional roles in regulating cell proliferation, differentiation 

and tumorigenesis.  Loss of KLF5 expression on the 13q21 tumor suppressor locus can 

result from chromosomal deletion (83).  Specifically related to EMT, KLF5 maintains 

epithelial status by regulating the expression of the miR-200 family of microRNAs (84).  

To achieve this, KLF5 binds GC boxes in promoter regions of the miR-200 family 

members.  In TNBC cells, specifically mesenchymal TNBC’s, KLF5 is expressed at low 

levels.  We previously showed that ectopic expression of KLF5 in these cells could 

upregulate miR-200 family microRNA’s (84).   

Another critical regulatory switch for KLF5 is acetylation at K369.  This 

modification determines whether KLF5 has a tumor promoting or suppressive role (85).  

In normal cells, acetylated KLF5 promotes differentiation and maintains normal 
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proliferation.  However, unacetylated KLF5 can be upregulated in cancer cells to 

promote proliferation and prevent cellular differentiation.  Interestingly, unpublished 

data suggests that acetylated KLF5 is associated with the mesenchymal phenotype in 

prostate and some breast cancer cells, suggesting this modification has differential 

regulation in EMT.   

Additionally, KLF5 is a functional effector of TGF-β signaling.  KLF5 interacts 

with Smads-2-4, which impacts the acetylation of KLF5 (86).  In normal cells, TGF-β 

receptor phosphorylates Smad2/3 at the C-terminal region, then this Smad complex 

translocates to the nucleus where KLF5 is acetylated.  However, in cancer cells with 

active Ras signaling, Smad2/3 is instead phosphorylated at the linker region, which 

disrupts assembly of the acetylated-KLF5 transcriptional complex.  In summary of this 

regulation, aberrant phosphorylation of Smad members can impact KLF5 acetylation 

and altered interaction between p300/KLF5 and Smad3.    

Specifically in breast cancer, regulation of KLF5 levels has not fully been 

characterized.  In some contexts of breast cancer, high KLF5 expression is correlated 

with increased cell proliferation and malignant behavior (87, 88).  In the context of 

aggressive, mesenchymal TNBC, which exhibits defined EMT, KLF5 is present at low 

levels (83).   The exact mechanism (ex. suppressed transcription or increased 

degradation) for why it is present at low levels in mesenchymal TNBC cells is not clear.   

Since other transcription factors and EMT phenotypes are impacted by changes 

in centrosome and mitotic molecules, it is plausible to suspect that KLF5 regulation and 

functions could be impacted by centrosome signaling as well.  For example, signaling 

pathways such as the Ras and TGF-β pathways mediate centrosome signaling and 

impact the activities of centrosome kinases.  These pathways also overlap with the 
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regulation of KLF5 and its transcriptional activities.  Other members of the Kruppel-like 

factor family, such as KLF4 and KLF14, has been shown to contribute to genomic 

instability and CA in cancer.  KLF4 was shown to be correlated with aneuploidy and 

induced CA, but the exact mechanisms were not determined (89).  However, KLF14 was 

shown to transcriptionally repress PLK4 and deletion of KLF14 led to CA and 

upregulated PLK4 (90).  Although all members of the Kruppel-like family do not have 

the exact same functions, these studies provide evidence for crosstalk between activities 

of the Kruppel-like factors and centrosome signaling, which provide rationale to study 

correlations between the activities of KLF5 in EMT and molecules associated with CA in 

cancer. 

 

1.4 Links between altered mitosis and EMT 

Recently, changes in mitotic signaling have emerged as mediators of various 

levels of EMT phenotypes.  At the transcriptional level, Mad1 was shown to regulate E-

cadherin expression by binding the E-cadherin promoter to prevent cell migration (91).  

The Aurora kinases and polo-kinases are two predominant mitotic kinase families that 

appear to be involved in EMT.  Aurora was shown to promote cell migration and 

invasion in head and neck cancers through regulation of FAK signaling (92) as well as 

phosphorylating LKB1 in lung cancer, which compromises signaling between LKB1 and 

AMPK to facilitate cell migration.  As for the polo-like kinases, PLK1 was shown to 

phosphorylate vimentin to contribute to a mesenchymal status (93) and PLK4 can 

promote cell invasion through controlling the ARP 2/3 complex in actin filament 

formation (94).  Since mitotic kinases appear to control various levels of EMT signaling, 
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it is of interest to study how alterations in mitotic signaling contribute to the “EMT” 

program. 

 

 

1.5 Prognosis and treatment responses of patients harboring changes in 

centrosome/mitotic genes and exhibiting CA 

Direct changes in genome stability induced by changes in centrosome and mitotic 

genes can also alter response to chemotherapy and are correlated to worse patient 

prognosis in breast cancer.  In 2010, (95) a sixteen kinase gene signature including 

centrosome and mitotic regulators that are associated with poor prognosis in breast 

cancer was characterized.   TTK was a part of this gene signature, as well as Bub1 and 

Mad1.  A meta-analysis of TNBC mRNA expression revealed a prognostic signature that 

could be used for treatment of breast cancer (96). In addition, other projects within the 

Saavedra laboratory demonstrated that high expression of centrosome kinases NEK2 

and PLK4 is correlated to reduced relapse free survival and metastasis in breast cancer 

patients (97).  In this study of NEK2 and PLK4, we found the most significant changes 

in patient survival within the Her2+ and basal subtypes of breast cancer.  In addition, 

CA is observed in breast cancer cell lines that are used to model cells that are 

intrinsically resistant to therapeutic approaches, such as the JIMT-1 cell line that is 

Herceptin resistant or radioresistant cell lines HCC1954 and MDA-MB-231.  This 

provides evidence that overexpressed centrosome genes may also be involved in the 

responses of different breast cancer subtypes to chemotherapy and radiation. 
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1.6 TTK kinase 

 

1.6.1 Background 

In general, changes and/or loss of regulation of the expression and kinase 

activities of protein kinases can cause oncogenic activities.  One such kinase that is 

related to mitosis and CA in breast cancer is the TTK kinase.   TTK, also known as MPS1 

(monopolar spindle 1) is a serine/threonine kinase whose roles have been most 

comprehensively studied in the spindle assembly complex, but TTK is also largely 

involved in the centriole duplication cycle and DNA damage response.  The TTK protein 

is 856 amino acids long and the important functional regions within the protein include 

the D-box, the MDS (MPS1 degradation signal) and the classical kinase domain (Fig 

1.2). 

Seminal studies describing TTK’s functions in yeast models are the origin of the 

alternative name for TTK, monopolar spindle-1, as deletion of this gene resulted in a 

monopolar spindle phenotype in yeast cells (98). In S. cerevisiae, spindle pole bodies 

execute centrosomal functions similar to the classical centrosome in mammalian cells.  

TTK was first identified by using temperature sensitive allele studies in yeast, where 

aberrant spindle formation was observed at nonpermissive temperatures, leading to 

defective chromosome segregation.  Another seminal study identified TTK as a close 

relative of SPK1 that is present in thymus and testes (99), which are both tissues with 

rapid proliferation, as well as being present in malignant cells.  These early studies also 

revealed that TTK expression could be induced in T cells by IL-2 induced cell 

proliferation and TTK expression peaked as cells entered G2 (100). 
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1.6.2 Normal TTK functions and structure 

The top three normal functions for TTK and mitosis are in spindle assembly, 

centrosome duplication, and cytokinesis (101).  From a regulatory viewpoint, TTK is 

localized at specific cellular locations by other molecules involved in mitotic signaling.  

The TPR domain, located in the N-terminus, is the important region for localizing TTK 

to the centrosome and kinetochore region of chromosomes (102, 103). 

To maintain normal centrosome numbers during mitosis and correct 

chromosome number, the centriole duplication cycle must occur only once during S 

phase of the cell cycle (104) and TTK is temporally regulated during this process.   To 

properly execute roles in the centriole duplication cycle, the MDS region on TTK (MPS1 

degradation signal) is phosphorylated by Cdk2 to degrade TTK from centrosomes and 

prevent centriole re-duplication (105).  In addition, the kinase domain of TTK has an 

affinity for microtubules and is required for centrin-2 recruitment to pro-centrioles to 

form mature centrosomes (106).  TTK also ensures precise centriole duplication and 

maturation by interacting with gamma-tubulin, centrin-2 and TACC2 (figure 1.3) (107).  

If TTK is not degraded after G1/S, this can result in centriole reduplication, eventually 

leading to centrosome amplification.  Overexpression of CDC25B or hyperactivity of 

CDK2 at the centrosome stabilizes TTK and centrin-2, which results in centriole 

overduplication (108).  The E2F transcription factors have also been shown to maintain 

genomic integrity through controlling multiple mitotic regulators, including TTK (109). 

 TTK also localizes to kinetochores to execute functions in the spindle assembly 

checkpoint and is required for mitotic arrest in response to microtubule insults before 

mitosis (110). Chk2 also controls the kinetochore localization of TTK by phosphorylating 

Thr288 (111).  Other mitotic kinases, including Aurora B, Polo-like kinase 1 and MAPK 
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phosphorylate TTK to localize it to the kinetochore prior to mitosis and ensure spindle 

assembly checkpoint activation (112-115).  Within its role in the spindle assembly 

complex, TTK phosphorylates Mad1/2 and Bub1 (116, 117), two other components of the 

spindle assembly complex, to ensure all chromosomes are accurately segregated prior to 

mitosis.  Upstream of this signal, TTK must be phosphorylated at S283 to allow TTK to 

interact with MAD1/2 (105).  TTK also interacts with MAD3 to inhibit CDC20 and 

maintain SAC arrest if needed prior to mitosis (118).  The attachment of microtubules to 

the kinetochore is facilitated by TTK phosphorylating Dam1 (119) and TACC2 

phosphorylation by TTK is necessary for TACC2 to detect lagging or misaligned 

chromosomes prior to mitosis (120).  Substrates of TTK are summarized in Fig 1.3. 

 

1.6.3 Non-canonical roles of TTK 

Substrates of TTK that are unrelated to functions in classical mitosis include 

Chk2 and Smad3 (Fig 1.3).  TTK can phosphorylate Chk2 (121, 122), which is a 

transducer of the DNA repair response.  The kinase activity of TTK is necessary to 

induce G2/M arrest in response to DNA damage insults such as ultraviolet irradiation.  

Relating to the TGF-β signaling pathway, TTK can also phosphorylate SMAD3, to induce 

TGF-β independent signaling (123, 124).  Very recently, TTK was shown to also promote 

AKT signaling and migration of hepatocellular cancer cells (125), suggesting TTK may 

have roles in controlling EMT associated phenotypes, similar to other mitotic kinases 

like PLK4 and Aurora A. 
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1.6.4 TTK in cancer 

 In general, stably aneuploid tumors are more sensitive to TTK inhibition than 

tumors with fluctuating CIN (126), indicating there is a delicate balance that exists 

between signaling pathways such as the SAC that control chromosome dysfunction and 

the maintenance of aneuploidy in cancer cells.  Across several cancer types such as 

breast, hepatocellular, pancreatic and brain, colon (127-131), TTK is overexpressed at 

the mRNA and protein level. Functionally, preventing TTK degradation at centrosomes 

can lead to accumulated TTK and overduplication of centrosomes.  This degradation of 

TTK has been shown to be deregulated in cancer cells (132).  High levels of TTK have 

also been shown to be protective of aneuploidy in breast cancer cells (133).  In colon 

cancer, TTK overexpression attenuates normal functions of the SAC and leads to 

increased aneuploidy (134).   

 The taxane and vinca alkaloid derived therapeutics are staple mitotic therapies 

that are used to treat metastatic breast cancer.  However, since these therapeutics are 

not 100% specific for cancer cells, toxicity in normal cells is an issue, as well as 

resistance (135).  Combinations of targeted cell cycle based therapies, such as CDK4 or 

AURK inhibitors, has shown effectiveness in breast and other cancer types (136-138).  

As a result of these observations, TTK has emerged as a notable molecule for 

investigation as a therapeutic target, similar to other cell cycle/mitotic therapeutic 

targets.   Several chemical inhibitors of TTK have been developed and investigated in 

preclinical cancer models (139-142).  The approach of combining TTK inhibitors with 

existing antimitotic drugs has shown efficacy in some cancer models.   One TTK 

inhibitor, BAY1161909, is currently in a clinical trial and being tested in combination 

with Paclitaxel treatment (143) while another TTK inhibitor, CFI-402257, was effective 
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in combination with PD-1 immune therapy and is planned to advance to a phase II 

clinical trial (144).  In experimental models, combination of TTK inhibitors with Taxol 

in glioblastoma was shown to sensitize brain cancer cells to Taxol (130) and enhance the 

effects of Docetaxel in breast cancer (145).  In lung cancer, treatment with a targeted 

TTK inhibitor abrogated the SAC and induced cell death by mitotic catastrophe (146) 

and induced lethal CIN in a model of pancreatic cancer (147).  In addition to mediating 

TTK’s effects in the SAC (148) and chromosome stability, TTK inhibitors have also 

shown effects on other cellular processes associated with tumor progression and 

treatment response.  An example of this is TTK’s role in miR-21 and miR-132 signaling 

to regulate the radiosensitivity of glioblastoma cells (149, 150). 

  

1.7 Rationale for studying TTK in breast cancer and goals of dissertation 

 At the start of this dissertation research, one integral goal within the centrosome 

biology field was to understand how alterations in modulators of centrosome 

amplification influence disease development and cancer cell transformation.  At that 

time, it was known that CA is associated with aggressive tumor types and metastasis, as 

well as responses to treatment.  However, the molecular changes and comprehensive 

roles of CA contributing to tumorigenesis were poorly understood.    Since CA is 

observed in breast tumors and associated with metastasis to lymph nodes, this 

suggested that changes in CA modulators could also be involved in the metastatic 

cascade. 

   Through early microarray analysis in this dissertation, TTK was detected as a 

centrosome molecule that is overexpressed in Her2+ breast cells.  We also observed TTK 

overexpression in triple negative breast cancer cells early in this research.  The initial 
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hypothesis was that TTK overexpression leads to CA and inhibition of TTK could 

suppress tumorigenic properties and further cancer evolution associated with TTK 

overexpression.  Through several studies and patient cohorts, TTK has been shown to be 

highly expressed in breast cancer, most notably in Her2+ and TNBC, suggesting it could 

be developed as a biomarker or therapeutic target.  Preclinical studies of TTK inhibitors 

in breast cancer have shown efficacy in TNBC (145, 151, 152).  However, the oncogenic 

processes that could be modified by TTK inhibition have not been elucidated.  There is 

some evidence that TTK inhibition can induce apoptosis in breast cancer cells, as well as 

prevent invasive and/or migratory patterns.  Chapter two aims to address the impact of 

targeting TTK on CA, while chapter three aims to address mechanisms for how TTK 

overexpression promotes invasive signaling pathways in breast cancer.  Chapter four 

focuses on the impact of targeting TTK on therapeutic responses in breast cancer cells, 

specifically relating to radiation treatment. 

 Based on several lines of evidence of the roles of centrosome regulatory molecules 

in promoting CIN, aneuploidy and other oncogenic processes, the end goal of studying 

TTK could lead to discerning how deregulated centrosome regulatory molecules can 

influence several aspects of mammary tumorigenesis (Fig 1.4), so that they could be 

further understood to create new targeted therapies or biomarkers for breast and other 

cancer types.   
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Figure 1.1 Estimated breast cancer incidence, mortality and subtype 

distribution in the U.S. in 2017.  Adapted from American Cancer Society 

(ACS), Cancer Facts and Figures 2017.  (A) Distribution of breast cancer 

incidence and mortality rates across ethnic groups in the United States.  (B) Distribution 

of breast cancer subtypes among diagnosed cases in the  

United States.   
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Figure 1.2 The structure of TTK. 

TTK is 856 amino acids long and contains four regions that are essential for 

adequate functions of the kinase.  The CLD domain localizes TTK to the 

centrosomes, while the D-Box and MPS1 degradation signal function to degrade 

TTK at necessary times during centrosome duplication.  The kinase domain 

functions for TTK to phosphorylate targeted substrates.  The TPR domain, 

(located within the N-terminal region) is necessary for kinetochore localization of 

TTK. 
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Figure 1.3 - Summary of TTK substrates and reported roles in the cell.  

TTK contributes to the activity of diverse cellular processes in parallel with the cell and 

centrosome cycles, by phosphorylating downstream substrates. 
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Figure 1.4 Summary of cell cycle, mitotic and centrosome targeted 

therapies.  

 

Presently, taxane and vinca alkaloid based therapies are approved for metastatic breast 

cancer, as well as recently approved CDK inhibitors and AURK inhibitors in other solid 

tumors.  TTK and PLK inhibitors are currently in clinical trials. 
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Figure 1.5  Summary of TTK functions in promoting genomic instability  

 

As outlined in chapter one, TTK has reported roles in altering centrosome duplication, 

spindle assembly and chromosome instability in cancer cells.  These findings provide 

rationale to study these changes and other cancer associated phenotypes in breast 

cancer  
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Chapter 2 

 
Differential expression of TTK in breast cancer cells supports centrosome 

amplification. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Portions of this chapter have been published in Lee MY, Marina M, King JL, Saavedra 
H.  Cell Division 2014 9:3.  PMID: 25278993.  JLK completed all sections and 

experiments pertaining to TTK. 
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2.1 Introduction 
 

Chromosome instability (CIN), the active gain or loss of whole fragments of 

chromosomes during cell division, and aneuploidy, the state of having abnormal 

chromosome numbers, are sources of genetic instability and are associated with 

aggressive breast cancer biology (153).  Centrosome amplification (CA) is a prevalent 

driver of genomic instability (6, 61) in specific subtypes, such as in Her2+ breast cancer 

(59, 154-156).  Changes in specific signaling pathways associated with centrosome 

biology have not been fully explored in subtype specific models, including Her2+.   

Molecular alterations in genes such as oncogenes and genes that control the 

centrosome cycle or the spindle assembly checkpoint eventually lead to CA.  CA results 

in defective mitotic spindle formation, which can support CIN and aneuploidy in 

tumors.  This cellular phenotype has been detected in pre-malignant lesions, DCIS 

(ductal carcinoma in situ) and invasive breast tumors (154, 156).  Furthermore, CA is 

observed in more aggressive breast tumors to a greater extent, which supports the idea 

that this phenomenon is associated with aggressive tumor biology and progression.  All 

of this evidence supports the pursuit of targeting molecules that mediate CA to prevent 

cancer initiation and tumor progression. 

In this study, we utilized a model of Her2+ breast cancer to elucidate centrosome 

regulatory genes that are specifically altered in this breast cancer subtype.   In previous 

screening, we observed that CA is present in a subset of Her2+ breast cancer cell lines.  

More specifically, we found that E2F activators, Cdk4 and Nek2 kinase are 

overexpressed and required to maintain CA and binucleation in Her2+ cells (62, 157).  

However, since these molecules regulate diverse biological processes, their clinical 
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utility is limited.  To determine other altered genes in Her2+ cells that could be viable 

therapeutic targets, we carried out a gene microarray experiment comparing gene 

expression between two breast cell lines.  We used MCF10A (normal mammary 

epithelial cells that do not display CA) and HCC1954 (Her2+ cells that display CA) to 

detect altered centrosome genes.  We validated differentially expressed genes by real-

time PCR and Western blotting, and then pursued a panel of upregulated and 

downregulated genes based on their novelty and relevance to centrosome duplication.  

We also conducted functional experiments to measure CA and BrdU incorporation after 

genetic manipulation of altered genes.  From this screen, TTK emerged as a highly 

relevant centrosomal modulator in Her2+ breast cancer, since it was upregulated in the 

HCC1954 cells. 

 

2.2 Materials and Methods 

Cell Culture 

All cell lines were obtained from the ATCC or from collaborators.  Culture conditions for 

MCF10A, HCC1954, SKBR3 and JIMT-1 cells have been described. 

 

Microarray analysis 

Total RNA was isolated using RNAeasy mini kit (Qiagen) and subjected to quality 

control.  Affymetrix Gene Expression microarrays were used according to 

manufacturer’s instructions.  Raw intensities of the arrays (two for MCF10A-pLKO.1 and 

two for HCC1954-pLKO.1 samples) were normalized using quantile normalization and 

log2 transformed in the Affymetrix Human U133 platform before analyses.  Sample 

distribution was calculated and the top 20% of differentially expressed genes were 
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selected for comparative analysis.  Averaged data was uploaded into Metacore where 

gene expression probe names were identified and differentially expressed genes (fold 

threshold > 1.5) for centrosome and cell cycle GO process were displayed and further 

analyzed. 

 

RNA extraction and real-time PCR analysis 

RNA was isolated from cells using the RNAeasy mini kit (Qiagen).  Two µg of RNA was 

used to synthesize cDNA per manufacturer’s instructions (Promega).  The cDNA was 

diluted 1:10 for real-time PCR with iQ SYBR Green supermix (Bio-Rad).  Actin was used 

as internal control.  Primer sequences are listed here: Actin-F 5’-

CgAggCCCAgAgCAAgAg-3’, Actin-R 5’-CgTCCCAgTTggTAACAATgC-3’, TTK-F 5’-

CgCAgCTTTCTgTAgAAATggA-3’, TTK-R 5’-gAgCATCACTTAGCGGAACAC-3’ 

 

siRNA transfection 

Cells were seeded overnight in either 60 mm culture dishes for RNA or protein isolation 

or in four well chamber slides (Thermo Scientific) for microscopy.  Lipofectamine 

RNAimax (Life Technologies) along with 200 pmol of TTK siRNA or 5µL of silencer 

negative control siRNA (50µM, Life Technologies) were transfected for 48 hours.  

SiRNA sequences are listed here: TTK_1 Sense 5′-

rGrGrArGrGrUrUrCrArArGrCrArArGrGrUrArUrUrUrCrAGG-3′, TTK_1 Anti-Sense  

5′rCrCrUrGrArArArUrArCrCrUrUrGrCrUrUrGrArArCrCrUrCrCrArC-3′  TTK_2 Sense 

5′-rCrCrArGrArArUrCrCrUrGrCrUrGrCrArUrCrUrUrCrArAAT-3′  

TTK_2 Anti-Sense  5′-

rArUrUrUrGrArArGrArUrGrCrArGrCrArGrGrArUrUrCrUrGrGrUrU-3′   
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Immunofluorescence for Bromodeoxyuridine (BrdU) incorporation and centrosome 

amplification 

BrdU staining was performed as described in a previous publication (41).  Forty-

eight hours post transfection, BrdU was incubated in the media of cells grown in four 

well chamber slides at a final concentration of 10 µM for 30 minutes prior to fixing the 

cells in 4% paraformaldehyde for 10 minutes.  DNA was denatured in 2 N HCl for 20 

minutes at room temperature, and then neutralized in 0.1 M sodium borate (pH 8.5) for 

2 minutes.  Then, cells were permeabilized in 0.1% NP-40 solution for 10 minutes after 

three washes with PBS.  Slides were blocked in 10% normal goat serum (Life 

Technologies) for 1 hour before incubation with anti-BrdU antibody (NA61, Calbiochem) 

at 4°C overnight.  DAPI (1mg/mL) counterstain was used.  Two hundred cells were 

counted and the percentages of BrdU+ cells were calculated using fluorescent 

microscopy. 

Centrosome amplification in transiently transfected cells was measured using 

four well chamber slides.  Forty-eight hours post transfection, cells were fixed in 4% 

paraformaldehyde for 10 minutes, washed three times with PBS, permeabilized in 0.1% 

NP-40 for 10 minutes and blocked in 10% normal goat serum (Life Technologies) for 1 

hour, followed by overnight incubation with anti-Pericentrin antibody (Abcam ab4448).  

Alexa Fluor-conjugated antibodies (A11008, A11002 or A21069, Life Technologies) were 

used as secondary antibodies and incubated on the slides for 1 hour at room 

temperature.  DAPI (1 mg/mL) was also used as a counterstain.  Two hundred cells were 

counted per group and cells with ≥3 pericentrin spots were counted as having CA.  

Percentages of cells with ≥3 pericentrin spots were calculated for each group. 
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Western blotting 

Western blotting was performed according to previously published protocols (41, 62, 

158).  The TTK antibody (3255S, Cell Signaling) and secondary antibody for goat anti-

rabbit (sc-2004) was used and Beta-actin (4970, Cell signaling) was used as a loading 

control.  Signals were detected with Lumigen TMA-6 reagent.   

 

CCK-8 Assay for Cell Proliferation 

CCK-8 cell counting kit was purchased from Dojindo.  Prior to NMS-P715 treatment, 

1500-2000 cells were plated in 96 well plates and allowed to adhere overnight.  To 

measure cell proliferation each day, 10 µL of CCK-8 solution was added to each well of 

the plate and incubated for 1-4 hours at 37 degrees Celsius.  Then, the absorbance was 

measured at 450 nm using a microplate reader.  Calculations for cell densities were 

normalized to media only controls to control for background readings from the 

microplate reader. 

 

 

 

 

Statistical analysis 

Student’s t-test was applied to compare the significance between control and siRNA 

transfected groups.  P-values ≤0.05 were considered statistically significant. 
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2.3 Results 

Analysis of microarray targets 

 HCC1954 is a Her2+ breast cancer cell line that displays approximately 10% CA 

in unsynchronized populations, which is significantly higher than MCF10A non-

transformed mammary epithelial cells (62, 97, 157).  In a parallel microarray assay, we 

aimed to identify genes differentially expressed between HCC1954 cells silenced for 

E2F3 and cells expressing empty vector control (HCC1954-pLKO.1), which is why 

MCF10A-pLKO.1 cells were used in this study as a basis for comparison.  We first 

selected the top 20% of genes that were differentially distributed across the microarray 

samples and performed Metacore gene enrichment analysis.  Selected targets fell into 

various categories and TTK fell into the category of cell cycle/mitosis genes.  The 

microarray data identified 2135 genes underexpressed in HCC1954 cells and 2635 genes 

upregulated in HCC1954 cells compared to MCF10A.  We refined our analysis to genes 

with ≥1.5 fold change between the groups and TTK was noted as an upregulated gene in 

HCC1954 cells compared to MCF10A cells. All findings from the microarray were 

validated by real-time PCR.  After analyzing genes that were upregulated in HCC1954 

cells compared to MCF10A cells, we selected TTK for further analysis since the 

centrosome roles of this gene is not fully understood in cancer models. 

TTK is overexpressed in a panel of breast cancer cell lines compared to 

normal mammary epithelial cells. 

To validate the findings from the microarray, we analyzed TTK protein 

expression across a panel of breast cancer cells compared to MCF10A normal mammary 

epithelial cells.  Increased TTK expression was observed in three Her2+ breast cancer 

cell lines (HCC1954, SKRB3, and JIMT-1) and two TNBC cell lines (MDA-MB-231 and 
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MDA-MB-468) (Fig 2.1).  We also validated overexpression of TTK substrate centrin-2 

in the 5 breast cancer cell lines compared to MCF10A. 

 

Transient TTK knockdown decreases centrosome amplification in Her2+ 

cells. 

We hypothesized that expression of TTK is required for CA and therefore 

proceeded to silence TTK expression via RNAi to address this question.  To address the 

effects of silencing TTK, we transiently silenced TTK using three independent siRNA 

duplexes.  All three duplexes achieved over 50% knockdown in HCC1954 cells (Fig 2.2).  

In the CA assay, where we measured CA via pericentrin staining, knockdown of TTK 

reduced the percentages of CA in HCC1954 cells (Fig 2.2) from ~10% to less than 5%. 

 

Pharmacologic inhibition of TTK also decreases centrosome amplification 

in Her2+ cells 

 To determine if the kinase activity of TTK is necessary to maintain CA in Her2+ 

breast cancer cells, we treated HCC1954 with TTK inhibitor NMS-P715 and completed 

CA assays (Fig. 2.3).  We found no differences in CA at a low dose of NMS-P715 (1 uM), 

but moderate decreases in CA at higher doses (2.5 and 5 uM respectively).  Overall, 

these data suggest that TTK protein and kinase activity is necessary to maintain CA in 

Her2+ breast cancer cells. 

 

Silencing TTK does not alter DNA synthesis in Her2+ cells 

To determine if alterations in DNA replication capacity is involved in the 

maintenance of CA by TTK overexpression, we utilized a BrdU incorporation assay to 
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measure DNA synthesis (Fig. 2.4).  The BrdU incorporation was modestly affected by 

knockdown of TTK, but not significantly reduced.  This result suggests the reduction in 

CA observed after transient knockdown of TTK is attributed to a mechanism 

independent of DNA changes in DNA replication. 

 

Stable knockdown and pharmacologic inhibition of TTK attenuates cell 

proliferation in Her2+ breast cancer cells 

 Although we did not observe changes in DNA replication after silencing TTK, we 

wanted to determine if there were changes in cell proliferation upon silencing TTK or 

inhibiting TTK kinase activity.  To address these questions, we first generated Her2+ cell 

lines stably downregulated for TTK and validated TTK knockdown.  Then, we measured 

cell proliferation using the CCK-8 assay (Fig. 2.5).  We observed modest decreases in cell 

proliferation in the stable HCC1954-shTTK cells, and more noticeable decreases in cell 

proliferation in JIMT-1/shTTK and SKBR3-shTTK cells.  We also observed decreased 

cell proliferation in all three cell lines after treatment with the TTK inhibitor NMS-P715 

(data not shown). 

Association of TTK expression with the outcome of breast cancer patients. 

To further explore the clinical relevance of genes examined in this study, we used 

the KM Plot resource that provides an online survival analysis of 22,277 genes to assess 

the effects on breast cancer prognosis.  The database consists of microarray data from 

1809 patients.  For TTK expression, we found that high TTK RNA levels were correlated 

with decreased overall survival of luminal A breast cancer patient in this database. (Fig. 

2.6) 
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2.4 Discussion 

Centrosome amplification is a promoter of CIN and aneuploidy that supports the 

acquisition and maintenance of malignant phenotypes in breast tumors.  TTK’s most 

well characterized role is in the spindle assembly checkpoint (159) and has also shown a 

role in centriole duplication and assembly (160, 161).  Tightly controlled levels and 

regulation of TTK is partially responsible for ensuring proper centriole duplication and 

assembly during the cell cycle.  One mechanism for this regulation is control of TTK 

through the MPS1 degradation signal (160), which prevents TTK accumulation and 

centriole re-duplication.  Although TTK is not required for normal centriole duplication, 

there is evidence that overexpressed TTK results in centriole re-duplication, which could 

lead to CA.  In regards to breast cancer, increased TTK mRNA has been observed across 

many cell lines, specifically Her2+ and triple negative subtypes, and in tumor samples 

collected from patients with advanced disease (129, 133, 162).  These correlations 

suggest there is a correlation between high TTK levels, increased proliferation and 

aggressive cell phenotypes in cancer.  In summary, TTK presents a potential biomarker 

to predict patient prognosis.  While previous studies revealed how modifying TTK 

affects cell viability, mitosis and tumor growth in vivo, none addressed the functional 

roles of TTK in breast cancer (129, 162).  Through this study, we showed for the first 

time that attenuating TTK expression and kinase activity can decrease the percentages 

of cells displaying CA and cell proliferation in a subset of Her2+ breast cancer cells, 

without affecting DNA synthesis.  The changes in cell proliferation observed after TTK 

inhibition could be due to apoptosis or changes in other parts of the cell cycle, but that 

was not in the scope of this study.  Further understanding of how TTK drives CA and 
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genomic instability in breast cancer will be important for understanding the correlations 

between high TTK levels and aggressive and/or drug resistant breast tumors. 
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Figure 2.1: Basal levels of TTK are higher in breast cancer cells. 

Basal levels of TTK and TTK substrate centrin-2 are higher in unsynchronized 

populations of Her2+ and triple negative breast cancer cell lines compared to MCF10A 

cells. 
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Figure 2.2: TTK maintains centrosome amplification in Her2+ breast 

cancer cells 

(A) Western blots validating transient TTK knockdown in HCC1954 cells and 

representative Actin and pericentrin staining in HCC1954 cells.  (B) Quantification of 

fluorescent microscopy for centrosome amplification by pericentrin staining, *p<0.05.  
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Figure 2.3: TTK kinase activity maintains centrosome amplification in 

Her2+ breast cancer cells 

Quantification and representative fluorescent microscopy for pericentrin staining in 

HCC1954 cells treated with increasing doses of TTK inhibitor NMS-P715. 
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Figure 2.4: TTK silencing does not decrease BrdU incorporation  
 
Quantification of BrdU+ cells and representative microscopy images in HCC1954 cells 

with transient TTK knockdown 
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Figure 2.5: Stable TTK inhibition suppresses the proliferation of Her2+ 

breast cancer cells. 

(a) Validation of stable TTK downregulation via viral delivery of shRNA in  HCC1954, 

JIMT-1 and SKBR-3 cells.  (b) Cell viability in HCC1954, JIMT-1, and SKBR-3 cells as 

determined by the CCK-8 assay. 
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Figure 2.6: Correlation between TTK and overall survival in Luminal A 

breast cancer patients. 

High TTK mRNA is correlated with decreased overall survival of luminal A breast cancer 

patients, as analyzed in the KM Plotter database. 
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Chapter 3 

TTK promotes mesenchymal signaling via multiple mechanisms in triple 

negative breast cancer. 
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Y Li, KP Li, J Ni, H Saavedra, and JT Dong.  TTK promotes mesenchymal 

signaling via multiple mechanisms in triple negative breast cancer.  Under 
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3.1 ABSTRACT  

Abnormal expression of TTK kinase has been associated with the initiation, 

progression and therapeutic resistance of breast and other cancers, but its roles remain 

to be clarified. In this study, we examined the role of TTK in triple negative breast 

cancer (TNBC), and found that higher TTK expression correlated with the mesenchymal 

and proliferative phenotypes in TNBC cells. Pharmacologic inhibition and genomic 

silencing of TTK not only reversed the epithelial to mesenchymal transition (EMT) in 

TNBC cells, they also increased the expression of KLF5, an effector of TGF-β signaling 

and inhibitor of EMT. In addition, TTK inhibition decreased the expression of EMT 

associated micro-RNA miR-21 but increased miR-200 family members expression and 

suppressed TGF-β signaling. To test if upregulation of KLF5 plays a role in TTK induced 

EMT, TTK and KLF5 were silenced simultaneously which decreased EMT caused by loss 

of TTK. Consistently, the decrease in miR-21 expression and increase in miR-200 

expression caused by TTK silencing were rescued by loss of KLF5. Altogether, this study 

highlights a novel role and signaling pathway for TTK in regulating EMT of TN breast 

cancer cells through TGF-β and KLF5 signaling, highlighting targetable signaling 

pathways for TTK inhibitors in aggressive breast cancer. 
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3.2 INTRODUCTION 

  

Triple negative breast cancer (TNBC) remains a critical public health issue. TNBC 

is characterized by lack of progesterone receptor, estrogen receptor and HER2 

expression and is more aggressive than other breast cancer subtypes. As a result of 

lacking ER, PR, and HER2, well established pharmaceutical targets for breast cancer 

treatments, targeted treatments against TNBC have yet to be developed. Also, while 

basal (composed of 76% TNBC) and Her2+ breast cancers respond better to 

chemotherapy than luminal subtypes, they have a higher probability of relapse if 

residual disease remains (21). Thus, finding novel directed therapies against TNBC 

would greatly improve survival outcomes of these patients.  

Further molecular profiling within TNBC has revealed genetic differences within 

the subtype that could affect cellular behavior and responses to chemotherapy. These 

subtypes of TNBC include four groups categorized as BL1, BL2, M, and LAR (163). The 

mesenchymal subtype is enriched in genes associated with the epithelial to 

mesenchymal transition (EMT), an important cellular process that is associated with 

increased cell migration, invasion, tumor metastasis, and resistance to chemotherapy 

and radiotherapy (71, 164). Mesenchymal TNBC cells exhibit a loss of epithelial 

morphology, as well as increased cell migration and invasion. EMT may contribute to 

TNBC progression because it is considered one of the earliest events during cancer 

metastasis. 

TNBC, Her2+ and ER- breast cancers are more prone to have elevated 

frequencies of centrosome amplification (CA) and chromosome instability (CIN) relative 

to other subtypes (6, 60, 153, 154, 156, 165) In our previous studies, we noted 
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overexpression of the TTK kinase in Her2+ (ER-PR-) breast cancer cells displaying 

elevated frequencies of CA compared to normal mammary epithelial cells (166). CA 

causes mammary tumorigenesis in mice and correlates with high stage, grade, and poor 

relapse free and overall survival of breast cancer patients (54, 165), which suggests TTK 

could have a role in mammary tumor development and progression. CA induces CIN, 

de-differentiation, and invasion, which could be the underlying mechanisms for CA’s 

role in tumorigenesis (167, 168).  

TTK plays critical roles in aneuploidy and genomic integrity across cancer types 

(95, 127, 129, 131, 133, 169, 170), such as brain, pancreatic, hepatocellular and breast 

cancer. TTK has also been reported to have functions in promoting cell invasion(125). In 

breast cancer, high TTK expression is correlated with aggressive subtypes and 

therapeutic resistance (129, 133, 145, 152, 166). In addition, higher TTK expression has 

been noted amongst high expression of other spindle assembly regulators in a panel of 

breast cancer cell lines and patient samples (95). In our recent study, we found that 

TNBC cell lines exhibited the highest levels of TTK. Knockdown of TTK increased 

apoptosis and prevented tumor growth. Genomic silencing of TTK in Her2+ breast 

cancer cells attenuates centrosome amplification (CA) as well as pharmacological 

inhibition (unpublished data). Although TTK has a much higher expression in TN cells 

compared to other subtypes, distinct functions of TTK in TNBC cells are not clear.  

 In this study, we hypothesized that TTK could exert its functions in 

mesenchymal triple negative breast cancer cells by regulating KLF5 and associated miR-

21 or miR-200’s, since TTK has functions in regulating TGF-β signaling. Our key 

findings were that the mesenchymal status of TNBC cells could be decreased by 

silencing or inhibiting TTK and this effect is dependent KLF5 being upregulated. We 
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also found that silencing TTK reversed expression patterns of the onco-miR miR-21 and 

miR-200 family members, in parallel with the decreased mesenchymal phenotype. Our 

study highlights a distinct TTK induced signaling pathway in TNBC in which TTK 

maintains the proliferative and EMT phenotype by suppression of KLF5, which in turn 

facilitates upregulation of miR-21 expression and downregulation of miR-200’s. 

Promising clinical therapeutic strategies could be developed for TNBC by targeting this 

novel signaling pathway.  

 

3.3 Materials and Methods 

 

Bioinformatic data and analyses 

GOBO and BreastMark online databases were used to analyze the expression 

levels of TTK and KLF5 in different molecular and clinical subtypes of breast cancer. In 

the BreastMark database, we analyzed overall survival as the clinical endpoint. 

Publically available RNAseq data was obtained from the Cancer Genome Atlas (TCGA) 

to analyze TTK and KLF5 z-scores in breast cancer patients. Patients were categorized 

into groups by subtype and z-scores were analyzed using the RStudio software 

(http://www.rstudio.com/).  

Cell culture, inhibitor treatment and transfection 

MCF10A non-transformed mammary epithelial cells were obtained from ATCC 

and cultured in DMEM-F12 media supplemented with 10% fetal bovine serum, 1% 

penicillin/streptomycin, 4 ug/mL insulin, 1 ug/mL hydrocortisone and EGF. Human 

breast cancer cell lines MDA-MB-231, Hs578t and all other breast cancer cell lines were 

obtained from ATCC or collaborators and grown in DMEM media supplemented with 
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10% fetal bovine serum and 1% penicillin/streptomycin. All cell lines were cultured in a 

humidified chamber at 37 degrees Celsius and 5% CO2. NMS-P715 (TTK inhibitor) was 

purchased from Millipore. Scrambled control and custom TTK siRNA duplexes were 

purchased from Integrated DNA technologies and the sequences used were from our 

previous publication (166). KLF5 custom siRNA sequences were described in our 

previous publication (84). MiR-21 mimics and negative controls were a gift from the 

Vertino laboratory and originally purchased from Thermo Fisher. MiR-200 mimics and 

inhibitors were purchased from RiboBio. Transfections were performed using JetPrime 

Polyplus reagent per manufacturer’s instructions. 

 

Viral infection 

HEK293T cells were cultured to 80% confluence and transfected with packaging 

plasmids along with control shRNA pLKO.1 or pLHCX or TTK shRNA or flag tagged 

KLF5 constructs. Lipofectamine 2000 was used for transfections per manufacturer’s 

instructions. At 48 hours post-transfection, cell culture medium containing viruses was 

collected and aliquoted with a sterile filter. Target cells were plated and allowed to reach 

60% confluence before infection with viruses and 8 ug/mL polybrene. Stable cells 

expressing shTTK or KLF5 constructs were selected with 2 ug/mL puromycin or 200 

ug/mL hygromycin for one week post infection before the antibiotic dose was decreased 

for cell maintenance. 

 

Colony formation assay 

For the colony formation assay, 2000 cells were plated in each well of a 6-well 

culture plate. Cells were allowed to grow for 11 days then fixed with 75% ethanol, 1% 
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crystal violet solution. Colonies (clusters of >50 cells) were counted via ImageJ and 

colony intensity was also calculated in ImageJ. 

 

SRB viability assay 

Prior to treatment with NMS-P715, 1500 cells per well were plated into 96 well 

plates and cultured overnight to allow cells to attach. For NMS-P715 treatment, the 

inhibitor was added to the media at designated doses. To end the assay, cells were fixed 

with 10% TCA for one our at 4 degrees prior to adding 0.05% SRB dye for 30 minutes 

followed by dissolving in 10 mM Tris-HCL for 30 minutes. Absorbance was read at 562 

nm to obtain quantification of cell viability. 

 

Western blot analysis  

For protein collection, cells were rinsed with PBS and lysed directly with 

Laemmli buffer (Bio-Rad) containing β-mercaptoethanol. Total protein lysates were 

separated by SDS-PAGE, transferred to nitrocellulose membranes and subjected to 

Western blot analysis. Primary antibodies for EMT markers (#9782), TTK (#5469), and 

secondary rabbit antibody (#7074) were obtained from Cell Signaling. The primary 

antibody for β -actin was from Sigma (A2006) and the antibody for KLF5 was generated 

and described in a previous study (171). 

 

Immunofluorescent microscopy  

Cells were plated in 4 well chamber slides and allowed to adhere overnight prior 

to fixation. Cells were fixed with 4% paraformaldehyde prepared in PBS, permeabilized 

with 1% Triton X-100, blocked with 10% goat serum. Cells were stained with primary 
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antibodies against Vimentin (Cell Signaling #5741) and AlexaFluor fluorescent 

secondary antibodies from ThermoFisher, counterstained with DAPI (1mg/mL), then 

imaged on a Zeiss Confocal LSM 510. 

 

Quantitative RT-PCR  

For traditional quantitative real time PCR, total RNA was isolated from cultured cells 

using Trizol according to manufacturer’s instructions. CDNA was synthesized using the 

MMTV reverse transcription kit from Promega and quantitative real time PCR was 

performed using Takara SYBR green on a 7500 Fast qPCR machine from Applied 

Biosystems. For micro-RNA PCR, RNA was isolated using the miRNeasy mini kit. CDNA 

was synthesized with primers for miR-21 or miR-200 family members and U6 using the 

TaqMan MicroRNA Reverse Transcription Kit from ThermoFisher. Real Time PCR was 

conducted with Taqman Universal Master Mix and custom Taqman probes for miR-21, 

miR-200’s and U6 non-coding RNA. The 2-ΔΔCt method was used to analyze and quantify 

mRNA and miRNA levels. Values were normalized against actin or U6 as internal 

controls then compared to experimental controls to obtain differences in fold changes. 

Primer sequences for PCR are: ZEB1: 5’-TGCACTGAGTGTGGAAAAGC-3’ (forward) and 

5’-TGGTGATGCTGAAAGAGACG-3’ (reverse); ZO1: 5’-CCCCACTCTGAAAATGAGGA-3’ 

(forward) and 5’-ACAGCAATGGAGGAAACAGC-3’ (reverse; CDH1: 5’-

TGAAGGTGACAGAGCCTCTGGAT-3’ (forward) and 5’-TGGGTGAATTCGGGCTTGTT-3’ 

(reverse); FN1: 5’-CCATAAAGGGCAACCAAGAG-3’ (forward) and 5’-

ACCTCGGTGTTGTAAGGTGG-3’ (reverse); VIM: 5’-

CAGGCGATATATTACCCAGGCAAG-3’ (forward) and 5’-

CTTGTAGGAGTGTCGGTTGTTAAG-3’ (reverse); MMP9: 5’-
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ACGTGAACATCTTCGACGCCATC-3’ (forward) and 5’-

TCAGAGAATCGCCAGTACTTCCC-3’ (reverse); KLF5: 5’-AAGGAGTAACCCCGATTTGG-

3’ (forward) and 5’-CAGCCTTCCCAGGTACACTT-3’ (reverse); TTK: 5’-

CGCAGCTTTCTGTAGAAATGGA-3’ (forward) and 5’-GAGCATCACTTAGCGGAACAC-3’ 

(reverse); GAPDH: 5’-GGTGGTCTCCTCTGACTTCAACA-3’ (forward) and 5’-

GTTGCTGTAGCCAAATTCGTTGT-3’ (reverse). 

 

Transwell motility and invasion assays  

To begin cell motility and invasion assays, 35,000 cells per well were plated on 

the top of a transwell chamber. For invasion assays, chambers were coated with Matrigel 

prior to plating. Cells were incubated for 24 hours and non-invading cells the upper 

chambers were removed with cotton swabs. Cells that migrated to the lower part of the 

chamber were fixed with 0.5% crystal violet prepared in methanol. Cells were counted in 

12 random fields per treatment group. Average motile cells or percent of invaded cells 

were calculated for three independent experiments. 

 To begin the wound healing assay, 75,000 cells were plated per well in 12 well 

plates with serum free media and serum starved for 48 hours.  At 48 hours, the cell 

monolayer was scratched with a p200 pipet tip in a straight line.  Cell debris was washed 

away with 1x PBS and the media was replaced with media containing serum.  Images 

were acquired at designated time points following the addition of serum containing 

media.  Wound widths were measured using ImageJ. 

 

Phosphoantibody array 
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 The Cancer Signaling phosphoantibody array kit was purchased from Full Moon 

Biosystems.  Briefly, cells were washed with ice cold 1X PBS 3-5 times then lysed in lysis 

buffer according to manufacturer’s instructions.  Cell lysates were then purified, 

biotinylated and coupled to the pre-blocked array slides.  Cy-3 streptavidin was added to 

the array slides with detection buffer then slides were sent to Full Moon Biosystems for 

detection of phosphorylated proteins. 

 

Statistical analysis  

Graphpad Prism was used to analyze data. All values are represented as mean +/- 

SEM for n=3 experiments and are considered significant if p < .05. Student’s t-test was 

used to compare differences between experimental groups. For TCGA data, data was 

acquired from online repositories. For statistical analysis, the Hmisc package 

(https://CRAN.R-project.org/package=Hmisc) was used to analyze correlations of gene 

expression in each population. 

 

3.4 RESULTS 

 

Increased TTK expression is correlated with higher tumor grade, triple 

negative status, and worse overall survival in breast cancer 

To determine the significance of higher TTK expression in breast cancer, we analyzed 

TTK expression in three publically available platforms. First, TTK expression was 

analyzed in the GOBO online database (http://co.bmc.lu.se/gobo/gsa.pl) (172). Initial 

analysis of TTK expression across tumor grades indicated that high TTK expression was 

significantly correlated with grade III breast tumors compared to grades I or II tumors 
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(Fig. 3.1a). In the same database, TTK expression was compared between ER-negative 

and ER-positive tumors, and there was a significant correlation between higher TTK 

expression and ER negativity (Fig. 3.1b). Further analysis of tumors from different 

clinical subtypes of breast cancer in the GOBO database revealed that higher TTK 

expression was most significantly correlated with the triple negative (TN) subtype 

compared to all other subtypes (Fig. 3.1c). Analysis of breast cancer cell lines in the 

GOBO samples revealed that higher TTK expression was correlated with the Basal A and 

Basal B subtypes compared to the luminal subtype in these cell lines (Fig. 3.1d). When 

the cell lines were categorized by clinical subtypes, higher TTK expression was 

correlated with the TN subtype compared to HER2+ and ER+ and/or PR+ cell lines 

(Fig. 3.1d). Following analysis in the GOBO database, we analyzed TTK expression in 

RNAseq data generated from breast cancers from the Cancer Genome Atlas (TCGA) 

database. The level of TTK expression, as indicated by z-scores, was significantly higher 

in the TNBC cases (n=89) when compared to all non-TNBC cases (n=439) (Fig. 3.1e). In 

the third analysis, we tested whether TTK expression increase correlates with patient 

survival using the BreastMark database (http://glados.ucd.ie/BreastMark/) (173). 

Among 2091 breast cancer patients that had both TTK expression and survival data 

available, higher TTK expression was significantly correlated with decreased overall 

survival (Fig. 3.1f). These results indicate that higher TTK expression is correlated with 

aggressive features of breast cancer, including higher tumor grade, ER negativity, worse 

patient survival, and TN status. 
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TNBC cell lines are sensitive to anti-proliferative activity of TTK Inhibitor 

Previous studies demonstrated siRNA-mediated silencing TTK inhibits the proliferation 

of TNBC cells (129). Cell proliferation in other cancer cell lines from other tissues is also 

inhibited by treatment with a targeted TTK inhibitor, NMS-P715 (139), although the 

response of TNBC cells to NMS-P715 has not been tested. We previously reported that 

silencing TTK could decrease centrosome amplification in HER2+ breast cancer cell 

lines. To investigate other functional effects of inhibiting TTK with NMS-P715 in breast 

cancer, we first treated a panel of cell lines with the inhibitor and measured cell 

proliferation using the SRB assay. The most profound changes in cell viability caused by 

NMS-P715 treatment occurred in MDA-MB-231 and Hs578t cell lines (Fig. 3.2a-b). This 

finding was interesting, because both of these cell lines belong to the mesenchymal stem 

cell like subgroup of TNBC cell lines, and they both have previously been reported to 

express higher levels of TTK (133). To further examine the effects of inhibiting TTK in 

the context of TNBC, we generated MDA-MB-231 cells stably expressing shRNA’s 

against TTK. Significant decrease in colony formation and changes in cell morphology, 

including fewer cells with protrusions and more rounded cells were detected over an 11-

day growth period in cells with stable knockdown of TTK (Fig. 3.2c-e). Upon further 

examination, we observed that the colonies formed in the shTTK group appeared to be 

more rounded with fewer protruding cells, suggesting an epithelial phenotype of these 

cells. These morphological changes were not observed in HCC1954 cells expressing TTK 

shRNA (data not shown). 
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TTK inhibition attenuates the mesenchymal phenotype of MDA-MB-231 and 

Hs578t TNBC cells 

After observing decreased mesenchymal morphology in cells with stable downregulation 

of TTK, we performed additional experiments to confirm the effect of TTK on the 

epithelial to mesenchymal transition (EMT). In MDA-MB-231 cells expressing the 

pLKO.1 vector control or shRNA against TTK (shTTK), western blotting demonstrated 

an increased expression of the E-cadherin epithelial marker and decreased expression of 

the vimentin mesenchymal marker, along with fewer cells with spindle like morphology, 

in the shTTK group (Fig. 3.3a-b). Consistently, treatment with the NMS-P715 TTK 

inhibitor also decreased vimentin expression and caused changes in morphology in both 

MDA-MB-231 and Hs578t cell lines (Fig. 3.3c,f). Changes in EMT markers were also 

measured at the mRNA level by real-time PCR, and there were moderate decreases in 

mesenchymal markers vimentin, fibronectin, Zeb1 and MMP-9 and increases in 

epithelial markers Cdh1 and ZO1 in MDA-MB-231 cells treated with 2 µM NMS-P715 

(Fig. 3.3e, h). Changes in mesenchymal markers were consistent  

in Hs578t cells, while the changes in epithelial markers were slightly different in this cell 

line, which could be attributed to cell density at the time of RNA collection. These 

results suggest that higher TTK expression facilitates the mesenchymal phenotype of 

TNBC cells. 

 

Lower KLF5 expression is correlated with TN status of breast cancer and 

can be increased by TTK inhibition 

Our recent study indicates that the KLF5 transcription factor maintains the epithelial 

phenotype of cells (84). In addition, among TNBC cell lines, those with a mesenchymal 
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phenotype, including MDA-MB-231 and Hs578T, express a lower level of KLF5 than 

those of epithelial phenotype (83, 84). We therefore tested whether KLF5 plays a role in 

TTK promoted EMT in TNBC cells. We first determined whether TTK affects KLF5 

expression. In MDA-MB-231 cells, knockdown of TTK by RNAi increased KLF5 

expression at both the RNA and protein levels (Fig. 3.4a-b), and the increase in KLF5 

expression induced by TTK knockdown could be counteracted by the knockdown of 

KLF5 (Fig. 3.4a-b). A panel of EMT markers was analyzed by real-time PCR for 

expression, and silencing KLF5 eliminated the effect of silencing TTK on the expression 

of EMT markers fibronectin (FN), vimentin (VIM), ZEB1 and E-cadherin (CDH1) in 

MDA-MB-231 cells (Fig. 3.4c). Morphologically, cells with TTK knockdown (siTTK) 

showed less filamentous vimentin, but knockdown of KLF5 eliminated the effect of 

siTTK (Fig. 3.4d). We also analyzed the functional effects of silencing TTK and KLF5 on 

the migration and invasion of MDA-MB-231 cells using the Boyden chamber assay. 

Silencing TTK alone did not significantly affect cell migration, but significantly 

decreased cell invasion through matrigel coated membranes (Fig. 3.4e-f); and 

expression of MMP-9, an enzyme involved in degradation of the extracellular matrix 

during cell invasion, was markedly decreased in the siTTK group (Fig. 3.4g). Similar to 

its effects on EMT markers, knocking down KLF5 eliminated the changes in cell 

invasion and MMP-9 expression caused by TTK silencing (Fig. 3.4f, g). These results 

indicate that downregulation of KLF5 is required for TTK to induce a mesenchymal 

phenotype in TNBC cells.  

 To evaluate the importance of the inverse relationship between TTK and KLF5 

expression in TNBC, we first analyzed TTK and KLF5 protein expression in a panel of 

cell lines. In the MCF10A mammary epithelial and DU-145 prostate cancer cell lines, 
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TTK was expressed at low levels while KLF5 was expressed at moderate levels. 

Meanwhile, the TNBC cell lines used in the current study expressed higher TTK but 

lower KLF5 compared to MCF10A cells (Fig. 3.4h). In the GOBO database, lower KLF5 

expression was significantly correlated with the Basal B subtype (which includes MDA-

MB-231 and Hs578t) and the overall TN status but not with the Basal A status in breast 

cancer cell lines (Fig. 3.4i). In the TCGA database, higher KLF5 expression, as indicated 

by the z-score, was also correlated with the TN status in breast cancer (Fig. 3.4j). TNBCs 

in the TCGA database have not been classified into subgroups of Basal A, Basal B and 

Mesenchymal stem cell like, which prevented us from testing which subtype is 

correlated to the highest KLF5 expression. To address this shortcoming, we selected 

genes that are overexpressed in different subtypes of TNBC identified in a previous 

study (174), and analyzed if their expression correlates with KLF5 expression in samples 

from the TCGA dataset. In this analysis, the basal like-immunosuppressed group and 

luminal androgen receptor subtypes had the highest percentages of genes correlated 

with KLF5 expression (90.9 and 92.9% respectively), with the basal-like 

immunosuppressed group having the most genes with spearman’s coefficients over 0.40 

(36.4%), which is indicative of a moderate correlation (Fig. 4k). The basal-like 

immunoactivated group had 64.3% of genes associated with KLF5 expression, but only 

7% had moderate spearman’s correlation. The mesenchymal subgroup only had 40% of 

genes associated with KLF5 expression, and none of them had strong Spearman’s 

coefficients. These results further suggest that there is minimal correlation between high 

KLF5 within mesenchymal TNBC’s as compared to other subtypes of TNBC.  

In the BreastMark cohort, lower KLF5 expression significantly correlated with 

decreased overall survival in TNBC patients (Fig. 3.4l). Taken together, these results 
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suggest that the inverse correlation between TTK and KLF5 plays a role in the 

development of TNBC, particularly in the Mesenchymal subtype of TNBC.  

 

TTK inhibition attenuates TGF-β signaling and miR-21 expression 

TGF-β signaling is the most potent known signaling pathway inducing EMT, and 

KLF5 was previously demonstrated to participate in TGF-β signaling (86, 175). We 

therefore tested if TGF-β signaling is involved in the inverse relationship between TTK 

and KLF5 and their role in EMT regulation in TNBC cells. TTK has been reported to 

regulate the TGF-β signaling pathway, as TTK modulates SMAD3 phosphorylation(123, 

124, 150). In MCF10A cells, which clearly respond to TGF-β, we confirmed that TGF-β 

induced EMT, as indicated by morphological and EMT marker changes (Fig. 3.5b). This 

induction of EMT was mildly prevented when MCF10A cells were treated with NMS-

P715 in conjunction with TGF-β (Fig. 3.5b). We further tested the effect of TTK 

inhibition on SMAD3 phosphorylation in MDA-MB-231 cells, and found that inhibition 

of TTK by NMS-P715 slightly decreased TGF-β-induced Smad3 phosphorylation (Fig. 

3.5a). TGF-β treatment downregulates KLF5 expression (84), so we tested if KLF5 

downregulation by TGF-β treatment in TNBC cells can be counteracted by TTK 

inhibition. NMS-P715 treatment did not prevent the downregulation of KLF5 induced by 

TGF-β, suggesting that TTK inhibition cannot significantly counteract the effect of TGF-

β. 

Micro-RNAs are important mediators of EMT, and micro-RNA 21 (miR-21), a 

downstream target of TGF-β involved EMT, appears to be regulated by TTK in 

Glioblastoma cells(150) . To test if miR-21 is regulated by TTK in TNBC cells, miR-21 

expression was measured in MDA-MB-231 cells after treatment with siRNA against TTK 
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or the NMS-P715 inhibitor. Expression of miR-21 was decreased by siTTK and 

simultaneous knockdown of KLF5 rescued the downregulation of miR-21 by siTTK (Fig. 

3.5c). Expression of miR-21 was also decreased in MDA-MB-231 cells by NMS-P715 

(Fig. 3.5d). Meanwhile, ectopic expression of KLF5 decreased miR-21 expression in 

MDA-MB-231 cells, and this effect was augmented by TTK silencing (Fig. 3.5e). These 

results suggest that TTK modulates miR-21 expression in TNBC cells, and the effect of 

TTK is likely dependent on the downregulation of KLF5.  

 Functionally, ectopic expression of miR-21 partially attenuated the effects of TTK 

silencing on EMT and invasion in MDA-MB-231 cells (Fig. 3.5g,h), further suggesting a 

partial role of miR-21 in TTK mediated EMT in TNBC cells (Fig. 3.5f). 

 

Inhibitory effects of TTK on KLF5 activated miR-200 expression 

The miR-200 family of micro-RNAs regulates EMT as part of a feedback loop 

with ZEB1 and ZEB2, which bind promoter regions of miR-200s to prevent their 

transcription and repress the epithelial phenotype (80). In a previous study, we showed 

that KLF5 maintains the epithelial phenotype by directly binding to the GC boxes in the 

promoters of miR-200 genes to activate their expression(84) . In the same study, we 

also showed that TGF-β induced EMT requires the KLF5 downregulation and 

subsequent downregulation of miR-200s . Finally, miR-200 family members were 

upregulated in MDA-MB-231 cells following ectopic KLF5 expression. We therefore 

tested whether the inhibitory effect of TTK on KLF5 expression also leads to the 

repression of KLF5 activated miR-200s during TTK induced EMT in TNBC cells. 

In MDA-MB-231 cells, we observed significantly increased miR-200a and miR-

200c expression following treatment with the TTK inhibitor NMS-P715 (Fig. 3.6a). 
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Changes in other members of the miR-200 family were insignificant. Silencing TTK by 

RNAi showed similar effects on the expression of miR-200a and miR-200c in MDA-

MB-231 cells (Fig. 3.6b). Expression of miR-200a was also decreased by silencing both 

TTK and KLF5 (Fig. 3.6c). 

Functionally, we tested if combining TTK inhibition with miR-200 

overexpression increases the effect of inhibiting TTK on EMT in TNBC cells. Cells were 

transfected with a pool of miRNA mimics containing miR-200a, miR-200b and miR-

200c and treated with the NMS-P715 inhibitor. As expected, NMS-P715 treatment alone 

downregulated mesenchymal markers vimentin, Zeb1 and Slug, while upregulating 

epithelial marker CDH1 (Fig. 3.6d, 6e). Overexpression of miR-200 family members 

alone had similar effects as NMS-P715 treatment alone. Interestingly, combination of 

miR-200 overexpression with NMS-P715 treatment further downregulated vimentin, 

Slug, Zeb-1 and upregulated CDH1 compared to the other groups (Fig. 3.6d,e). 

We also transfected cells with inhibitors against miR-200a and miR-200c to 

determine if inhibiting these microRNAs attenuates the effect of TTK inhibition on EMT 

changes. Morphological changes were observed in MDA-MB-231 cells treated with 

inhibitors of miR-200a and miR-200c, indicative of a mesenchymal phenotype, which 

was not prevented when these groups were treated with NMS-P715 (Fig. 3.6f). 

Downregulation of vimentin by TTK inhibition in MDA-MB-231 cells was not reversed 

by miR inhibition (Fig. 3.6g). Inhibiting the miR’s also did not revert the upregulation of 

KLF5 and CDH1 and downregulation of Zeb1 induced by TTK inhibition (Fig. 3.6e), 

indicating that silencing miR-200a or miR-200c does not completely revert the effect of 

TTK inhibition on EMT. 
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Molecules with altered phosphorylation in MDA-MB-231 cells expressing 

shTTK. 

To characterize molecules with altered phosphorylation in cells stably downregulated 

for TTK, we completed a Phosphoantibody array in MDA-MB-231 pLKO.1 vs. MDA-MB-

231 shTTK cells.  Through this pilot experiment, we did observe decreased Smad3 

phosphorylation and AKT signaling in shTTK cells (Figure 3.8) and upregulated 

phosphorylation of caspase 9 and Bcl2-2.  However, the conclusions about the MAPK 

signaling pathways from these data were inconclusive. 

 

3.5 DISCUSSION 

 

TTK overexpression leads to the mesenchymal phenotype of triple negative 

breast cancer 

Previous studies have thoroughly characterized TTK’s role in mitotic regulation 

(101, 106, 176, 177), and overexpression of mitotic kinases including TTK in general 

facilitates genomic instability in cancer cells. In addition to promoting genomic 

instability and aneuploidy in cancer, TTK overexpression is also involved in promoting 

cancer cell proliferation and invasion. Based on these tumor-promoting roles, TTK has 

recently become an attractive therapeutic target. However, cellular mechanisms for how 

TTK facilitates these processes are lacking. Some proposed pathways for how TTK 

promotes cell survival and invasion include the AKT signaling pathway and the 

regulation of miR-21 via TGF- β. In this study, we correlated TTK expression with 

clinical and pathological characteristics of breast cancer using multiple publically 

available databases, and confirmed the correlation between higher levels of TTK 
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expression with adverse features of breast cancer, including triple negative status, 

higher tumor grade, and worse overall survival (Fig. 3.1). Further supporting an 

oncogenic function of TTK, inhibition of TTK activity by either RNAi or a chemical 

inhibitor significantly suppressed cell proliferation or survival (Fig. 3.2). 

EMT is associated with aggressive behaviors of cancer including increased 

motility, invasion and metastasis. In this study, we report for the first time that TTK 

promotes the mesenchymal status of TNBC cells, because silencing the expression of 

TTK or inhibiting its activity caused a reversion from the mesenchymal to epithelial 

phenotype, including decreased expression mesenchymal markers vimentin and ZEB1, 

decreased invasion, and increased expression of epithelial markers CDH1 and ZO1 (only 

in MDA-MB-231 but not in Hs578T cell line) (Fig. 3.3). Maintaining a mesenchymal 

morphology further supports a role of TTK in the progression of TNBC. 

   

Maintenance of EMT by TTK involves the downregulation of KLF5 and its 

transcriptional targets miR-200s 

KLF5 maintains the epithelial phenotype by activating the expression of miR-

200s and likely other molecules, and downregulation of KLF5 is essential for TGF-β to 

induce EMT. In some TNBC cells, KLF5 has been shown to promote cell 

proliferation(87, 88) . The function of KLF5 could be context dependent, including a 

role in TTK mediated EMT due to specific cell signaling, tumor microenvironment, and 

the subtype of TNBCs. In this regard, higher KLF5 expression was associated with the 

triple negative status of breast cancer, and more specifically, KLF5 expression is higher 

in the basal A subtype of TNBC than the basal B subtype (Fig. 3.4H), which inversely 

correlates with TTK expression (Fig. 3.1D). In the MDA-MB-231 mesenchymal stem cell 
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like TNBC cells, KLF5 expression was indeed at a lower level, which is partially 

attributed to increased TTK expression in the cell line, because inhibiting TTK by RNAi 

upregulated KLF5 expression (Fig. 3.4a). How TTK downregulates KLF5 is unknown, 

but could be related to the TGF-β signaling pathway, as TGF-β downregulates KLF5 , 

and TTK inhibition reduced the activation of SMAD3 by TGF-β (Fig. 3.5a).  

Downregulation of KLF5 by TTK indeed contributes to TTK-mediated EMT, as 

knockdown of KLF5 by RNAi attenuated the effect of TTK inhibition on multiple 

parameters of EMT, including expression of EMT markers and cell invasion (Fig. 3.4A-

4E). In addition, the expression of miR-200a and miR-200c was also upregulated by the 

inhibition of TTK (Fig. 3.6).  These miRNA’s are not only well established repressors of 

EMT that downregulate ZEB1 and Zeb2 expression but are also activated by KLF5 to 

suppress EMT and maintain the epithelial phenotype.  In addition to supporting a role 

of TTK in the induction of EMT, these findings also provide a mechanism for how TTK 

induces EMT, i.e., higher TTK expression suppresses KLF5 expression in mesenchymal 

TNBC cells, and decreased KLF5 expression leads to reduced miR-200 expression and 

subsequent upregulation of mesenchymal genes and downregulation of epithelial genes 

(Fig. 3.7). 

 

 

TTK likely interacts with the TGF-β signaling pathway to induce EMT 

SMAD3 is a key downstream effector of TGF-β, and TGF-β is the most potent 

known inducer of EMT (82). TGF-β signaling has also been demonstrated to be more 

active and associated with worse patient survival in TNBC (178). TTK has been reported 

to preferentially phosphorylate Smad3 but not Smad2 in the SSXS motif, which is 
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similar to TGF-β (123). We found that TTK indeed modulates TGF-β signaling, as TTK 

inhibition decreased SMAD3 phosphorylation induced by TGF-β (Fig. 3.5A).  

In addition to miR-200a and miR-200c, TTK has previously been shown to 

indirectly regulate the expression of micro-RNAs miR-132  and miR-21 (149, 150). MiR-

21 is also a downstream target of TGF-β that is transactivated to promote the 

mesenchymal cell status. In addition, miR-21 is generally considered an onco-miR(179-

181). TTK has been reported to upregulate miR-21, although this regulation has not been 

fully characterized . We demonstrated that in TNBC cells, TTK also upregulates miR-21 

expression, as inhibition of TTK by siRNA or inhibitor decreased miR-21 expression, 

and restoration of miR-21 moderately prevented the effect of TTK on EMT marker 

expression (Fig. 3.5). Therefore, promotion of TGF-β-induced miR-21 expression is 

likely another mechanism for TTK to promote EMT. 

Analysis using the TargetScan online resource 

(http://www.targetscan.org/vert_71/) , which predicts biological targets of miRNAs by 

detecting for the presence of evolutionarily conserved binding sites that match the seed 

region of each miRNA (182), demonstrated that KLF5 also has a target sequence for 

miR-21. Taken together with the observation that TTK inhibition decreased miR-21 

expression while increasing KLF5 expression, TTK-upregulated miR-21 is likely a 

mechanism for TTK-mediated downregulation of KLF5 and induction of EMT (Fig. 3.7).  

In addition to downregulating the expression of KLF5 and miR-200s during EMT 

induction, TGF-β has been shown to induce the acetylation of KLF5, and acetylated 

KLF5 binds with Smads to mediate TGF-β’s inhibitory function in cell proliferation and 

tumor growth. It is currently unknown whether acetylated KLF5 plays a role in TTK-

induced EMT(85).  
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Clinical implications of TTK induced EMT in TNBC 

The present study highlights the role of TTK in EMT induction and mesenchymal 

TNBC involving TGF-β signaling, KLF5 and miRNAs. Targeting TTK with small 

molecule inhibitors has become a viable therapeutic approach in recent years, since 

aneuploid tumors are usually more sensitive to TTK inhibition(126). Targeting TTK 

could also improve existing therapeutic strategies such as taxane therapy or radiation 

treatment (183-185). For example, targeting TTK appears to radiosensitize Glioblastoma 

cells via miR-21 signaling, and enhances the efficacy of Docetaxel in the treatment of 

breast cancer (145).  

However, signaling pathways associated with high TTK expression have not been 

comprehensively characterized, and whether and how TTK contributes to various 

disease statuses is still poorly understood. The current study provides evidence for the 

role of TTK in EMT and invasion, which predicts a role of TTK in tumor progression and 

metastasis. It is thus likely that targeting TTK could attenuate tumor progression. 

The current study also provides novel information about the signaling pathways 

associated with TTK overexpression and tumor aggressiveness in TNBC, including its 

interaction with TGF-β signaling and its regulation of EMT regulators KLF5, miR-21 and 

miR-200s. Such mechanistic insight into how TTK mediates EMT could facilitate the 

study of TTK expression as a clinical biomarker for the prediction of tumor 

aggressiveness in the context of TGF-β signaling and treatment responses in breast 

cancer patients. 
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Figure 3.1: Increase in TTK expression and its correlation with higher 

tumor grade, triple negative status, and worse overall survival in breast 

cancer. (a-d) Box plots of TTK gene expression across tumor grades (a), between ER 

positive and ER negative breast cancers (b), across Pam50 subtypes of tumors (c), and 

across different subtypes in breast cancer cell lines from the GOBO database (d). (e) 

Box plots comparing TTK z-scores between triple negative breast cancers (TNBCs) and 

non-TNBCs from patients in the TCGA database. (f) Kaplan Meier survival analysis 

illustrating the correlation between higher TTK expression and decreased overall 

survival in breast cancer patients from the BreastMark database. 
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Figure 3.2: TTK inhibition suppresses the proliferation of TNBC cells. (a, b) 

Cell viability in MDA-MB-231 and Hs578t TNBC cells as determined by the SRB assay. 

*** p<.01, (c-e) Representative colony formations and validation of stable TTK 

downregulation via viral delivery of shRNA in MDA-MB-231 cells. *, p<. 05,***, p<.01. 
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Figure 3.3: TTK Inhibition attenuates the mesenchymal status of MDA-MB-

231 and Hs578t TNBC cells. (a) Vimentin and E-cadherin protein expression in 

MDA-MB-231 cells stably expressing the pLKO.1 vector or the shTTK shRNA, as 

detected by western blotting. (b) Detection of vimentin expression by 

immunofluorescent staining in MDA-MB-231 cells stably expressing pLKO.1 or shTTK. 

(c-h) Detection of EMT markers in MDA-MB-231 (c-e) and Hs578t (f-h) TNBC cell lines 

treated with the NMS-P715 TTK inhibitor by western blotting for protein (c and f, 

upper), immunofluorescent staining for vimentin (d and g lower), and by real time PCR 

for mRNA (e and h). * ,p<.05,***, p<.01. Bright field (BF) cell morphology is also shown 

(d and g upper). 
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Figure 3.4: Downregulation of KLF5 plays a role in TTK-induced EMT and 

worse patient survival in TNBC. (a-b) Validation of RNAi-mediated TTK and KLF5 

knockdown in MDA-MB-231 TNBC cells by western blotting (a) and realtime PCR (b). 

**, p<.01 (c) Expression of EMT markers, as detected by realtime PCR, in MDA-MB-231 

cells with the knockdown of TTK or TTK/KLF5. (d) Cellular morphology and detection 

of vimentin by immnunoflourescent staining in MDA-MB-231 cells after TTK or 

TTK/KLF5 silencing. (e) Representative images of invaded cells in the invasion assay. 

(f) Quantification of cell invasion. *, p<.05 ***, p<.01. (g) Expression of MMP-9 mRNA 

as measured by realtime PCR in cells with TTK or TTK/KLF5 knockdown. *, p<.05 (h) 

Detection of TTK and KLF5 protein expression by western blotting in different breast 

cancer cell lines. (i) Box plots of KLF5 expression in different subtypes of breast cancer 

cell lines from the GOBO database. (j) Box plots comparing KLF5 z-scores between non-

TNBC subtypes and TNBC patients using data from the TCGA database. (k) 

Distribution of genes significantly correlated with KLF5 for each TNBC subtype. Top 

row indicates genes with significant p values (<.05) in red or non-significant p-values 

(yellow) for each subtype. Bottom row indicates moderate (blue), weak (green) or very 

weak (purple) Spearman’s coefficient for each gene. (l) Kaplan Meier survival analysis 

for the correlation between KLF5 expression and overall survival in TNBC patients using 

data from the BreastMark database. 
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Figure 3.5: Effects of TTK inhibition on TGF-β signaling and miR-21 

expression in MDA-MB-231 breast cancer cells. (a) Comparison of the SB505124 

TGF-β inhibitor and the NMS-P715 TTK inhibitor for their effects on Smad3 

phosphorylation in MDA-MB-231 cells, as measured by western blotting. (b) Detection 

of EMT markers E-cadherin and ZO1 in and images of MCF10A mammary epithelial 

cells following treatments with TGF-B, the NMS-P715 TTK inhibitor, and their 

combination. (c-e) Detection of mir-21 expression by real-time PCR in MDA-MB-231 

cells with the knockdown of TTK or TTK/KLF5 by siRNA (c), treatment of the NMS-

P715 TTK inhibitor (d), and lentivirus mediated KLF5 overexpression (e). *, p<.05, ***, 

p<.01. (f) Protein expression of EMT markers in MDA-MB-231 cells with siRNA 

knockdown of TTK and miR-21 overexpression. (g, h) Representative images of invaded 

cells (g) and their quantification in motility and invasion assays. ***, p<.01.  
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Figure 3.6: TTK inhibition upregulates the expression of miR-200a and 

miR-200c to attenuate EMT in MDA-MB-231 cells 

 (a, b) Detection of miR-200a and miR-200c expression by real-time PCR in MDA-

MB-231 cells treated with the NMS-P715 TTK inhibitor (a) or TTK and KLF5 siRNA 

(b,c). (d-e) Expression of EMT markers in MDA-MB-231 cells treated with NMS-P715 

in combination with pools of miR-200 mimics. (f-g) Representative images of cells (f) 

and detection of mRNA expression of KLF5, CDH1, ZEB1, and VIM by real-time PCR (g) 

in MDA-MB-231 cells treated with NMS-P715 in the presence or absence of inhibitors 

against miR-200a or miR-200c. ***, p<.01; *, p<.05. 
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Figure 3.7: A potential model for how TTK promotes EMT in TNBC cells. In 

normal breast cells, the TTK expression level is low while that for KLF5 is higher, and, 

KLF5 induces the transcription of miR-200 family members and represses miR-21 

expression, leading to the epithelial phenotype. However, in TNBC cells, higher TTK 

expression leads to decreased KLF5 expression, resulting in the downregulation of miR-

200s and upregulation of miR-21 and the induction of EMT in TNBC cells.  
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Figure 3.8 Genes with altered phosphorylation levels in shTTK TNBC cells. 
 
 Genes with (a) upregulated and (b) downregulated phosphorylation levels in MDA-MB-

231 cells stably downregulated for TTK, as identified by FullMoon Biosystems antibody 

array. 
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Chapter 4 

Effects of targeting TTK in radioresistant breast cancer cells 
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4.1 Introduction 

 Radiation therapy remains an additional treatment in breast cancer that can be 

combined with chemotherapy to reduce local tumor recurrence.  Even though this 

standard therapeutic approach is effective, some caveats include cardiac toxicity, 

metastatic potential, as well as intrinsic and acquired resistance (186).  For specific 

breast cancer subtypes, radiation treatment is used for triple negative breast cancer 

(TNBC) and Her2+ breast cancer.  Some patients have an initial response to radiation 

therapy, while some don’t respond to radiation treatment at all (187).   Another clinical 

issue in breast cancer patients is that patients treated with radiotherapy who have 

recurrent tumors have poor outcomes because their tumors are radioresistant at the 

time of relapse (188).  Both of these responses (intrinsic and acquired radioresistance) 

represent a critical clinical challenge.  There are also inherent differences in breast 

tumor biology that could be incorporated into clinical decision making for radiation 

therapy (189).  At the molecular level, one goal in radiation biology is to find molecules 

that mediate radioresistance (190) to develop treatments that could enhance the initial 

response to radiation treatment and counteract radioresistance.  This approach could 

also contribute to the development of molecular signatures to predict radiation response 

(191). 

 In radioresistant breast tumors, several mechanisms have been illustrated to 

promote insensitivity to radiation treatment.  One mechanism is the emergence of 

resistant stem cells, which can elude frontline treatment and expand in recurrent 

tumors (192, 193).  As expected, alterations in cell cycle and apoptotic pathways are 

associated with diminished response to radiation in breast cancer, since these pathways 

control how the cell responds to cellular damage induced by radiation.  There is some 
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crosstalk between cell cycle pathways such as the CDK4/cyclin D1 pathway, AKT 

survival and the DNA damage repair pathways (194, 195), which means these could be 

viable targets to improve radiosensitivity.  For example, therapeutic intervention 

targeting CDK4/6 was shown to modify the DNA damage response in cancer cells (196).  

We also showed in previous studies that silencing CDK4 could radiosensitize breast 

cancer cells by promoting apoptosis (158).  Targeting anti-apoptotic molecules such as 

BCL-2 and BCL-XL can also reverse acquired radioresistance in TNBC cells (197).  

Intervention targeting the G2/M checkpoint has also shown to be effective in improving 

the response to radiation (198).   

 In addition to crosstalk between cell cycle and DNA damage repair pathways, 

there is also crosstalk between cell cycle and DNA repair and EMT signaling pathways 

such as microRNAs and homing receptors, which mediate the response to radiation.  

RAD51 facilitates TNBC metastasis (199) and increased miR-144 expression decreases 

response to radiation by regulating cell migration (200).  Altered expression of the ATM 

transducer of DNA damage can also stabilize Zeb1 to promote radioresistance through 

Chk1 (201).  Conversely, overexpression of the EMT suppressor miR-200c can 

radiosensitize breast cancer cells (202).  High expression of miR-21 in breast cancer 

cells is an example of another micro-RNA associated with EMT that also causes G2/M 

checkpoint arrest to attenuate response to radiation (183).  Since our studies and others 

have shown that miR-21 is also associated with TTK expression, we explored how TTK 

might be involved in radiation resistance in breast cancer. 

 TTK is a serine threonine kinase with well characterized roles in centriole 

duplication and the spindle assembly checkpoint (SAC).  In addition to these traditional 

roles, TTK is also involved in the DNA repair response, which is induced upon cellular 
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insults such as radiation.  Upon detection of DNA strand breaks, TTK phosphorylates 

CHK2 (CHK2-Thr68) (121).  This phosphorylation event controls the G2/M arrest 

caused by ultraviolet radiation or ionizing radiation (121).   CHK2 is the same substrate 

used by ATM to detect DNA damage and is a transducer of the DNA repair response.  

More recently, TTK was shown to be required for DNA damage repair and cell survival 

by phosphorylating MDM2 (203).  Targeting TTK has been shown to radiosensitize 

glioblastoma cells by modulating DNA repair proteins (184).  Similar to aneuploidy, 

there is a delicate balance between the effects on DNA damage repair and TTK 

expression.  In regards to breast cancer, TTK is overexpressed in TN and Her2+ breast 

cancers.  Since TTK regulates the DNA damage response and is overexpressed in some 

radioresistant TN and Her2+ breast cancer cell lines, we hypothesized that 

overexpression of TTK may play a role in radioresistance and tested how blocking TTK 

expression would impact the responses of resistant breast cancer cells to radiation 

treatment. 

 

4.2 Materials & methods 

Cell culture, inhibitor and radiation treatment 

Human breast cancer cell lines MDA-MB-231, HCC1954, and MDA-MB-468 were 

obtained from ATCC or provided as gifts from the Nahta and Vertino laboratories and 

grown in DMEM or RPMI media supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin. All cell lines were cultured in a humidified chamber at 37 

degrees Celsius and 5% CO2. NMS-P715 (TTK inhibitor) was purchased from Millipore.  

Cells were irradiated at indicated doses in a X-RAD 320 irradiator (Precision X-Ray, 

CA). 
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Viral infection 

HEK293T cells were cultured to 80% confluence and transfected with packaging 

plasmids along with control shRNA pLKO.1 or TTK shRNA. Lipofectamine 2000 was 

used for transfections per manufacturer’s instructions. At 48 hours post-transfection, 

cell culture medium containing virus particles was collected and aliquoted with a sterile 

filter. Target cells were plated and allowed to reach 60% confluence before infection 

with viruses and 8 ug/mL polybrene. Stable cells expressing shTTK were selected with 2 

ug/mL puromycin or 200 ug/mL hygromycin for one week post infection before the 

antibiotic dose was decreased for cell maintenance. 

 

Western blot analysis  

Western blotting was performed according to previously published protocols (41, 

62, 158).  The antibodies for cleaved caspase 3, γ-H2A.X, pCHK2 and B-actin were all 

purchased from Cell Signaling.  Signals were detected with Lumigen TMA-6 reagent.   

 

Immunofluorescent microscopy  

Cells were plated in 4 well chamber slides and allowed to adhere overnight prior 

to NMS-P715 and radiation treatment. Cells were fixed with 4% paraformaldehyde 

prepared in PBS, permeabilized with 1% Triton X-100, blocked with 10% goat serum. 

Cells were stained with primary antibodies against γ-H2A.X and AlexaFluor fluorescent 

secondary antibody from ThermoFisher, counterstained with DAPI (1mg/mL), then 

imaged on a Zeiss Confocal LSM 510.  Two-hundred cells were counted for each group 

and the percentage of γ-H2A.X positive cells was calculated.  
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Annexin V Assay 

Following NMS-P715 or radiation treatment, cells were washed twice with cold 1X PBS, 

then resuspended in 1X binding buffer (10X recipe 0.1 M Hepes/NaOH pH 7.4), 1.4 M 

NaCl, 25 mM CaCl2) at a concentration of 1x106  cells/mL (in triplicate).  Then 100 µL of 

the solution was transferred to a 5 mL flow cytometry tube and 5 µL FITC Annexin V 

and 5 µL PI was added to each tube, vortexed briefly and incubated at room temperature 

in the dark for 15 minutes.  Immediately before analysis by flow cytometry, 400 µL of 1X 

binding buffer was added to each tube.  For control purposes, a tube containing 

unstained cells, cells stained with FITC/Annexin V only and a tube with PI stained cells 

only were first analyzed to set up compensation and gating on the flow cytometer.  A BD 

LSR II Flow Cytometer was used for Annexin V analysis and data was analyzed using 

FlowJo software. 

 

Tunel Assay  

The APO-BrdU TUNEL assay kit was purchased from Invitrogen and cells were 

processed for the assay per manufacturer’s instructions for microscopy.  Slides were 

imaged on a Zeiss Axioplan 2 and the percentage of TUNEL positive cells (out of 200 

cells) was calculated for each treatment group.  

 

Phosphoantibody array 

 The Cancer Signaling phosphoantibody array kit was purchased from Full Moon 

Biosystems.  Prior to processing, cells were irradiated at 2 Gy and processed for the 

array 48 hours later. Briefly, cells were washed with ice cold 1X PBS 3-5 times then lysed 
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in lysis buffer according to manufacturer’s instructions.  Cell lysates were then purified, 

biotinylated and coupled to the pre-blocked array slides.  Cy-3 streptavidin was added to 

the array slides with detection buffer then slides were sent to Full Moon Biosystems for 

detection of phosphorylated proteins. 

 

Statistical Analysis 

Student’s t-test was used to calculate statistical significance between groups for 

immunofluorescence and the Annexin V assays.  

 

4.3 Results 

We previously established that TTK is overexpressed in radioresistant breast cancer cell 

lines HCC1954 and MDA-MB-231, but the role of TTK in radioresistance of breast 

cancer is unclear.  One hypothesis is that processes deregulated by TTK, including DNA 

damage signaling can mediate radioresistance and targeting TTK could radiosensitize 

cells. 

 

Stable downregulation of TTK or TTK inhibition decreases rates of DNA 

break repair in radioresistant breast cancer cells. 

To determine if targeting TTK could attenuate increased DNA repair in radioresistant 

cells that overexpress TTK, we measured DNA strand breaks by detecting pH2A.X foci.  

pH2Ax is a mark of DNA strand breaks since this histone is phosphorylated by DNA 

damage sensors like ATM or ATR to recruit DNA repair enzymes to sites of DNA 

damage (204).  Clearance of pH2A.x after irradiation treatment can be used as a 

measure of DNA damage repair capacity (204).  In pilot experiments, we irradiated cells 
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at increasing doses of radiation treatment (0, 1, 2, 4, and 8 Gy respectively) to assess 

levels of H2A.X phosphorylation in control vs. experimental groups.  In HCC1954 cells 

expressing pLKO.1 vector controls, we observed some baseline pH2AX expression at all 

radiation doses that was increased in shTTK cells combined with radiation treatment 

(Fig. 4.1).  In HCC1954 cells treated with DMSO only and IR, there was minimal pH2AX 

at low radiation doses, but pH2AX was detectable at high radiation doses.  In 

comparison, HCC1954 cells pre-treated with NMS-P715 had high pH2AX 

phosphorylation in all groups treated with IR (Fig 4.2). 

 Similar trends were observed in MDA-MB-231 cells stably silenced for TTK (Fig. 

4.3).  To further measure repair capacity of HCC1954 or MDA-MB-231 cells expressing 

shTTK shRNA or pre-treated with NMS-P715, we irradiated cells with 2 Gy IR treatment 

and detected pH2A.X foci by immunofluorescence at different time points post-

irradiation treatment.  In the control group for MDA-MB-231 cells (pLKO.1) p-H2A.x 

foci peaked at 24 hours, but returned to levels comparable to basal levels by 48 hours 

(Fig. 4.4).  However, in the groups expressing shTTK, the pH2A.X foci remained at 48 

hours.  These experiments indicate that decreasing TTK expression in combination with 

radiation treatment could attenuate the DNA repair capacity of radioresistant breast 

cancer cells. 

 

Irradiated breast cancer cell lines silenced for TTK or treated with TTK 

Inhibitor display increased frequencies of apoptosis. 

We previously showed that radiosensitization of breast cancer cells silenced for CDK4 

could be caused by enhanced frequencies of apoptosis (158).  Therefore, we 

hypothesized a similar mechanism could be responsible for altered responses of 
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resistant cells silenced for TTK.  To assess the changes in apoptotic responses, we 

measured cleaved caspase 3 protein expression at increased doses of radiation 

treatment in control vs. experimental groups.  Similar to the pH2A.X findings, we did 

not observe high cleaved caspase 3 levels in control groups at increased doses of 

radiation treatment (Fig. 4.1-4.3).  In contrast, TTK inhibition combined with radiation 

treatment increased the cleaved caspase 3 levels in both HCC1954 and MDA-MB-231 

cells (Fig. 4.1-4.3).  As another means to measure apoptosis, we employed Annexin V 

assays to measure the percentage of cells undergoing apoptosis.  Due to technical 

difficulty staining Annexin V in inhibitor treated cells, we transiently silenced TTK and 

irradiated these cells prior to Annexin V staining and flow cytometry analysis.  We did 

not observe significant changes in the percentage of cells in late apoptosis in the 

scrambled control group combined with radiation treatment.  In cells silenced with two 

independent siRNAs against TTK, we did observe moderate increases in apoptotic cells 

when combined with radiation treatment (Fig. 4.5).  In another pilot experiment, we 

also assessed apoptosis through the TUNEL assay (Fig. 4.5).  We utilized this assay as a 

secondary technique to measure DNA breaks induced by IR and TTK inhibition, since 

the TdT enzyme can incorporate into DNA breaks.   In this experiment, we also observed 

significant changes in TUNEL positive cells in the siTTK/2 Gy group when compared to 

the others.  Overall, these data suggest that targeting TTK in combination with radiation 

treatment can induce increased apoptotic responses in resistant cell lines. 

 

TTK inhibition does not alter radiation responses through changes in 

pCHK2.  
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In similar experiments used to detect changes in p-H2A.X, we also measured levels of 

pCHK2.  In both HCC1954 and MDA-MB-231 cells, we did not observe significant 

changes in pCHK2 when targeting TTK in combination with IR.  

 

Molecules with altered phosphorylation in MDA-MB-231 cells expressing 

shTTK combined with irradiation. 

In another pilot experiment, we utilized a phosphoantibody array to examine what 

cancer signaling molecules could have altered phosphorylation in shTTK cells when 

combined with 2 Gy radiation treatment.  This pilot experiment validated some of our 

findings, in that Histone H2A.X and caspase 9 both had increased phosphorylation in 

the shTTK cells plus 2 Gy radiation (Fig. 4.6).  Some other interesting findings were 

PTEN upregulation and BRCA1, while p44/42 MAPK had a slightly increased 

phosphorylation level in these cells.  As further validation, CHK2 did emerge as a 

molecule with downregulated phosphorylation, as well as Myc and some members of the 

AKT signaling pathway.  This antibody array data provides some starting points for 

investigation in addition to the previously presented experimental evidence on cellular 

signaling changes induced by combining TTK inhibition with radiation. 

 

4.4 Discussion 

 Over the course of radiation treatment, breast cancer cells with acquired 

signaling alterations can comprise a population within tumors that emerge as resistant 

to further treatment, eventually forming a primary or recurrent tumor that is not 

responsive to radiation treatment(205).  Through these pilot experiments to examine 

TTK’s role in radioresistance of breast cancer, we found that TTK overexpression might 
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enhance radiation resistance by maintaining overactive DNA break repair and increased 

survival, even in the presence of radiation.   

 Similar to CDK4 and other mitotic kinases that have been shown to be involved 

in radioresistance, alterations in TTK associated signaling pathways could alter the 

sensing and response to DNA damage induced by radiation treatment.  For example, 

aberrant spindle assembly checkpoint signaling facilitated by TTK overexpression could 

bypass necessary cell death that should occur upon radiation treatment, allowing for 

cancer cells to maintain genomic defects in the presence of radiation treatment.  When 

we examined the apoptotic response of radioresistant breast cancer cells with 

overexpressed TTK, we did not observe completely functional apoptotic responses, as 

measured by caspase 3 cleavage and Annexin V staining.  This is in contrast to cells with 

transient (siRNA-mediated) silencing of TTK, which shows an apoptotic response (129).  

Thus, cells can adjust to anti-apoptotic signaling.   However, when we combined 

radiation treatment with various methods of inhibiting TTK, we observed enhanced 

cleaved caspase 3, annexin V + cells in late apoptosis and increased TUNEL positive 

cells, suggesting that targeting TTK can improve the cell death response in resistant 

cells.  Further studies can elucidate the changes that may be present in the upstream 

intrinsic apoptotic signaling pathway, such as changes in Bcl-2 family members. 

 Relating to the DNA damage repair signaling pathways, we observed active DNA 

repair in resistant cell populations that was attenuated when TTK inhibition was 

combined with radiation treatment.  We tested the activity of Chk2, a direct substrate of 

TTK that is involved in DNA repair and did not observe significant differences between 

experimental groups.  Overall these results suggest that while TTK functions to mediate 

radioresistance through changing DNA damage response, this function is occurring 
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independent of the Chk2 pathway.  Other molecules that may be altered could be Rad51 

or Ku70. 

 While these studies are preliminary in regards to fully characterizing the role of 

TTK in radioresistance, they provide some interesting insights into how TTK 

overexpression can promote differential responses to treatment in breast cancer 

patients.  Some future directions could involve examining TTK expression in 

radioresistant tumor tissue from breast cancer patients or cellular studies to examine 

how combining other cell cycle based treatments with TTK inhibitors alters the response 

to radiation treatment. 
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Figure 4.1: Irradiated Her2+ breast cancer cells with silenced TTK display 

increased apoptosis and lack DNA repair capacity. 

HCC1954 cells stably expressing pLKO.1 or shTTK were unirradiated (basal) or 

irradiated at increasing doses.  Protein lysates were collected 48 hours later and 

subjected to Western blotting to analyze cleaved caspase 3, pH2A.X and p-CHK2 protein 

expression. 
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Figure 4.2: Irradiated Her2+ breast cancer cells treated with TTK inhibitor 

NMS-P715 display increased apoptosis and lack DNA repair capacity. 

HCC1954 cells treated with vehicle or 1 µM NMS-P715 were unirradiated (basal) or 

irradiated at increasing doses.  Protein lysates were collected 48 hours later and 

subjected to Western blotting to analyze cleaved caspase 3, pH2A.X and p-CHK2 protein 

expression. 
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Figure 4.3: Irradiated TNBC cells with silenced TTK display increased 

apoptosis and lack DNA repair capacity. 

MDA-MB-231 cells stably expressing pLKO.1 or shTTK were unirradiated (basal) or 

irradiated at increasing doses.  Protein lysates were collected 48 hours later and 

subjected to Western blotting to analyze cleaved caspase 3 and pH2A.X protein 

expression. 

 

 



	
   94	
  

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Irradiated triple negative breast cancer cells with silenced TTK 

display lack of DNA repair capacity. 

MDA-MB-231 cells stably expressing pLKO.1 or shTTK were irradiated at 2 Gy.  Cells 

were fixed at time points post-irradiation (0 hr, 24 hr or 48 hr) and subjected to 

immunostaining for pH2A.x.  pH2A.X foci were counted to calculate percentage of 

pH2A.X positive cells.  
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Figure 4.5: Silencing TTK in combination with irradiation enhances rates of 

apoptosis in TNBC cells. 

Representative quantifications of apoptotic cells as determined by Annexin V staining 

and TUNEL staining in MDA-MB-231 cells with transiently silenced TTK and 2 Gy 

irradiation treatment.  Cells were transfected with siRNA then irradiated 48 hours later.  

Cells were subjected to Annexin V and TUNEL staining, followed by flow cytometry or 

microscopy processing 48 hours later. 
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Figure 4.6: Genes with altered phosphorylation levels in shTTK TNBC cells 
combined with 2 Gy radiation dose. 
 

Genes with (a) upregulated and (b) downregulated phosphorylation levels in MDA-MB-

231 cells stably downregulated for TTK, combined with 2 Gy radiation dose, as identified 

by FullMoon Biosystems antibody array. 
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Chapter 5 

Discussion 
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5.1 Summary and conclusions  

 This dissertation focused on molecular mechanisms and phenotypes associated 

with the TTK kinase and breast tumorigenesis.  Taken together, our data indicate that 

TTK contributes to breast tumorigenesis through three interconnected aspects of 

tumorigenesis that are also involved in responses of breast tumor cells to therapeutic 

interventions.  The three aspects that were the main focus of this research were 

centrosome amplification, EMT and radioresistance (Fig. 5.1).  Our initial interest in 

investigating TTK in a breast cancer model grew out of our previous studies illustrating 

the powerful roles of Cdk4 mediated CA in breast cancer and the impacts of this cell 

cycle kinase in oncogenic signaling in breast cancer.  At the beginning of this 

dissertation project, there was a gap in cancer research regarding the links between TTK 

overexpression in tumors and associated cell signaling changes.  Through the 

approaches of genomic silencing TTK or inhibiting kinase activity in breast cancer cells, 

we show that targeting TTK can attenuate tumorigenic phenotypes and signaling in 

breast cancer. 

 

5.2 Novel role of TTK in promoting CA in breast cancer 

 The roles of cell cycle regulators in promoting centrosome amplification and 

associated genomic instability have been extensively studied.  Genomic instability 

results from alterations in a slew of molecules at various levels, including kinases like 

TTK that control necessary checkpoints within the cell cycle.  Previously, the functions 

of TTK in centrosome regulation have been well established (132, 161).  However, the 

links between high TTK expression and CA in breast cancer had not been previously 

studied.  This is an important area of research, since understanding how kinases like 
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TTK contribute to genomic instability is important for determining what effects targeted 

therapies will have on pathways such as CA that facilitate aneuploidy in cancer cells. The 

studies in this dissertation elucidated that targeting TTK could attenuate a specific 

promoter of genomic instability in breast cancer cells, CA.  We found that this 

attenuated CA was accompanied by decreased cell proliferation that was independent of 

changes in DNA replication.  Therefore, we concluded that the changes in proliferation 

associated with TTK inhibition could be attributed to changes in a pathway independent 

of altered S phase, such as apoptotic response or arrest in mitosis.  Additionally, 

targeting TTK could be functioning similar to targeting CDK4, as inhibiting TTK could 

specifically target cells that have CA, but still allow normal cells to proliferate, which 

may explain why we did not detect obvious cell cycle changes when inhibiting TTK. 

 

5.3 Novel role of TTK in mediating EMT and KLF5 expression in aggressive 

breast cancer 

 Although several mitotic kinases have recently been shown to mediate invasive 

phenotypes in various cancer models, there was only one study showing that targeting 

TTK could change the invasive capabilities of cancer cells (125).  Through our initial 

studies examining the effects of stably downregulating TTK in TNBC cells, our 

incidental findings of dramatic morphological changes induced after stable TTK 

downregulation led us to study changes in EMT signaling relating to TTK inhibition.  

The changes we observed were in a subset of breast cancer cells that are highly 

aggressive and well established as model for EMT. Our detailed analysis of TTK 

expression in breast cancer patients and cell lines across multiple publically available 

platforms revealed that the highest TTK expression was observed in TNBC patients, 
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which matched our observation of the morphological change only occurring in TNBC 

cells.  In addition, a survey of related literature revealed that TTK could mediate TGF-β 

related signaling through micro-RNA regulation (123, 150) as well as a phospho-

antibody array in MDA-MB-231-shTTK cells where SMAD3 emerged as an altered 

substrate of TTK (123, 124).  From this compounded evidence, we hypothesized that the 

KLF5 transcription factor, which is also controlled by TGF-β, involved in EMT, and 

associated micro-RNA signaling (84-86) could also be involved in the EMT phenotype 

associated with TTK overexpression.  Indeed, our studies showed that targeting TTK in 

mesenchymal TNBC cells could restore the epithelial phenotype through upregulating 

KLF5 and micro-RNAs associated with EMT repression, while suppressing 

mesenchymal markers and EMT promoting micro-RNAs.  These studies also began to 

characterize changes in the TGF-β signaling pathway associated with TTK 

overexpression.  These studies also opened up a novel area of research in regards to 

mitotic kinases in EMT, since the Saavedra lab has now found that other centrosome 

and mitotic regulators, such as Nek2, trigger EMT and invasion (168). 

 

5.4 Exploration of TTK as a mediator of radiosensitivity 

 In addition to reports of TTK as a mediator of genomic instability and clinical 

correlations between high TTK and aggressive tumor phenotypes, there were some 

reports on TTK in mediating the response of cells to DNA damage (122).  Also, TTK had 

been reported to modulate micro-RNA signaling that is associated with radioresistance 

(184) and we observed TTK overexpression in radioresistant breast cancer cells.  

Although radiation therapy is not a standalone treatment for breast cancer patients, 

radioresistance is a clinical barrier, as it contributes to tumor populations that emerge 
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and are resistant to further therapeutic intervention (191, 206).   No previous studies 

had aimed to dissect changes in the response to radiation treatment that could be 

changed by targeting TTK in breast cancer.  In our preliminary explorations of TTK’s 

functions in radioresistance, we noted that the major cell responses changed by 

targeting TTK in breast cancer cells were the apoptotic response and DNA damage 

repair capacity.  Our studies revealed that combining TTK inhibition with radiation 

treatment could enhance the rates of apoptosis in breast cancer cells and impair their 

ability to clear sites of DNA damage.  In regards to therapeutic development, these 

findings provide a molecular mechanism for how TTK inhibition could enhance the 

effects of existing radiation therapy. 

 

5.5 Proposed mechanisms for how TTK overexpression facilitates CA, EMT 

and radioresistance 

 The studies presented here illustrate how targeting TTK can attenuate three 

processes associated with tumorigenesis independently, but in fact, attenuating CA 

could be interconnected with reversion of EMT and radiosensitization in cancer cells.  

There is compelling evidence illustrating correlations between enhanced EMT in 

radioresistant cell populations that are also resistant to apoptosis (200, 207, 208).  

Many of these studies implicate alterations in pro-survival signaling pathways such as 

the PI3K-AKT signaling pathway (207, 209).  In regards to how TTK overexpression 

could be facilitating CA that is linked to EMT and radioresistance, there are several 

possibilities.  One possibility is that CA facilitated by TTK overexpression results in 

mechanical changes in cell division which could lead to centrosome clustering and 

altered contractility (210), ultimately leading to decreased expression of cellular 
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junction proteins like E-Cadherin (68, 211).  In addition, altered phosphorylation of 

centrosome target genes could lead to incorrect phosphorylation of intermediate 

filaments (212, 213) or binding of downstream molecules that impacts binding of 

downstream molecules to promoter regions of EMT genes.  Also, the cooperation 

between the TGF-B pathway and TTK overexpression, leading to increased Smad3 

phosphorylation could stabilize signaling at invasive fronts, possibly through 

transcription factors such as Snail (214).  Coordination of these events would support 

the ability of cancer cells to become invasive and migrate from the primary site of origin. 

 Another possibility is that oncogenic signaling occurring through TTK 

overexpression results in altered expression of micro-RNAs and contributes to feedback 

loops leading to EMT and radioresistance.  One example is that miR-21 overexpression 

and/or miR-200 downregulation, as highlighted by the studies presented in chapter 

three, could promote ZEB1 expression.  ZEB1 is involved in homologous recombination 

repair and stabilizes CHK1 (201).  This relationship could ultimately lead to resistance to 

radiation treatment.  Restoration of the miR-200 family in breast cancer cells has been 

shown to prevent proliferation, increase apoptosis, and inhibit pro-survival signaling in 

radioresistant cells (209, 215).  The suppression of miR-200’s that occurs as a result of 

TTK overexpression and correlated KLF5 downregulation, could result in the failure of 

miR-200’s to prevent proliferation and increase apoptosis in response to DNA damage.   

 

 

5.6 Future Directions 

 The overarching goal of the research in this dissertation was to characterize 

phenotypes and pathways associated with TTK and breast tumorigenesis.  This goal was 
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built on the foundation that TTK accumulation in cells contributes to centrosome 

overduplication and associated genomic instability in cancer cells.  Some unexpected 

but interesting directions also revealed that TTK has roles in mediating the aggressive 

signaling in breast cancer and response to treatment (Fig. 5.2). 

 Regarding the roles of TTK in promoting CA in breast cancer, one future 

direction would be to determine how specific components of the TTK structure 

contribute to CA in breast cancer cells.  This could contribute to understanding exactly 

which substrates and associated processes lead to CA in cells that overexpress TTK.  

This line of study could also provide information for how TTK interacts with 

transcription factors like KLF5.   For example, it would be advantageous to learn if 

modifications to the MPS1 degradation signal or kinase domain affect localization of 

TTK to centrosomes in breast cells or utilize an induced model of CA in breast cells to 

study this.  We completed some preliminary experiments to examine TTK 

overexpression in MCF10A cells, but did not pursue this direction for the scope of these 

dissertation studies.  We also completed some preliminary experiments to determine if 

targeting TTK alters downstream targets of TTK associated with its roles in centrosome 

duplication.  We did not observe consistent changes in TACC2, but some future 

directions would be to measure live cell localization of TTK targets throughout the cell 

cycle in various conditions to see how silencing TTK impacts their roles. 

 We observed that the overexpression of TTK contributes to EMT phenotypes of 

TNBC cells and unraveled a novel signaling relationship between TTK, KLF5 and micro-

RNAs.  Regarding the regulation of KLF5, the full relationship between TTK and KLF5 is 

unclear.  TTK and KLF5 could directly interact in the nucleus or cytoplasm at specific 

times, especially if KLF5 is temporally regulated in the cell cycle.  An approach to 
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answer this question would be to flag both proteins and visually track them throughout 

different cell cycle phases.  Another possibility is that KLF5 is phosphorylated directly 

by TTK to impact its transcription or degradation by E3 ubiquitin ligases.  By analyzing 

phosphorylation sites in GPS 3.0, there were several predicted TTK phosphorylation 

sites on KLF5, which could be used in future studies to determine if any of them are 

involved in TTK suppressing KLF5 expression in specific breast cancer models.  The 

effects of TTK inhibition on additional transcriptional targets of KLF5, such as C-MYC 

and P21 are also avenues for future studies on the relationships between TTK and KLF5. 

 Similar to further testing for TTK’s role in CA, a future direction in this role of 

TTK would be to study how modifications to different regions in the kinase impact EMT 

in a breast cell model.  One approach would be to generate a system similar to the 

classical TGF-β induced model of EMT in MCF10A cells.  Our studies showed that 

inhibiting TTK in this model could attenuate EMT, so further tests to determine what 

components of TTK are involved in this process would be informative. In addition to 

microRNA’s like the miR-200 family controlling classical markers of EMT such as E-

Cadherin and vimentin, they are also involved in controlling signaling associated with 

cell motility and migration, such as the Rho kinases and FAK signaling.  Another future 

direction would be to examine how these pathways are altered in breast cancer or other 

cancer models upon targeting TTK. 

 The studies relating to the role of TTK in radioresistance did not fully 

characterize how TTK controls the DNA repair sensing and apoptotic response to 

promote radioresistance in breast cancer; therefore many future directions could be 

explored for this role of TTK.  In depth screening could be conducted in cancer cells with 

or without TTK to determine of downstream molecules associated with DNA damage 
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repair are altered by TTK inhibition.   This approach could help answer the question of 

what type of DNA damage is mediated by EMT (i.e. non-homologous end joining or 

homologous repair).  Another approach would be conduct similar screens with the TTK 

inhibitor to determine which DNA damage repair molecules are altered when the kinase 

activity of TTK is impaired. 

 

5.7 Contributions to the field and larger implications for clinical 

investigations of TTK 

 Large advances have been made in developing mitotic kinases as therapeutic 

targets in breast and other cancers.  During the course of this dissertation project, CDK4 

inhibitors were FDA approved for clinical use in breast cancer patients (216).  There is 

currently a clinical trial underway for a TTK inhibitor as well.  The fundamental 

signaling pathways associated with TTK overexpression and inhibition have not been 

well studied.  Therefore, the studies presented here highlight avenues to understand the 

complex pathways that are controlled by TTK.  This information will be useful for 

understanding mechanisms of action for TTK inhibitors and how resistance to these 

inhibitors may arise.  Furthermore, these studies provide experimental evidence to 

develop TTK as a biomarker in cancer, which could help inform clinical decisions, based 

on predicted tumor behavior and treatment response. 
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Figure 5.1 Potential model illustrating how CA & high TTK expression 

contribute to EMT and radiosensitivity.   

TTK levels peak during centriole initiation and spindle assembly during the cell cycle, 

and high TTK expression facilitates CA.  In these studies, we found that TTK also 

promotes oncogenic processes by facilitating CA, EMT and radioresistance in breast 

cancer cells. 
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Figure 5.2 Summary of dissertation findings and future directions 
 

Through the studies in this dissertation, we observed that overexpressed TTK in breast 

cancer cells contributes to amplified centrosomes and CIN accompanied by tumorigenic 

phenotypes (EMT and radioresistance) in Her2+ and TNBC cells.  Through our 

experimental approaches, we observed that silencing TTK expression or preventing TTK 

kinase activity can attenuate these phenotypes.   

(Summarized findings are indicated in the green box and areas for future studies are 

indicated in orange boxes). 
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