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Abstract 
 

Aurora Kinase A Promotes Oncogenic Signaling Through Novel Protein-Protein 
Interactions 

 
By MaKendra L. Umstead 

 
 

Cancer is a collection of diseases driven by genomic changes that alter normal protein-
protein interactions, induce aberrant cellular signaling, and drive cellular transformation. 
Aurora Kinase A (Aurora A), a mitotic kinase that is amplified in several cancer types, has 
emerged as a compelling target for cancer therapy. While increased expression of Aurora A 
correlates to a worse prognosis for cancer patients, the impact of Aurora A overexpression on 
protein-protein interactions, oncogenic signaling, and cancer development remains unclear. 
This work describes the discovery and characterization of the novel interaction of Aurora A 
with two important mediators of cancer growth and development: H-Ras and Forkhead box 
transcription factor, FOXO1. 

The Ras-mitogen activated protein kinase (MAPK) signaling cascade is a critical 
pathway for sustained cell growth and proliferation in cancer. We validated the interaction of 
Aurora A and H-Ras and determined that the kinase domain of Aurora A and the N-terminal 
Switch I and II domains of H-Ras are involved in binding. Aurora A positively regulates this 
pathway by forming a protein complex with H-Ras and Raf-1, the Ras effector that mediates 
MAPK signaling. Aurora A stabilizes the H-Ras/Raf-1 protein complex and enhances MAPK 
signaling in a H-Ras-dependent manner. We also determined that the kinase activity of Raf-1 
also functions to enhance binding of the Aurora A/H-Ras/Raf-1 protein complex. 

Aurora A also promotes oncogenic signaling through negative regulation of the tumor 
suppressor, FOXO1. In response to cell stress, FOXO1 localizes to the nucleus to initiate 
transcription of pro-apoptotic genes. Aurora A was found to interact with FOXO1, promoting 
exclusion of FOXO1 from the nucleus and inhibition of cell death.  

Overall, this work demonstrates that through novel protein-protein interactions, 
Aurora A functions as a positive regulator of oncogenic Ras-MAPK signaling and as a negative 
regulator of the tumor suppressive activity of FOXO1. This provides two potential therapeutic 
protein-protein interaction targets for cancers with Aurora A overexpression, as inhibition of 
either the Aurora A/H-Ras or Aurora A/FOXO1 interactions may reduce pro-growth 
signaling and induce cell death. Ultimately, understanding the role of Aurora A in cellular 
signaling will provide new opportunities to develop targeted therapies for cancer. 
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1.1 Cancer and its characteristics 

Cancer is defined as a collection of diseases in which normal cells undergo a step-wise 

transformation that leads to uncontrolled growth, proliferation, and metastasis [1]. As tumor 

growth at the primary and metastatic sites can interrupt the function of essential organs and 

ultimately lead to death, the detection and treatment of cancer is vital to patient survival. In 

the United States, 2016 estimates show that approximately 1.6 million people will be diagnosed 

with cancer (14 million cases diagnosed worldwide) [2, 3]. This makes cancer a leading cause 

of death in the United States, second only to heart disease [2]. Early diagnosis and evolving 

treatment options have improved the survival rate for cancer, yet 6 hundred thousand 

individuals are estimated to die from the disease in the United States in 2016 (8.2 million deaths 

worldwide) [2, 3]. To increase the survival rate for patients diagnosed with cancer, the 

continued development of new and effective therapeutic options is imperative. Growing 

knowledge of the molecular characteristics associated with cancer has aided the development 

of cancer therapies. Specifically, targeted drugs that are active against cancer-specific 

alterations, selectively killing cancer cells while leaving normal cells intact, are able to reduce 

disease burden and prolong survival in patients with less side effects than traditional 

chemotherapy [4]. 

In 2000, the potentially targetable molecular characteristics that are common to cancer 

cells were grouped and defined by Douglas Hanahan and Robert Weinberg as the “Hallmarks 

of Cancer [1].” This paradigm assigns phenotypic categories to the molecular alterations 

acquired by normal cells that support cellular transformation and the creation of a tumor 

microenvironment that is supportive of cancer growth [1, 5]. Of the ten hallmarks of cancer 

shown in Figure 1-1 (sustaining proliferative signaling, evading growth suppressors, avoiding 

immune destruction, enabling replicative immortality, tumor-promoting inflammation, 
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activating invasion and metastasis, inducing angiogenesis, genome instability and mutation, 

resisting cell death, and deregulating cellular energetics), the ability for cancer cells to sustain 

proliferative signaling and evade growth suppression are perhaps the most fundamental to 

cancer development [5]. Normally, cells undergo tightly regulated growth and proliferation 

processes that are activated as a result of extracellular signals. Through genetic and epigenetic 

alterations that enable oncogenes and disable tumor suppressors, cancer cells acquire the 

ability to uncouple extracellular signals from intracellular proliferative responses [1]. Extensive 

research and increasingly sophisticated technology has allowed many of the molecular 

mechanisms that drive sustained proliferative signaling to be described. However, the rise of 

genomic sequencing of patient tumors continues to reveal more about tumor biology and 

uncover additional alterations whose importance remain to be characterized. Cancer treatment 

is at the forefront of precision medicine, in which patients are treated based on the specific 

mutations detected in the tumor. As such, defining these molecular alterations as actionable 

therapeutic targets will expand the arsenal of therapies available for patients, better equipping 

doctors and patients in the fight against cancer.  

 

1.2.1 The role of protein-protein interactions (PPIs) in cancer 

To gain insights into the biology of cancer, understanding the impact of genetic 

alterations on the function of proteins is critical. Proteins constitute the major building blocks 

in the signaling pathways that underlie all physiological processes. The interactions between 

proteins, whether transient or permanent, create signaling pathways through which 

information is communicated and commands are enacted throughout the cell [6]. Thus, 

protein-protein interactions (PPI) serve as the backbone of cell processes ranging from 

growth, metabolism, DNA replication, and cell-cell communication (Figure 1-1) [7, 8]. General 
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examples of PPIs that impact cell signaling include ligand-receptor interactions, enzyme-

substrate activities, and homo- or hetero-dimerization [8]. 

Aberrant regulation of PPIs enables cancer cells to sustain proliferative signaling, 

evade growth suppression, and acquire additional cancer hallmarks [8]. For example, gain of 

function mutations in growth factor receptors such as epidermal growth factor receptor 

(EGFR) can induce activating dimerization and initiate downstream pro-growth signal 

transduction in the absence of extracellular ligand binding [9]. Mutations found in enzymatic 

proteins including protein kinases and guanosine triphosphate hydrolase enzymes (GTPase) 

also drive the misregulation of PPIs. Common mutations in oncogenic kinases result in 

hyperphosphorylation and subsequent activation of substrates involved in proliferative 

signaling pathways [10]. Mutations in GTPases, another family of enzymatic proteins, can alter 

the conformation of the protein, resulting in deregulation and enhanced binding and activation 

of effector proteins that promote cell cycle progression, growth, and motility  [11-13].  

Due to the prominent role of protein interactions in tumor biology, targeting PPIs is 

an attractive approach for the development of new therapies for cancer [7]. Protein kinases 

are of the most targeted molecules in cancer drug discovery [14]. Inhibiting the catalytic activity 

of kinases reverses the upregulated phosphorylation of substrates and blocks the resulting PPI-

mediated kinase cascades. Several classes of monoclonal antibodies and small molecule 

inhibitors have been successfully developed to target activating mutations in growth factor 

receptors either by blocking dimerization or the inhibiting the enzymatic activity of receptor 

tyrosine kinases [15, 16]. However, not all PPIs are mediated through enzymatic activity and 

the targeting of many critical PPIs pose a much greater challenge. PPI interfaces are often 

large and hydrophobic, contain non-contiguous binding sites, lack deep binding pockets, and 

exist independently of enzymatic activity [7]. For example, Ras GTPases are among the most 
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highly mutated oncogenic drivers, yet remain elusive to current targeting strategies due to their 

small size and lack of distinct binding pockets [17]. 

Despite the aforementioned challenges, several drugs that are currently in clinical 

development provide evidence for the importance of identifying and targeting novel PPIs. 

Inhibitors of the Mouse Double Minute 2 homolog (MDM2)/p53 interaction release the 

tumor suppressor, p53 from binding to a hydrophobic pocket on MDM2, block degradation 

of p53, and promote p53-mediated cell death [7, 18]. In another example, inhibition of the 

interaction of X-linked Inhibitor of Apoptosis (XIAP) and pro-apoptotic Caspase-9 by a 

peptide mimetic releases Caspase-9 to carry out its tumor suppressive activity [19]. 

The examples given here along with others found in literature demonstrate the 

feasibility of PPI-targeted therapies. Although challenging, the identification of novel 

interactions provides a ripe opportunity to inhibit cancer progression, either by blocking 

interactions that sustain oncogenic signaling or releasing interactions that inhibit growth 

suppression. 
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Figure 1-1. Protein-protein interactions and cancer. 

Protein-protein interactions (PPIs) drive the physiological and phenotypic cellular processes 

underlying the hallmarks of cancer. Adapted from [5, 20]. 
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1.2.2 PPI network mapping to unravel tumor biology 

To understand how genetic alterations affect PPIs, advances in technology provide 

useful methods to identify new interactions and new connections between proteins and 

pathways that were previously unknown. The availability of genomic sequencing tools 

facilitated large-scale characterization of the molecular alterations found in cancer patients 

across tumor types. Our laboratory and the Emory Chemical Biology and Discovery center 

set out to utilize this information to establish the PPI landscape for different cancer types. By 

assaying PPIs using cancer-associated proteins in a high-throughput format, cancer genomics-

informed PPI network maps that establish the PPI landscape in cancer cells and identify PPI 

hubs as putative nodes for therapeutic targeting can be revealed. To do this, a high-throughput 

PPI screen was conducted by collecting a gene library of cancer drivers, tumor suppressors, 

and other cancer-associated genes and testing their binary interactions using lysate-based 

Time-Resolved Fluorescence Resonance Energy Transfer (TR-FRET) and the cell-based 

Renilla luciferase Protein Fragment Complementation Assay (PCA).  

Interestingly, Aurora Kinase A (Aurora A), a serine/threonine kinase involved in 

mitosis, was identified as a PPI hub among the cancer-associated genes that were tested. To 

probe for potential therapeutic targets for cancer, we then sought to evaluate the function of 

specific interactions that were identified. Taken together, the evidence presented supports the 

disruption of these novel Aurora A PPIs as a potential mechanism for targeting Aurora A in 

cancer. 

	

1.3.1 Aurora kinases 

The finding of Aurora Kinase A (Aurora A) as a hub from our PPI network mapping 

was compelling due to the rise of Aurora A as a target for cancer therapy in recent years. First 
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discovered in the late 1980s using Drosophila as a model to search for cell cycle regulatory 

genes, scientists found that a homozygous mutation in a specific gene exhibited mitotic defects 

in centrosome separation and the formation of monopolar spindles [21]. The resulting pattern 

resembled the Aurora borealis observed at the North Pole, thus receiving the name Aurora.  

Soon following, paralogs were found in Xenopus, Saccharomyces cerevisiae (Aurora/Ipl1), 

Caenorhabditis elegans (AIR-1 and AIR-2), mouse, and rat (Aurora and Ipl1-like midbody-

associated protein, AIM-1) [22, 23]. In human cells, three isoforms were identified: Aurora A, 

Aurora B, and Aurora C. Because of the conserved nature of the protein throughout 

evolutionary species, Aurora A was thought to serve a critical role in organismal development. 

Additional work revealed that Aurora kinases are serine/threonine kinases, and that this 

activity is critical to mitosis. Further elucidating the role of Aurora kinases in the cell cycle of 

mammalian cells, specific knockdowns of the Aurora isoforms revealed that the different 

Aurora proteins initiate distinct processes during mitosis and cooperate to facilitate 

centrosome function, chromatid separation, and cytokinesis [24]. Overall, Aurora A and 

Aurora B are the most well characterized, partially due to their abundance in cellular tissues 

(Aurora C expression is primarily in the testes) [24]. 

 

1.3.2 Aurora A protein structure 

The domains of Aurora family proteins can be separated into the N-terminal 

regulatory domain, the kinase domain, and a C-terminal domain (Figure 1-2) and the N-

terminal varies in length and amino acid sequence between the three isoforms found in 

humans. In total, Aurora A is 403 amino acids and 46 kDa in size. The approximately 130 

amino acid long N-terminal domain is unstructured compared to the kinase domain which 

largely occupies the remainder of the protein [25, 26]. Within the N-terminal domain of Aurora 
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A is the A-Box (also called the D-box-activating-box), QRVL, which is involved in the 

degradation of the protein. A KEN box, named for its core sequence, is also located within 

this region but does not contribute to directly contribute to Aurora A degradation [27-30]. 

The family of Aurora proteins share a conserved catalytic domain and C-terminal domain. In 

fact, Aurora A and B share 71% homology [31]. Resolution of the crystal structure of the 

catalytic domain revealed that like most kinases, this region of Aurora A contains two lobes 

that are joined by a hinge [32]. The N-terminal lobe of the kinase domain, made up of five-

stranded b-sheet and an a-helix, binds adenosine triphosphate (ATP) through the a-helix. 

Lysine 162 in Aurora A is critical for ATP binding, as mutations in this site (K162R) abolish 

Aurora A kinase activity [33]. The C-terminal lobe of the kinase domain, made up of seven a-

helices and two b-sheets, contains the activation loop and substrate binding regions. To be 

catalytically active, Aurora A requires phosphorylation at a threonine in the activation loop 

(T288). Both p21-activated-kinase (PAK) and protein kinase A (PKA) are candidate kinases 

for phosphorylation at this site [34-36].
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Figure 1-2. The structure of Aurora A. 

The N-terminal domain of Aurora A contains a KEN box and an A-Box that is involved in 

protein degradation. The kinase domain spans the majority of the protein, and 

phosphorylation at T288 is critical for kinase activity. The D-box is located in the C-terminal 

region of Aurora A and is the site of degradation by the anaphase promoting complex 

(APC/C) [25, 26]. 
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1.3.3 Aurora A regulation  

In normal cells, Aurora A protein expression levels vary throughout the cell cycle. 

Protein expression increases starting at the S-phase and peaks during the G2/M phases. 

Transcription factors identified to promote Aurora A gene expression include: the ETS family 

of transcription factors downstream of Ras-mitogen activated protein kinase (MAPK) 

signaling hypoxia-inducible factor 1-alpha (HIF-1a), signal transducer and activator of 

transcription 5 (STAT5), and GATA binding protein 3 (GATA3) [37]. 

The kinase activity of Aurora A is regulated through PPIs and post-translational 

modifications. Aurora A kinase activity also peaks at the G2/M transition and is enhanced by 

binding to Ajuba and targeting protein for Xklp2 (TPX2). The protein phosphatase PP1 serves 

as a negative regulator of Aurora A, dephosphorylating the protein at the T288 site. As the 

predominant activator of Aurora A during mitosis, TPX2 binds to the C-terminal region of 

Aurora A (amino acids 130-403) and induces a conformation that protects against T288 

dephosphorylation [24]. Additionally, the N-terminal domain of Aurora A is inhibitory and 

helps to maintain the kinase in an inactive state. Binding partners, such as TPX2, that interact 

with the C-terminal region of Aurora A displace the N-terminal domain [41]. As mitosis ends, 

Aurora A is degraded via ubiquitination and proteasome targeting by the anaphase promoting 

complex in complex with cdh1 (APC/CCdh1) in a process that involves recognition of the N-

terminal A-box and D-box [27-29, 42, 43]. The D-box, RXXL, is located in the far C-terminal 

domain of all Aurora isoforms and is also involved in degradation. Like the N-terminus, this 

region also has a disordered tertiary structure [25, 26]. 

The N-terminal domain of Aurora A is also involved in regulation its localization. 

Using fluorescently-tagged proteins, the presence of Aurora A has been tracked throughout 
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the cell cycle. Prior to mitosis, low levels of Aurora A are detected in the pericentriolar material 

around the centrosomes as they separate during the S-phase/G2 transition. Aurora A 

expression is then upregulated prior to mitosis and maintains localization at the centrosomes 

where it associates with microtubules near the spindle poles [24]. 

 

1.3.4 Aurora A in tumorigenesis 

In humans, the Aurora A gene is located on chromosome 20q13, which is often 

amplified in a variety of cancer types, including breast, ovarian, lung, prostate, and 

glioblastoma [25, 44]. It is overexpressed at the DNA, RNA, and protein level in tumors and 

correlates to a worse prognosis for patients. For example, studies into Aurora A protein 

expression and brain cancer found that Aurora A levels increased according to the severity of 

brain cancer, with Glioblastoma having the highest expression levels [45]. 

Whether Aurora A is a bona-fide cancer driver gene remains controversial. Although 

Aurora A facilitates transformation in NIH 3T3 and Rat1 fibroblasts, the ability for Aurora A 

misregulation to lead to tumor formation likely depends on other accommodating mutations 

in the cell [46, 47]. Due to its role in mitosis, over- or under-abundance of Aurora A is 

detrimental to normal cell function [25]. Contributing to genomic instability in cancer, 

centrosome amplification often results when overexpressed Aurora A leads to cytokinesis 

failure [24]. In normal cells, this defect would be recognized at the mitotic checkpoint. In 

cancer cells, however, co-occurrence of loss of the p53 tumor suppressor allows cells to 

proceed through another cell division in these conditions [48]. 
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1.4.1 Non-canonical functions of Aurora A 

Although the majority of Aurora functions previously characterized are related to 

mitosis, research is beginning to reveal a myriad of additional roles for Aurora A (Figure 1-3). 

The findings give way to a more comprehensive understanding of the oncogenic roles of 

Aurora A in cancer that are mediated through PPIs. Selected Aurora A functions that are 

relevant to this dissertation are described here. 

 

1.4.1.i Aurora A PPIs with GTPases and their regulators 

 GTPases function as molecular switches, regulating pathways that are integral to 

several cellular process. Aurora A interacts with a number of GTPases and their regulators, 

leading to both regulation of Aurora A activity and modulation of GTPase hydrolysis. In yeast 

two-hybrid experiments, Aurora A was identified to interact with RasGAP, a Ras GTPase 

activating protein [49, 50]. Further work revealed that RasGAP also inhibits Aurora A kinase 

activity in vitro [49, 50]. Aurora A also directly interacts with and phosphorylates RalA (Ras-

like protein A), altering its membrane localization. The Aurora A/RalA interaction activates 

both RalA and its effector protein, RalBP1 [51]. Activation of RalA promotes tumorigenesis 

through conferring the ability for anchorage-independent growth, translational modulation, 

and vesicle trafficking, thus providing a mechanism by which Aurora A promotes tumor 

development [52]. The positive regulator of RalA is the guanine exchange factor (GEF), 

RalGEF, which also serves as a substrate for Aurora A. Aurora A also forms a complex with 

and activates Rap-1A, a GTPase that is often deregulated in cancer and plays a role in cell 

proliferation and adhesion [53]. These studies establish a precedent for the interplay between 

Aurora A, GTPases, and GTPase associated proteins and suggest that these PPIs are 

important in cancer progression. 
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1.4.1.ii Aurora A PPIs with transcription factors 

Aurora A also interacts and regulates several transcription factors, controlling genetic 

programming in cells. For example, Aurora A acts to destabilize p53 through phosphorylation 

at S215, which prevents p53 from binding DNA and initiating transcription of pro-apoptotic 

genes like p21 [54]. Phosphorylation of p53 by Aurora A at a distinct site, S315, promotes 

MDM2 binding, ubiquitination and degradation [55]. In another example, Aurora A acts to 

stabilize oncogenic N-Myc [56, 57]. Aurora A blocks ubiquitin-dependent degradation of N-

Myc by FBxw7, promoting N-Myc stability and increased tumor burden [58]. Interestingly, 

allosteric inhibitors that effectively destabilize the interaction of Aurora A and N-Myc have 

been already been developed [56]. Thus, targeting the interaction of Aurora A with 

transcription factors also represents a viable mechanism for counteracting the oncogenic 

effects of Aurora A overexpression in cancer. 

 

1.5.1 Novel Aurora A interaction partners 

 The work presented in this dissertation describes the validation and characterization 

of the functional effects of oncogenic Aurora A interactions with two novel partners: H-Ras, 

a GTPase, oncogene, and promoter of cell growth, and FOXO1, a transcription factor and 

key tumor suppressor involved in regulating cell death. These Aurora A PPIs were interesting 

due to the prominent role of H-Ras and FOXO1 in tumor progression and development. The 

identification of a novel regulator for both proteins furthers our understanding of tumor 

biology that can be utilized for the development of new therapeutics. 
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Figure 1-3. Aurora A signaling in cancer. 

Overexpression of Aurora A in cancer affects multiple pathways that contribute to the 

development of cancer. Adapted from [25]. 
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1.5.2 Ras 

Biochemical and genetic studies have revealed Ras as a central regulator of signal 

transduction and oncogenic transformation. Acting as a molecular switch, Ras plays a central 

role in transmitting cell growth from extracellular stimuli to cellular responses [59]. 

 

1.5.2.i Ras protein structure 

The family of Ras proteins are 21 - 25 kDa in size, and contain three major isoforms, 

H-Ras, K-Ras, and N-Ras, and two lesser-characterized isoforms, M-Ras and R-Ras [60-62]. 

Ras proteins belong to a larger family of GTPases, which function as binary switches, 

catalyzing the hydrolysis of guanosine triphosphate (GTP) to guanosine diphosphate (GDP) 

[63]. This hydrolysis allows GTPases to cycle between active and inactive states, respectively, 

in response to activation signals. When GTP is bound, Ras proteins maintain a conformation 

that allows for binding to effector proteins and the initiation of several signaling pathways that 

are influential in cancer progression [64]. 

Like all GTPases, Ras proteins contain a G-domain, including two key structural 

domains, switch I and II, which change in conformation when Ras is in the active, GTP-bound 

or inactive, GDP-bound bound state [64]. This region is identical between H-Ras, K-Ras, N-

Ras [64]. Ras effector binding domains also lie within this region. Lastly, the hypervariable C-

terminal is critical for Ras localization to the plasma membrane, which is an essential step for 

Ras activity and function (Figure 1-4).  
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Figure 1-4. The structure of Ras proteins. 

For Ras family proteins, there are six conserved sequence motifs: PM1, G1, PM3, G2, G4, 

and G3. PM motifs are involved in phosphate/magnesium binding, while G motifs mediate 

guanine base binding. Also located within the G-domain are two key structural domains: 

switch I and II. These domains, amino acids 30-38 and amino acids 60-76, respectively, change 

in conformation when Ras is GTP or GDP bound. The G domain also contains the effector-

binding domain (amino acids 32-40). This region mediates binding of Ras proteins to various 

effectors. The specificity of Ras binding is determined by the amino acids surrounding this 

region. The G-domain of the Ras family members is identical in sequence. The C-terminal 

domain of Ras proteins is the hypervariable region which is responsible for anchoring Ras to 

the plasma membrane. 
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1.5.2.ii Ras regulation 

Ras functions as an intracellular mediator of extracellular mitogenic stimuli that bind 

to growth factor receptors on the cell. Therefore, receptor tyrosine kinase (RTK) signaling is 

a major pathway that leads to Ras activation. Through a series of docking proteins, RTKs 

influence the direct regulators of Ras activity: GTPase activating proteins (RasGAPs) and 

guanine exchange factor (RasGEFs). RasGAPs facilitate GTP hydrolysis by Ras and RasGEFs 

enhance GTP binding of Ras in cells [65]. These proteins help control Ras cycling and enhance 

Ras activity levels in cells compared to the intrinsic Ras activity that is observed in vitro [65]. 

When growth factors bind RTKs, the dimerization and transphosphorylation of these 

receptors recruit growth factor receptor-bound 2 (GRB2) to docking sites on the intracellular 

surface of the receptor. GRB2 also binds and recruits the RasGEF, Son of sevenless (SOS), 

to the complex at the plasma membrane. SOS then promotes Ras activation and the initiation 

of downstream signaling by Ras (Figure 1-5) [66].  

Post-translational modifications are also essential for Ras activity. Farnesylation of Ras at the 

C-terminal hypervariable region (HVR) allows trafficking and tethering of Ras to the plasma 

membrane [66]. At the endoplasmic reticulum, the CAAX sequence undergoes processing in 

which farnesyl transferase adds a farnesyl group to the cysteine residue and proteolysis 

removes the –AAX. This is followed by carboxyl methylation [67]. In addition to farnesylation, 

phosphorylation events have been found to drive regulation of K-Ras. Phosphorylation by 

protein kinase C (PKC) regulates the association of K-Ras4b with the plasma membrane [68]. 

Other lesser characterized post-translational modifications including ubiquitylation, 

nitrosylation, isomerization, ribosylation, and glucosylation events have also been identified as 

modifiers of Ras proteins and their functions [66].  
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Figure 1-5. Ras activation by receptor tyrosine kinases (RTKs).  

After binding of a mitogenic stimulus to RTKs, autophosphorylation of tyrosines in the 

intracellular tail of the receptor allows docking of Grb SH2 adapter proteins. A RasGEF, son 

of sevenless (SOS), binds to phosphorylated RTKs through the GRB2 adapter protein and 

serves as a GEF for Ras, enhancing GTP binding and activity. 
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1.5.2.iii Ras in tumorigenesis 

Ras mutations occur in 30% of all cancers [69]. When Ras is not mutated, it is often 

upregulated by alterations present in its regulators such as mutations in RTKs, or deletions of 

RasGAP proteins [70-72, 73]. In total, 97-99% of all RAS mutation in cancer occur in codons 

12, 13, and 61 [69]. Both H-Ras and K-Ras are commonly mutated at codon 12 and 13. These 

hotspot genetic point mutations found in H- and K-Ras substitute a glycine for valine or 

aspartate (G12V or G12D). This results in a change in the overall conformation of Ras that 

mimics the active, GTP-bound form [69, 74, 75]. When active, Ras recruits three distinct 

effectors: Raf, PI3K, or RalGEF [76-78]. Specifically, pro-growth and pro-proliferative 

signaling is sustained through activation of the mitogen-activated protein kinase (MAPK) 

signaling pathway [79]. This signaling cascade, involving Ras-Raf-MEK-ERK, promotes the 

transcription of genes directly involved in growth and proliferation, including cyclin D, Myc, 

and, interestingly, Aurora A (Figure 1-6).  

Although its role in cancer has long been established, attempts to Ras have been largely 

unsuccessful [80]. The clinical failures of farnesyltransferase inhibitors (FTIs) for the treatment 

of cancer revealed a key difference between H-Ras and K-Ras modifications: H-Ras, N-Ras, 

and K-Ras 4A require palmitoylation at the Golgi; however, K-Ras4B does not [67]. As a 

result, cancers driven by K-Ras4B were not sensitive to FTIs [81]. Nucleotide analogs and 

small molecule binding inhibitors have also stopped short as viable approaches to target the 

protein [80]. Thus, targeting of downstream Ras effectors rather than the protein itself has 

become the approach of choice to mitigate the oncogenic role of Ras in cancer [80]. 

Understanding how Ras is regulated through novel PPIs may provide new methods to 

effectively target Ras directly. 
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Figure 1-6. The mitogen-activated protein kinase (MAPK) signaling pathway.  

Activated Ras recruits Raf (MAPKKK) proteins to the plasma membrane. Here Raf proteins 

dimerize, allowing transformation that actives Raf kinases. Activation of Raf then spurs the 

MAPK signaling cascade, amplifying the signaling through phosphorylation of MEK 

(MAPKK) and ERK1/2 (MAPK). When ERK is activated, the protein translocates to the 

nucleus. Nuclear translocation of ERK allows ERK to phosphorylate transcription factors 

(Ets, c-Fos and c-Jun) for genes directly involved in growth and proliferation, including but 

not limited to: CCND1 (cyclin D, progression through the G1/S restriction point), MYC 

(Myc, transcription factor targeting several proliferative genes), and AURKA (Aurora Kinase 

A, facilitates mitosis). 
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1.6 Forkhead box protein of the O class (FOXO1) 

 FOXO1 belongs to a large family of transcription factors (over 41 genes identified in 

humans) that contain a winged-helix DNA-binding domain that is termed the forkhead box 

due to the observed phenotype resulting from mutations in this gene in Drosophila melanogaster 

[82, 83]. The O class has 4 members: FOXO1, FOXO3, FOXO4, and FOXO6. From 

apoptosis, metabolism, differentiation, longevity, and migration, alterations in FOXO proteins 

have diverse and significant impacts on the cell, and have been linked to the development of 

cancer and other diseases [83]. As transcription factors, FOXO proteins activate 

transcriptional programs to direct physiological processes in response to cellular signaling 

(Figure 1-8). FOXO1, specifically, is a tumor suppressor that is most active at the G1/S-phase 

entry and G2/M transition and has an inhibitory effect on the cell cycle. 

 Insights on the regulation of FOXO1 can be derived from its protein structure. FOXO 

proteins contain a forkhead domain and nuclear localization sequence (both at the N-terminal 

half of the protein), as well as a nuclear export signal and a transactivation domain (at the C-

terminal half) [84]. Post-translational modifications at or near these sequences alter the 

localization, function, and degradation of FOXO1 [85]. Phosphorylation, acetylation, and 

ubiquitination all play a role in FOXO1 regulation and are responsive to cellular growth or 

stress signals in the cell. For example, growth factor signaling promotes activation of AKT. 

AKT can phosphorylate FOXO1 at sites that promote 14-3-3 binding and exclusion from the 

nucleus. As a result, FOXO1’s ability to transcribe pro-apoptotic genes is inactivated [85]. In 

cancer cells this axis is often co-opted as a mechanism to resist cell death. AKT is one of 

several kinases that can phosphorylate and inhibit FOXO1. More recently, casein kinase 1, 

inhibitor of kappa B (IkB), and cyclin-dependent kinase 2 (CDK2), and polo-like kinase 1 

(PLK1) have been identified to promote exclusion of FOXO1 from the nucleus [85, 86].  
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 Due to its role as a tumor suppressor, FOXO1 is an attractive therapeutic target for 

cancer. In fact, FOXO1 is a critical mediator of indirect response to current cancer therapies. 

Some chemotherapeutic agents, such as paclitaxel, have been shown to reduce tumor growth 

by upregulating FOXO3, a close relative of FOXO1 [87]. In addition, the efficacy of Alisertib, 

an Aurora A kinase inhibitor, in acute myeloid leukemia (AML) models was mediated through 

upregulation of FOXO3a expression [88]. Reconstitution of a tumor suppressor that is 

mutated or deleted in cancer is a challenging task; however, inactivation of a tumor suppressor 

through PPIs presents a potentially actionable PPI target for therapy. 
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Figure 1-7. FOXO1 signaling in cancer.  

In response to cell stress, FOXO1 initiates the transcription of genes that drive cell cycle arrest 

at apoptosis, including p21, 27, Bim-1, Fas-L, and others. Pro-growth signaling attenuates 

FOXO1 activity. Pictured here, AKT, a mediator of survival signaling, phosphorylates 

FOXO1 thereby promoting 14-3-3 binding and exclusion from the nucleus. In addition, 

mitotic kinase, PLK1, phosphorylates FOXO1 leading to nuclear exclusion and inactivation. 
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1.8.1 Aurora A and MAPK in cancer 

Crosstalk between the Aurora A and Ras signaling pathways has been implied in 

various cancer models. For example, Aurora A and Ras co-expression potentiates oncogenic 

transformation in oral cancer models [89]. In addition, inhibition of Aurora A in 

nasopharyngeal cancer cells reduced Ras-MAPK activation and blocked cell invasion [90]. 

Cumulatively, these studies suggest that integration of the Aurora A and Ras pathways occurs 

in cancer; however, no previous work has described a mechanism by which this phenomenon 

occurs.  

 

1.8.2 Aurora A and FOXO1 in cancer 

Research that addresses the interplay between Aurora A and FOXO1 signaling in 

cancer is not as extensive as that of Aurora and MAPK signaling. However, Aurora A has an 

inverse relationship with FOXO1: overexpression of Aurora A suppresses transcription of 

FOXO1 [91]. In the converse, inhibition of Aurora A was found to upregulate FOXO1 

expression [92]. Thus far, transcriptional regulation has been the primary hypothesis for the 

link between Aurora A and FOXO1. We propose a mechanism that is mediated through 

protein-protein interactions. 

 

1.9 Scope of the dissertation 

This dissertation explores the impact that Aurora A PPIs have on Ras and FOXO1 

function in cancer. First, we address the promising hypothesis that Ras is also regulated by 

Aurora A, forming a novel signaling node and positive feedback loop that controls cell growth 

and oncogenic transformation. In Chapters 2 and 3, we show that the interaction of Aurora A 

and Ras enhances oncogenic signaling by forming a complex with H-Ras and Raf-1 and 
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potentiating Ras-MAPK signaling. We detail the mechanism by which this may occur, which 

uncovers the role of Raf-1 kinase activity in stabilizing the Aurora A/H-Ras/Raf-1 protein 

complex. Second, in Chapter 4, this dissertation provides preliminary evidence that the Aurora 

A/FOXO1 PPI may contribute to FOXO1 deregulation in cancer. We demonstrate that 

Aurora A interacts with FOXO1, reduces nuclear translocation in response to cellular stress, 

and inhibits FOXO1-induced cell death. Both studies further our understanding of the impact 

of Aurora A overexpression in cancer and provide a viable alternative approach to perturbing 

oncogenic Ras and FOXO1 signaling in cancer. 
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Chapter 2: Aurora Kinase A interacts with H-Ras and potentiates Ras-MAPK 
signaling 

 

MaKendra Umstead, Jinglin Xiong, Yuhong Du, Haian Fu 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is reproduced from a manuscript submitted by M Umstead, J Xiong, Y Du, and 

H Fu. Aurora Kinase A interacts with H-Ras and potentiates Ras-MAPK signaling. In Revision to 

Oncotarget, 2016. 
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2.1 Abstract 

In cancer, upregulated Ras promotes cellular transformation and proliferation in part through 

the activation of oncogenic Ras-MAPK signaling. While directly inhibiting Ras has proven 

challenging, new insights into Ras regulation through protein-protein interactions may offer 

unique opportunities for therapeutic intervention. Here we report the identification and 

validation of Aurora Kinase A (Aurora A) as a novel Ras binding protein. We demonstrate 

that the kinase domain of Aurora A mediates the interaction with the N-terminal domain of 

H-Ras. Further, the interaction of Aurora A and H-Ras exists in a protein complex with Raf-

1. We show that binding of H-Ras to Raf-1 and subsequent MAPK signaling is enhanced by 

Aurora A, and requires active H-Ras. Thus, the functional linkage between Aurora A and the 

H-Ras/Raf-1 protein complex may provide a mechanism for Aurora A’s oncogenic activity 

through direct activation of the H-Ras/Raf-1-MAPK pathway. 

 

2.2 Introduction 

 The Ras family of proteins (H-, K-, and N-Ras) are well characterized oncogenic 

drivers in a variety of cancer types [93, 94]. Ras proteins are GTPases, which function as 

molecular switches to activate molecular signaling cascades in response to extracellular signals. 

Ras binds to and hydrolyzes GTP, cycling between active, GTP-bound and inactive, GDP-

bound states [95, 96]. Structurally, the switch I and II domains of Ras also change in 

conformation when either GTP or GDP is bound [59]. Ras activity is facilitated by GTPase-

activating proteins (GAPs) that facilitate hydrolysis of GTP to GDP, thereby returning Ras to 

an inactive state [97-99]. Conversely, guanine exchange factor proteins (GEFs) bind to GDP-

bound Ras, and help to exchange GDP for GTP and activate Ras. Point mutations in critical 

regions of Ras also affect activity. The oncogenic Ras G12V mutation prevents hydrolysis of 
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GTP, locking the protein in an active conformation [100-102]. This mutation is commonly 

observed in patients and is known to drive cancer progression. In contrast, the dominant 

negative Ras S17N mutant inhibits RasGEF activity, maintaining inactive Ras [103]. 

Active Ras recruits distinct effector proteins to initiate cellular signaling cascades and 

physiological processes [76-78]. Specifically, Ras sustains pro-growth and proliferative 

signaling through activation of the Ras-Raf-MEK-ERK (mitogen activated protein kinase, 

MAPK) pathway [104]. Hyperactive Ras-MAPK signaling increases the transcription of genes 

that drive the cellular growth and survival required for cancer progression [79]. 

Ras-MAPK signaling can upregulate transcription of the mitotic kinase, Aurora Kinase 

A (Aurora A) [37]. Aurora A belongs to a family of serine/threonine kinases (Aurora A, B, 

and C) that function in different spatial and temporal points in the cell to facilitate mitosis [22, 

105]. Aurora A expression is upregulated during mitosis, where it facilitates alignment of 

microtubules to the centromeres, then quickly degraded during mitotic exit [23, 106]. 

Amplification of Aurora A occurs at the DNA, RNA, and protein levels in several cancer 

types, such as breast, glioblastoma, pancreatic, and bladder cancers [44, 45, 107, 108]. Recent 

literature has revealed details about the physiological impact of Aurora A overexpression 

beyond its canonical role in the cell cycle. For example, Aurora A can aid in oncogenic 

processes through forming different protein-protein interactions with many proteins, 

including GTPases [57, 109]. This may be facilitated by the observed mis-localization of 

Aurora A to both the cytoplasm and nuclear compartments in tumor tissue [110, 111]. Clinical 

data further support the role of Aurora A in cancer since overexpression of Aurora A is 

correlated with a worse prognosis and patient outcome [111, 112].  

Interestingly, literature provides evidence of cooperation between MAPK signaling 

and Aurora A beyond transcriptional regulation. Aurora A amplification co-occurs in several 
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cancer types with deregulated Ras signaling [113-116]. Also, Aurora A can enhance the 

transformation of fibroblasts harboring activating Ras mutations [116], while knock-down of 

Aurora A correlates to decreased MAPK signaling [90]. Although these studies point towards 

a function for Aurora A upstream of MAPK signaling, how Aurora A engages the MAPK 

pathway is critical to further elucidate its role as an oncogene in cancer. 

Here we report that the protein-protein interaction of Aurora A and H-Ras is a 

mechanism by which Aurora A functions upstream of H-Ras to promote MAPK signaling. 

The Aurora A and H-Ras interaction validated in this study provides a critical link and potential 

positive feedback loop between two oncogenic proteins known to drive proliferation and 

survival in cancer. Blocking this interaction may have promising therapeutic potential to inhibit 

Ras-MAPK activity in cancer. 

 

2.3 Materials and methods 

Cell culture  

HEK 293T and MCF7 cells were utilized in the described experiments (American Type 

Culture Collection, Manassas, VA). HEK 293T and MCF7 cells were cultured in DMEM 

(Corning, MT10013CV, Manassas, VA) with 10% FBS (Sigma, F6178, St. Louis, MO) and 1% 

pen/strep at 5000I.U/ml penicillin and 5000µg/ml streptomycin (Corning, 30-001-Cl, 

Manassas, VA). Between passages, cells were trypsinized with 0.25% Trypsin with 2.21mM 

EDTA (Corning, 25-053-Cl, Manassas, VA). All cells were maintained at 37°C in a humidified 

atmosphere of 5% CO2. 
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Antibodies 

Primary antibodies used for western blotting include Flag M2 at 1:3000 (Sigma; F3165), Flag-

HRP at 1:1000 (Sigma; A8592), GST Z-5 at 1:3000 (Santa Cruz Biotechnology; sc-459), rabbit 

GST-HRP at 1:1000 (Sigma; A7340), Aurora Kinase A at 1:500 (Cell Signaling; 4718), rabbit 

pERK and ERK (Cell Signaling; 4370, 9102, respectively), pMEK and MEK (Cell Signaling; 

9154, 4694, respectively), pRaf-1 (Cell Signaling; 9427) and Raf-1 (Santa Cruz; sc-133) all at 

1:1000. Secondary antibodies include goat anti-rabbit IgG (Santa Cruz, sc-2004, Dallas, TX) 

and goat anti-mouse IgG (Santa Cruz, sc-2005, Dallas, TX) and were used at either 1:2500 or 

1:5000 dilutions. 

 

Pharmacological inhibitors 

Sorafenib p-Toluenesulfonate Salt (S-8502) and U0126 (U-6770) inhibitors were obtained 

from LC Laboratories (Woburn, MA). Compounds were dissolved in dimethyl sulfoxide 

(DMSO) as 10mM stock and stored at -20°C. Cells were treated for 24 hours with 10µM of 

compounds diluted in DMSO and the indicated doses. 

 

Serum starvation 

MCF7 cells were plated in a 24-well plate at 1x105 cells per well and cultured in 600µl of 

complete medium (as described, DMEM with 10% FBS and 1% Penicillin/Streptomycin). 

Cells were then transfected 24 hours after plating. Complete media was replaced with DMEM 

media without FBS supplementation (serum free media) 24 hours after transfection. Samples 

were collected for the 0 minutes-post serum stimulation time point following 24 hours in 

serum-free media. Then, serum (10% FBS) was added to all remaining wells. Remaining cells 

were collected at time points 5, 10, 15, 45, and 90 minutes after serum stimulation. Cells were 
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collected directly into 70µl SDS loading buffer, boiled for 5 minutes, and subjected to SDS-

PAGE and western blotting. 

 

Transfections 

For experiments with ectopically expressed proteins, HEK 293Ts were transfected using X-

tremeGENE (Roche, 06366546001, Basel, Switzerland). MCF7 cells were transfected with 

FugeneHD (Promega, E2312, Madison WI). Plated cells were transfected at a density of 60-

80% confluency and performed with a ratio of 3µl transfection reagent to 1µg DNA to 100µl 

of serum-free media. DNA was mixed at appropriate concentrations prior to the addition of 

serum-free DMEM. Transfection reagent was then added and incubated at room temperature 

for 15 and 20 minutes (X-tremeGENE and FugeneHD, respectively). Transfection complexes 

were then added drop-wise to plated cells.  

 

Plasmid construction 

All plasmids of full length and truncated proteins were constructed using Gateway® 

technology (Invitrogen, Waltham, MA) according to the manufacturer’s protocols. For GST-

tagged and Venus-Flag tagged plasmids used for Time Resolved-Fluorescence Resonance 

Energy Transfer (TR-FRET) and Glutathione-S-Transferase (GST) pull-downs, pDEST27 

and pFUW vectors were used as destination cloning vectors, respectively. Amino (N-Venus) 

and carboxy (C-Venus) plasmids used for Venus Protein-Fragment Complementation Assay 

(PCA) were generated previously in the lab. Aurora A or H-Ras cDNA was PCR amplified 

and inserted into the pDONR201 (Invitrogen) vector using a BP reaction to generate entry 

cloning vectors. A LR reaction was used to clone the desired DNA into the appropriate 

destination vectors. Constructs were verified by restriction digest using BSRGI (NEB, Catalog, 
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City, State) or FastDigest Bsp1407I (Thermo Scientific, FD0933, City, State), both cutting at 

the T^GTACA attB1 and attB2 (entry clone) or attR1 and attR2 (destination vector) 

recombination sites, and DNA sequencing. Clones in pDEST-27 (GST) vectors were 

sequenced with forward primer 5’-AAGCCACGTTTGGTGGTG-3’ and the standard T7 

reverse primer. Clones in pFUW (Venus-Flag) vectors were sequenced with primer #1 5’-

CGATCACATGGTCCTGCTG-3’ and the standard SP6 reverse primer. 

 

Site-directed mutagenesis 

Site-directed mutagenesis was performed on the GST H-Ras vector to create the catalytically-

inactive mutant (S17N) using the QuikChangeTM Site-Directed Mutagenesis Kit according to 

the manufacturer's protocol (Stratagene). The H-Ras S17N mutant was generated using the 

oligonucleotide forward primer 5'-GGCGGTGTGGGCAAGAATGCGCTGACCATC-3' 

and reverse primer 5'-GATGGTCAGCGCATTCTTGCCCACACCGCC-3'. Successful 

mutagenesis was confirmed by DNA sequencing as described previously.  

 

Protein-Protein interaction studies 

TR-FRET assay 

TR-FRET was performed in 384-well black solid bottom plates (Corning Costar Cat. #3654) 

in a total volume of 30 µL in each well. Briefly, HEK 293T cells were transfected as described 

above. Cells were lysed using 0.5% NP-40 lysis buffer (0.5% NP-40, 150mM NaCl, 10mM 

HEPES, and Phosphatase Inhibitor Cocktail (Sigma, P5726) and Protease Inhibitor Cocktail 

(Sigma, P8340)). Lysates were collected and centrifuged at 13,500g for 10 minutes at 4°C to 

remove cellular debris. Cleared cell lysates were serially diluted in FRET buffer (20mM Tris, 

pH 7.0, 0.01% Nonidet-P40, and 50mM NaCl) in a 384-well plate, bringing the final volume 



34 
	 	

 

of diluted cell lysate to 15µL per well. Then, 15µL of diluted anti-GST-Terbium antibody 

(Cisbio US Inc, 61GSTTLB, Bedford, MA) was added to all wells at a final dilution of 1:1000. 

The TR-FRET signals were detected with an EnVision Multilabel plate reader (PerkinElmer) 

with laser excitation at 337 nm, emission1 at 486 nm and emission2 at 520 nm. TR-FRET 

signal is expressed as ratio and calculated by the following equation: TR-FRET signal = 

F520/F486 × 104, where F486 and F520 are fluorescence counts at 520 nm and 486 nm for 

Venus and terbium emission signal, respectively.  Data were presented as mean with standard 

deviation calculated from duplicate samples (Fig. A-1). 

 

GST pull-down 

Cells were seeded in to a 6-well plate and allowed to reach 60-80% confluency. Cells were then 

harvested by adding 200µL of 0.5% NP-40 lysis buffer to each well, scraping to collect cells 

and transfer to an eppendorf tube, and incubated at 4°C for 30 minutes. Lysis buffer 

components consisted of 0.5% NP-40, 150mM NaCl, 10mM HEPES lysis buffer, and 

Phosphatase Inhibitor Cocktail (Sigma, P5726) and Protease Inhibitor Cocktail (Sigma, P8340) 

at 1:1000. After incubation, lysates were centrifuged to remove cellular debris. After removing 

20µl of the lysate for an input control and the debris pellet, 20µl of a 50% glutathione-

conjugated sepharose bead slurry (Glutathione Sepharose 4B, Fisher Scientific, 50197956, 

Atlanta, GA) was added to the remaining lysate and incubated by slowly rotating for 3-4 hours 

at 4°C. Beads were then washed three times in 0.5% NP-40 lysis buffer by inverting 8 times 

with 200µl of fresh lysis buffer added each time. GST-bound protein complexes were then 

eluted by the addition of 20µl of 2x SDS loading buffer, boiled for 5 minutes, resolved by 

SDS-PAGE subjected to western blotting along with input controls. 
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Venus protein-fragment complementation assay 

Cells were seeded into 24 well plates and transfected at 60% confluency with N-Venus or C-

Venus constructs. After 24 hours, cell nuclei were stained with the addition of Hoechst 33342 

(at 5µg/ml). Images were then acquired using the ImageXpressMicro automated imaging high-

content imaging system (Molecular Devices) with 20X objective. The standard filter set for 

FITC (excitation 482/35 nm and emission 536/40 nm) and DAPI (excitation 337/50 nm and 

emission 447/60 nm) was used for Venus and Hoechst 33342 imaging, respectively. The 

number of green (Venus) and total cells (Hoechst 33342) from the images were calculated 

using the Metamorph Analysis Cell Scoring module and presented as percent of Venus positive 

cells compared to the total number of cells (Fig. A-2).  

 

Western blotting 

Cell lysates were subjected to western blot analysis following protein separation by SDS-

PAGE (10% acrylamide gels) and subsequent transfer to PVDF membranes at 100V for 1.5 

hours. Membranes were blocked in TBST (50 mM Tris, 137 mM NaCl, 0.05% Tween, pH 7.6] 

containing 5% dry milk for 30 minutes – 1 hour at ambient temperature, then incubated at 

4°C or ambient temperatures with primary antibodies diluted in 5% milk in TBST for 

appropriate times. After primary antibody incubation, membranes were washed three times 

with TBST for 5 minutes each prior to incubating with secondary antibody for 1 hour at 

ambient temperatures. For HRP conjugated antibodies, membranes were washed three times 

with TBST for 10 minutes each after blocking with milk prior to incubating with GST-HRP 

or Flag-HRP for 1 hour. Membranes were then washed three times with TBST for 10 minutes 

each and chemiluminescent signal (West Pico, West Dura (ThermoScientific, PI34080 or 

PI34076, respectively) or ECL, Amersham, 84-839, San Diego, CA) was added for 5 minutes 
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prior to developing by autoradiography. Proteins with the Venus-Flag epitope tag were 

detected by blotting with anti-Flag antibody. 

 

2.4 Results 

2.4.1 Aurora A is a novel H-Ras binding partner 

To gain insight into Aurora A signaling pathways and oncogenic activities, we tested 

whether Aurora A directly interacted with a variety of signaling proteins, including Ras. We 

first used the homogeneous, solution-based time-resolved Föster resonance energy transfer 

(TR-FRET) assay to detect binding[117]. The assay has a stringent distance requirement (<10 

nm) between two interacting partners for the generation of TR-FRET signals. Therefore, TR-

FRET signals in this assay format indicate the interaction between two proteins. To monitor 

the interaction of Aurora A and H-Ras, TR-FRET was performed using HEK 293T cell lysate 

with co-expressed GST H-Ras and Venus-Flag Aurora A. Co-expression of GST H-Ras and 

Venus-Flag Aurora A led to the generation of TR-FRET signals in a dose-dependent manner 

(Fig. 2-1A). As background controls, no TR-FRET signal was detected with GST H-Ras or 

Venus-Flag Aurora A expression alone. Such a specific increase of the TR-FRET signal 

supports the direct interaction between Aurora A and H-Ras. 

To confirm the Aurora A/H-Ras interaction detected by TR-FRET, a GST pull-down 

was performed as a secondary affinity-based binding assay. GST pull-downs were conducted 

with lysates from HEK 293T cells co-expressed with GST H-Ras with Venus-Flag Aurora A. 

Aurora A was found to pull down with GST H-Ras complex, but not in control lanes with 

GST (Fig. 2-1B), demonstrating the association of Aurora A with H-Ras and confirming the 

previous TR-FRET results. 
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TR-FRET and GST pull-down assays are both in vitro cell lysate-based assays, thus, we 

further validated the interaction of Aurora A with H-Ras in vivo by utilizing a fluorescence 

(Venus)-based protein-fragment complementation assay (PCA). In this assay, N-Venus or C-

Venus fragments are fused to two interacting proteins. The association of these proteins leads 

to functional reconstitution of Venus and allows the detection of green fluorescence signal 

using imaging. For this purpose, Aurora A and H-Ras were fused with N-Venus and C-Venus, 

respectively, and co-expressed in HEK 293T cells. The percentage of cells with positive 

protein-protein interactions (reconstituted Venus) was revealed by fluorescence imaging. Co-

expression with N-Venus or C-Venus established background (Fig. 2-1C). Co-expression of 

N-Venus Aurora A and C-Venus H-Ras resulted in an increase in the number of fluorescent 

cells compared to the expression of N-Venus Aurora A or C-Venus H-Ras with negative 

controls. Reconstitution of the Venus signal resulting from the interaction of Aurora A and 

H-Ras validates the presence of the interaction in living cells. The interaction was also detected 

in Cos7 fibroblast cells, MCF7 breast cancer cells, and 8-MG-BA glioblastoma cells (data not 

shown). 

Overall, the Aurora A/H-Ras interaction was confirmed by three complementary 

approaches for monitoring protein-protein interactions, supporting Aurora A as a binding 

partner of H-Ras. Thus, the binding of Aurora A and H-Ras may provide a new mechanism 

for Ras regulation. 
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Figure 2-1. Detection of the Aurora A/H-Ras interaction.  

(A) TR-FRET assay performed using lysates from HEK 293T cells in which GST H-Ras was 

co-expressed with Venus-Flag Aurora A or negative controls. TR-FRET signal calculated as 

X/Y*Z; Tb ex 340 nm; Tb em 486 nm (X); Venus em 520nm (Y); Z = 104). TR-FRET signals 

were recorded using an EnVision multilabel plate reader. Data shown are average signals with 

SD from duplicate samples. (B) GST pull-down assay conducted after GST H-Ras complexes 
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were isolated from HEK 293T cell lysates with co-expressed Venus-Flag Aurora or 

appropriate controls. The presence of Venus-Flag Aurora A in the GST H-Ras protein 

complex (GST PD) and protein expression levels in the cell lysate (Input) was detected by 

Western blotting using anti-Flag or anti-GST antibody, respectively. (C) A Venus protein-

fragment complementation (Venus PCA) assay was conducted in living HEK 293T cells co-

expressing N-Venus Aurora A and C-Venus H-Ras or vector controls. Interaction between 

tagged proteins allowed reconstitution of fluorescent Venus protein. The percentage of Venus 

positive cells was quantified by fluorescence imaging and scoring from triplicate samples. The 

percentage represents the number of cells with positive interactions compared to the total 

number of cells (determined by Hoechst staining). Representative images: Venus (positive 

protein-protein interaction), Hoechst (nucleus), Merge (overlap of Venus and Hoechst 

signals). Significance was determined using a two-tailed, two-sample equal variance Student’s 

t-test p<0.05). 
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2.4.2 Aurora A interacts with H-Ras through the switch I and II regions 

Ras proteins contain several key conserved regions that are involved in protein binding 

and oncogenic activity. To further characterize the Aurora A/H-Ras interaction, we next 

determined the structural domains that mediate binding using deletion analysis coupled with 

GST pull-downs. H-Ras truncations were generated and tested for their ability to bind Aurora 

A. The GST H-Ras truncations tested for binding are shown in Fig. 2-2A: a region that 

includes the switch I and II domains (SI&II, amino acids 1-66), deletion of the switch I domain 

(∆SI, amino acids 36-189), deletion of the switch I and II domains (∆SI&II, amino acids 66-

189). Our results show that when co-expressed in HEK 293T cells, binding of Aurora A was 

detected with full-length H-Ras but not with GST (Fig. 2-2B). Aurora A was detected in 

complex with H-Ras SI&II and ∆SI truncations. In contrast, Aurora A was not detected in 

complex with H-Ras ∆SI&II. These data suggest that the N-terminal of H-Ras (amino acids 

1-66) are necessary for the interaction with Aurora A since deletion of this region abrogates 

binding (Fig. 1-2B).  

The N-terminal of H-Ras is highly conserved between the H-, K-, and N-Ras proteins. 

To test if Aurora A may also interact with other Ras proteins, we conducted a GST pull-down 

assay with the three Ras isoforms. Indeed, binding of Aurora A was detected with K-Ras and 

N-Ras as well as H-Ras (Fig. 2-2C).  

 

2.4.3 The kinase domain of Aurora A mediates the H-Ras interaction 

To characterize the domains of Aurora A that mediate binding to H-Ras, truncations 

of Aurora A were generated and tested for binding by GST pull-down. Venus-Flag Aurora A 

truncations are shown in Fig. 2-2D: the N-terminal and kinase domains of Aurora A (NK, 

amino acids 1-383), the N-terminal fragment of Aurora A (N, amino acids 1-130), the kinase 
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domain alone (K, amino acids 130-383), and the C-terminal domain (C, amino acids 383-403). 

Full length Aurora A binds to H-Ras, but not to GST (Fig. 2-2E). Binding of the NK and K 

truncations of Aurora A to H-Ras was detected. Conversely, no binding of Aurora A 

truncations lacking the kinase domain (N and C) to H-Ras was observed. This binding pattern 

suggests that the region of Aurora A that interacts with H-Ras lies within the kinase domain 

of Aurora A.  

Aurora B is an isoform of Aurora A that is also linked to cancer and can enhance the 

transformation of fibroblasts with the H-Ras G12V mutation [89]. The kinase domains of 

Aurora A and Aurora B are 53% homologous [22]. To determine if Aurora B is also able to 

bind to H-Ras, we conducted a GST pull-down assay to test their interaction. Indeed, Aurora 

B was capable of binding to H-Ras (Fig. 2-2F). 
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Figure 2-2. Interactions between Aurora and Ras proteins are mediated through 

conserved domains.  
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(A) Diagram of GST H-Ras protein domains and truncations used for deletion analysis: FL 

(amino acids 1-189), SI&II (amino acids 1-66), ∆SI (amino acids 36-189), ∆SI&II (amino acids 

66-189). (B) Characterization of the H-Ras protein domain responsible for binding to Aurora 

A. GST pull-down conducted from HEK 293T cells co-expressing GST H-Ras truncations 

and Venus-Flag Aurora A. Western blotting using anti-Flag or anti-GST antibody allowed 

detection of GST H-Ras peptides that were able to isolate full-length Aurora A. Full-length 

Aurora A/H-Ras protein binding was used as a positive control. (C) Aurora A exists in protein 

complexes with H-, K-, or N-Ras. Binding of Aurora A as detected in GST pull-downs 

conducted from HEK 293T cells expressing GST H-Ras, GST K-Ras, or GST N-Ras and 

Venus-Flag Aurora A along with vector controls. (D) Characterization of the H-Ras binding 

domain on Aurora A. Diagram of Aurora A protein domains and truncations used for deletion 

analysis: FL (amino acids 1-403), NK (amino acids 1-383), N (amino acids 1-130), K (amino 

acids 130-383), C (amino acids 383-403). (E) GST pull-down conducted from HEK 293T cells 

co-expressing full-length GST H-Ras and Venus-Flag Aurora A truncations and analyzed by 

western blotting. Binding between full-length proteins served as a positive control. (F) Aurora 

B interacts with H-Ras. Like Aurora A, Aurora B can be isolated in a protein complex with H-

Ras. Binding of Aurora B as detected in GST pull-downs conducted from HEK 293T cells 

expressing GST H-Ras and Venus-Flag Aurora B along with vector controls was identified by 

western blotting using anti-Flag or anti-GST antibodies. 
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2.4.4 Aurora A enhances ERK phosphorylation 

 Aurora A interacts with a region of H-Ras that mediates effector engagement and 

oncogenic signaling. Downstream from Ras proteins, MAPK signaling is a critical pathway for 

sustained proliferative signaling in many cancers. Therefore, we sought to examine the 

functional impact of the Aurora A/H-Ras interaction on the MAPK pathway. We first used 

western blotting to evaluate the impact of co-expressed Aurora A and H-Ras on ERK 

phosphorylation as a readout for MAPK signaling. As shown in Fig. 2-3A, no detectable effect 

on ERK phosphorylation was observed when Aurora A was expressed alone, while the 

expression of H-Ras alone induced ERK phosphorylation. Interestingly, co-expression of 

Aurora A and H-Ras further enhanced ERK phosphorylation compared to H-Ras alone. By 

conducting a GST pull-down in parallel, we confirmed that the observed increase in ERK 

phosphorylation correlated with the interaction of Aurora A and H-Ras (Fig. 2-3A). 

Since Aurora A enhanced ERK phosphorylation when co-expressed with H-Ras in 

HEK 293T cells, we next sought to determine if Aurora A also affected ERK phosphorylation 

in cancer cells. With the sustained activation that occurs in cancer, ERK translocates to the 

nucleus to promote the transcription of genes that drive cell cycle progression [118, 119]. 

Therefore, we also tested if Aurora A was able to sustain ERK phosphorylation in a temporal, 

serum-dependent manner. 

To do this, we utilized breast adenocarcinoma-derived MCF7 cells. Aurora A has been 

previously investigated as a therapeutic target in breast cancer and overexpression of Aurora 

A and robust ERK levels occur in this cell line [120]. Our results show that in conditions 

without H-Ras expression, serum starvation blocks ERK phosphorylation and serum 

stimulation induces ERK phosphorylation in a temporal manner (Fig. 2-3B). However, in 

serum starved cells expressing H-Ras, ERK phosphorylation levels are elevated in the presence 
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of Aurora A compared to the vector control (Fig. 2-3B, lane one of panels three and four). 

Lastly, after serum release, Aurora A prolongs ERK activation when co-expressed with H-Ras 

compared to expression of H-Ras alone (Fig. 2-3B, panels three and four).  

Together, these data show that the co-expression of Aurora A and H-Ras enhances 

and sustains ERK phosphorylation. 

 

2.4.5 Aurora A-induced ERK phosphorylation requires Ras-MAPK signaling 

To clarify if the enhanced ERK phosphorylation observed in the presence of Aurora 

A and H-Ras requires Ras-MAPK signaling, we first employed site-specific inactivating or 

activating H-Ras mutants [121]. An activating mutant that mimics GTP-binding (GST H-Ras 

G12V) and a dominant negative GDP-binding preferred mutant (GST H-Ras S17N) were 

tested for the ability to interact with Venus-Flag Aurora A by GST pull-down in HEK 293T 

cells. When H-Ras WT or G12V were expressed in cells, ERK phosphorylation was stimulated 

(Fig. 2-3C). In contrast, H-Ras S17N effectively blocked ERK phosphorylation. Co-

expression of Aurora A potentiated ERK phosphorylation in the presence of H-Ras WT and 

G12V, but not H-Ras S17N. In the GST pull-down, we observed that although Aurora A 

requires active H-Ras to potentiate ERK phosphorylation, Aurora A was able to bind the WT, 

G12V, and S17N forms of H-Ras (Fig. 2-3C). These data also suggest that the activity and 

conformation of H-Ras minimally impacts the ability of Aurora A to bind H-Ras; however, 

increased ERK phosphorylation requires active H-Ras. 

To further validate that Ras-MAPK signaling is required for ERK phosphorylation, 

we took an alternative approach, employing pharmacological inhibitors to probe the 

involvement of Raf-1 and MEK in the effect of Aurora A on ERK phosphorylation. If Aurora 

A acts through MAPK signaling to activate ERK, pharmacological inhibition of the MAPK 
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pathway would block this effect. Following Aurora A and H-Ras co-expression in HEK 

293Ts, cells were treated with Raf-1 and MEK kinase inhibitors. While expression of H-Ras 

was able to induce MEK and ERK phosphorylation in DMSO-treated cells, inhibition of Raf-

1 and MEK by Sorafenib and U0126, respectively, inhibited ERK phosphorylation (Fig. 2-

3D). We then tested if the ERK phosphorylation triggered by Aurora A co-expression also 

requires active Raf-1 and MEK. Indeed, these inhibitors were able to block ERK 

phosphorylation induced by Aurora A. In this model, serum starvation was unable to reduce 

ERK phosphorylation [122]. Collectively, these results support the hypothesis that Aurora A 

potentiates ERK phosphorylation through the Ras-MAPK signaling.  
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Figure 2-3. Aurora A potentiates ERK activation via H-Ras.  

(A) Detection of the Aurora A/H-Ras interaction correlates with enhanced pERK. GST pull-

down (described in Figure 1B) between GST H-Ras and Venus-Flag Aurora A with 

corresponding western blot analysis of cell lysate inputs to assess changes in pERK compared 

to total ERK 48-hours post-transfection in HEK 293T cells. (B) Aurora A sustains pERK 

levels in MCF-7 breast cancer cells. MCF-7 cells were either untransfected, transfected with 

Venus-Flag Aurora A or GST H-Ras with appropriate controls, or transfected with GST H-

Ras and Venus-Flag Aurora A. As detected by western blotting, changes in pERK induced by 
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co-transfected plasmids was assessed after cells were stimulated with serum for 0, 5, 10, 45, 

and 90 minutes after 24-hours of serum starvation. A short exposure (SE) and longer exposure 

(LE) of pERK is shown. (C) H-Ras activity is required for potentiation of pERK by Aurora 

A. GST pull-down comparing binding and signaling changes between co-expression of GST 

H-Ras (WT), GST H-Ras G12V activating mutant, or GST H-Ras S17N dominant negative 

mutant with Venus-Flag Aurora A in HEK 293T cells. Western blot analysis of inputs to assess 

changes in pERK compared to total ERK 48 hours post-transfection. (D) Use of a 

pharmacological probe for the MAPK signaling pathway in HEK 293T cells co-expressing 

Aurora A and H-Ras alone or in combination. 24-hours post transfection, cells were treated 

with DMSO vehicle control (Veh.), serum starvation (S.S.) Sorafenib (Soraf.) or U0126 at 

10µm then subjected to a GST pull-down and western blot analysis. Western blotting was 

conducted using anti-Flag, anti-GST, anti-pMEK, anti-MEK, anti-pERK, and anti-ERK 

antibodies. 
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2.4.6 Aurora A forms a protein complex with H-Ras and Raf-1 and acts through H-Ras 

to enhance MAPK signaling 

To initiate MAPK signaling, GTP-bound Ras must recruit Raf-1 to the plasma 

membrane to dimerize, transphosphorylate, and initiate the kinase cascade. As we have 

demonstrated that Aurora A engaged with the N-terminal domain of H-Ras that contains the 

effector binding domain and enhances MAPK signaling, we next sought to determine if 

Aurora A also associated with the Ras effector, Raf-1. TR-FRET results in HEK 293T cells 

showed that GST Raf-1 and Venus-Flag Aurora A exhibit a dose-dependent increase in TR-

FRET signal compared to the negative controls (Fig. 2-4A), providing evidence of an 

interaction of Aurora A with Raf-1. The binding of Aurora A and Raf-1 was also confirmed 

by GST pull-down (Fig. 2-4B).  

Since Aurora A interacts with both H-Ras and Raf-1, one mechanism by which Aurora 

A may enhance Ras-MAPK signaling is by stabilizing the H-Ras/Raf-1 protein complex. To 

test this hypothesis, we conducted a GST pull-down assay testing the binding of both Venus-

Flag Aurora A and Flag Raf-1 to either GST H-Ras WT or GST H-Ras S17N. Results from 

HEK 293T cells revealed that H-Ras WT forms a protein complex with Aurora A and Raf-1 

(Fig. 2-4C). In addition, binding of both Aurora and Raf-1 to H-Ras WT is enhanced and ERK 

phosphorylation is strongly increased when all three proteins are co-expressed. In contrast to 

H-Ras WT, Raf-1 does not bind H-Ras S17N. Further, this inactive H-Ras mutant maintains 

the ability to interact with Aurora A, but Aurora A/H-Ras S17N binding was not enhanced as 

is observed with H-Ras WT. 

An assessment of signaling changes demonstrates that ERK phosphorylation levels 

are tightly linked to Aurora A/H-Ras/Raf-1 protein complex formation. Aurora A further 
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enhances the ERK phosphorylation stimulated by H-Ras or Raf-1. Further, ERK remains 

inactive when Aurora A or Raf-1 are expressed with H-Ras S17N (Fig. 2-4C).  

Together, these data demonstrate that Aurora A forms a protein complex with both 

H-Ras and Raf-1, stabilizes the H-Ras/Raf-1 interaction, and promotes MAPK signaling (Fig. 

2-5). We also reveal that although Aurora A interacts with both H-Ras and Raf-1, H-Ras 

activity is required for the ability of Aurora A to enhance MAPK signaling.
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Figure 2-4. Aurora A forms a complex with H-Ras and Raf-1, acting through H-Ras to 

enhance ERK activation.  

(A) Aurora A directly interacts with Raf-1. TR-FRET was performed using HEK 293T lysates 

in which GST Raf-1 and Venus-Flag Aurora A along with vector controls were co-expressed. 

TR-FRET signals were recorded using an EnVision multilabel plate reader. Data shown are 

average signals with SD from duplicate samples. (B) Aurora A associates with Raf-1. GST pull-

down (as described in Figure 1B) between GST Raf-1 and Venus-Flag Aurora A with 
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corresponding western blot analysis of inputs to assess changes in pERK compared to total 

ERK 48-hours post-transfection in HEK 293T cells. (C) Aurora A/H-Ras/Raf-1 interactions 

stabilize the protein signaling complex. GST pull-down comparing the ability of wild-type (H-

Ras WT) or dominant negative (H-Ras S17N) H-Ras to isolate either co-expressed Aurora A, 

Raf-1, or both proteins. Western blot analysis demonstrates binding of Aurora A or Raf-1 to 

H-Ras and the induced effect on pERK. Since both epitope-tagged proteins resolve around 

the same size, anti-Aurora A and anti-Raf-1 antibodies were used instead of anti-Flag. GST-

tagged H-Ras WT and H-Ras S17N were detected using anti-GST antibody. Changes in pERK 

were detected using anti-pERK antibody. 
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Figure 2-5. Proposed model for the role of Aurora A in the Aurora A/H-Ras/Raf-1 

oncogenic signaling complex.  

Aurora A interacts with H-Ras and enhances Ras-MAPK signaling. The Aurora A/H-Ras 

interaction is mediated by the kinase domain of Aurora A and the N-terminal domain of H-

Ras. H-Ras is required for Aurora-mediated MAPK signaling, as the dominant negative 

mutant, H-Ras S17N blocks this effect. To enhance MAPK signaling, Aurora A also interacts 

with Raf-1 and stabilizes the H-Ras/Raf-1 protein complex. Thus, Aurora A forms a protein 

complex with H-Ras and Raf-1 to enhance oncogenic Ras-MAPK signaling. 
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2.5 Discussion 

The family of Ras proteins (H, K, and N-Ras) function as oncogenic drivers in many 

cancer types by transmitting pro-growth and proliferative signals through the Ras-MAPK 

pathway. In this study, we identify a novel protein-protein interaction between Aurora A and 

Ras that provides a mechanism by which Aurora A acts as a regulator of Ras-MAPK signaling 

[113-116].  

Using complementary protein-protein interaction assays, we demonstrated that 

Aurora A interacts with H-Ras and Raf-1, functioning upstream of Ras in the MAPK pathway 

to potentiate Ras-mediated MAPK signaling. Cooperation between Aurora A and the Ras-

MAPK signaling pathway is implicated in various cancer models. For example, Aurora A 

overexpression and Ras alterations co-occur in pancreatic, colon, and bladder cancers [113-

116]. Additionally, modulation of ERK activity and the ETS promoter alters Aurora A 

expression, indicating that MAPK signaling regulates transcription of Aurora A [37]. Other 

studies place Aurora A upstream of MAPK signaling, enhancing H-Ras G12V transformation 

[116, 123] Similarly, knockdown of Aurora A in nasopharyngeal cancer cells reduced invasion 

by reducing activation of Ras pathway components [90]. Our work, taken together with 

independent studies by other research groups [37, 51, 89, 115, 116, 123-131], suggests that 

Aurora A may form a positive feedback loop that contributes to cell growth and proliferation. 

In characterizing the structural domains that mediate the Aurora A/H-Ras interaction, we 

identified that a region within the kinase domain of Aurora A (amino acids 130 – 383) interacts 

with the N-terminal domain of H-Ras (amino acids 1-66). Although most of our 

characterization was done with H-Ras, the fact that Aurora A is able to bind the three isoforms 

of Ras and could bind the H-Ras G12V mutant suggests that the functional role of Aurora A 
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in MAPK signaling may be expanded to cancers with different predominant isoforms or 

mutation status. 

Our finding that Aurora A interacts with Ras isoforms adds to previous reports of 

binding between Aurora family proteins and other GTPases and Ras-binding proteins. Aurora 

A interacts with RalA [51], Aurora A and B bind Ras GAP [49, 50], and Aurora B binds 

MgcRacGAP [132]. Both Aurora A and B have been implicated in cancer, thus the 

confirmation that Aurora B is also able to interact with H-Ras also expands the implications 

of this work and compliments studies in which Aurora B was found to associate with Survivin 

and RasGAP, and to stabilize Ras expression [131]. At this state, it remains unclear if Aurora 

B interacts with H-Ras while in complex with Survivin, or independently. 

Raf-1 was identified to associate with Aurora A and other cell cycle machinery during 

mitosis [133] [134]. This led to the idea that Raf-1 may also exert MAPK-independent roles. 

Our finding reveals that Aurora A forms a protein complex with H-Ras and Raf-1, also placing 

the Aurora A/Raf-1 interaction in the context of Ras-MAPK signaling. The association of 

Aurora A with H-Ras does not appear to compete with H-Ras/Raf-1 binding and, in fact, 

enhances the protein complex. Since the Aurora A/H-Ras/Raf-1 complex does not form and 

MAPK signaling is not stimulated without active H-Ras, we were also able to show that H-

Ras activity is required for Aurora A-induced Ras-MAPK signaling.  

Beyond the interactions we discovered, how Aurora A leads to enhanced Ras-MAPK 

signaling remains to be established. It is possible that the Aurora A/H-Ras interaction may 

increase GEF activity, prevent GAP activity, or induce an active conformation of H-Ras. Ras 

G12V is a mutant of Ras that binds GAP but is unable to hydrolyze GTP. Because we were 

able to demonstrate that co-expression of Aurora A and H-Ras G12V also enhances ERK 
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activation, the mechanism of action of Aurora A may be Ras-GAP independent despite 

reports that both Aurora A and Aurora B both associate with Ras GAP [49, 135]. 

Attempts to directly target Ras proteins for cancer treatment have been largely 

unsuccessful in the clinic [75, 135]. Another opportunity to inhibit Ras signaling is by targeting 

protein-protein interactions that affect the regulation of Ras. Therefore, our identification of 

the novel interaction between Aurora A and H-Ras as a mechanism by which Aurora A can 

activate Ras-MAPK signaling opens the way for studies into perturbation of the Aurora A/H-

Ras interaction and the effect on Ras-MAPK signaling. Evidence from these future studies 

would suggest that the interactions between Aurora A and Ras may serve as a therapeutic 

target in cancer. 
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Chapter 3: The impact of kinase activity on the Aurora A/H-Ras/Raf-1 protein 
complex 
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3.1 Introduction 

Aurora Kinase A (Aurora A) is a serine/threonine kinase that mediates oncogenic 

signaling through both mitotic and non-mitotic functions. Chapter 2 discussed our work to 

identify Aurora A as a binding partner of H-Ras. H-Ras is a GTPase that activates several 

oncogenic signaling pathways, including the mitogen-activated protein kinase (MAPK) 

pathway. We found that Aurora A forms a protein complex with H-Ras and Raf-1, a Ras 

effector protein that mediates Ras-MAPK signaling. 

Characterization of the domains involved in the interaction of Aurora A and H-Ras 

revealed that the kinase domain of Aurora A mediates the interaction. The kinase activity of 

Aurora A is essential for a number of oncogenic functions, including facilitating mitosis and 

degrading p53 [22, 44]. Interestingly, Aurora A is able to phosphorylate other GTPases and 

proteins involved in Ras signaling. Aurora A phosphorylates and positively regulates Ras 

family protein, RalA, promoting RalA association with the plasma membrane and anchorage-

independent growth [51, 136]. Aurora A also phosphorylates RalGDS, a RalGEF that activates 

RalA. Although there are Aurora A kinase inhibitors are in clinical development, previous 

compounds failed in the clinic due to intolerable toxicity in patients [137]. 

We observed that Raf-1 enhances the interaction of Aurora A and H-Ras in the Aurora 

A/H-Ras/Raf-1 protein complex. Raf-1 belongs to a family of serine/threonine kinases (with 

A-Raf and B-Raf) that are recruited to the plasma membrane and activated by Ras [138]. Upon 

activation, Raf proteins begin phosphorylation events in a kinase cascade involving MEK and 

ERK. Mutations in Raf-1 are relatively rare in human cancer (less than 2%), but do occur in 

patients with Noonan Syndrome, a genetic disorder that affects physical and mental 

development [139, 140]. Structurally, Raf-1 has three distinct regions that are involved in its 

function. The N-terminal half of Raf-1 contains conserved regions (CR), CR1 and CR2. CR1 
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consists of the Ras-binding domain (RBD) and the cysteine-rich domain (CRD). CR2 consists 

of inhibitory phosphorylation sites, namely S259 which induces inhibitory 14-3-3 binding 

[141]. Notably, activating mutations in Raf-1 at the S259 site have been identified in colon and 

ovarian cancer [142]. The C-terminal half contains CR3, the catalytic domain and sites of 

activating phosphorylation including S338 within the activation loop of the kinase and S621 

which allows activating 14-3-3 binding [138]. Although clinical development of Sorafenib as a 

Raf kinase inhibitor also revealed details about Raf dimerization and clinical resistance [143], 

several Raf targeted inhibitors are successfully used in the clinic for the treatment of cancer. 

Due to the prominent role of kinase in mediating cellular signaling, we hypothesized 

that kinase activity may play a role in the formation of the Aurora A/H-Ras/Raf-1 protein 

complex. By using a combination of site-specific mutants and pharmacological inhibition, we 

reveal that the kinase activity of Raf-1 plays a role in stabilizing the Aurora A/H-Ras/Raf-1 

protein complex. Lastly, we show that Sorafenib, an FDA-approved Raf-1 inhibitor also acts 

to disrupt the Aurora A/H-Ras interaction.   

 

3.2 Materials and methods 

Cell culture  

HEK 293T (American Type Culture Collection, Manassas, VA) cells were cultured in DMEM 

(Corning, MT10013CV, Manassas, VA) with 10% FBS (Sigma, F6178, St. Louis, MO) and 1% 

pen/strep at 5000I.U/ml penicillin and 5000µg/ml streptomycin (Corning, 30-001-Cl, 

Manassas, VA). Between passages, cells were trypsinized with 0.25% Trypsin with 2.21mM 

EDTA (Corning, 25-053-Cl, Manassas, VA). Cells were maintained at 37°C in a humidified 

atmosphere of 5% CO2. 
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Antibodies 

Primary antibodies used for western blotting include Flag M2 at 1:3000 (Sigma; F3165), Flag-

HRP at 1:1000 (Sigma; A8592), GST Z-5 at 1:3000 (Santa Cruz Biotechnology; sc-459), rabbit 

GST-HRP at 1:1000 (Sigma; A7340), Aurora Kinase A at 1:500 (Cell Signaling; 4718), rabbit 

pERK and ERK (Cell Signaling; 4370, 9102, respectively), pMEK and MEK (Cell Signaling; 

9154, 4694, respectively), pRaf-1 (Cell Signaling; 9427) and Raf-1 (Santa Cruz; sc-133) all at 

1:1000. Secondary antibodies include goat anti-rabbit IgG (Santa Cruz, sc-2004, Dallas, TX) 

and goat anti-mouse IgG (Santa Cruz, sc-2005, Dallas, TX) and were used at either 1:2500 or 

1:5000 dilutions. 

 

Pharmacological inhibitors 

Sorafenib p-Toluenesulfonate Salt (S-8502) was obtained from LC Laboratories (Woburn, 

MA) and dissolved in dimethyl sulfoxide (DMSO) as 10mM stock and stored at -20°C. Cells 

were treated for 24 hours with compounds diluted in DMSO and the indicated doses. 

 

Transfections 

For experiments with ectopically expressed proteins, HEK 293Ts were transfected using X-

tremeGENE (Roche, 06366546001, Basel, Switzerland). Plated cells were transfected at a 

density of 60-80% confluency and performed with a ratio of 3µl transfection reagent to 1µg 

DNA to 100µl of serum-free media. DNA was mixed at appropriate concentrations prior to 

the addition of serum-free DMEM. Transfection reagent was then added and incubated at 

room temperature for 15 minutes. Transfection complexes were then added drop-wise to 

plated cells.  
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Plasmid construction 

All plasmids of full length and truncated proteins were constructed using Gateway® 

technology (Invitrogen, Waltham, MA) according to the manufacturer’s protocols. For GST-

tagged and Venus-Flag tagged plasmids used for Time Resolved-Fluorescence Resonance 

Energy Transfer (TR-FRET) and Glutathione-S-Transferase (GST) pull-downs, pDEST27 

and pFUW vectors were used as destination cloning vectors, respectively. Full-length Aurora 

A, H-Ras, and full-length and truncated Raf-1 plasmids were previously generated in the lab. 

For the Aurora A truncations, cDNA was PCR amplified and inserted into the pDONR201 

(Invitrogen) vector using a BP reaction to generate entry cloning vectors. A LR reaction was 

used to clone the desired DNA into the appropriate destination vectors. Constructs were 

verified by restriction digest using BSRGI (NEB, Catalog, City, State) or FastDigest Bsp1407I 

(Thermo Scientific, FD0933, City, State), both cutting at the T^GTACA attB1 and attB2 (entry 

clone) or attR1 and attR2 (destination vector) recombination sites, and DNA sequencing. 

Clones in pDEST-27 (GST) vectors were sequenced with forward primer 5’-

AAGCCACGTTTGGTGGTG-3’ and the standard T7 reverse primer. Clones in pFUW 

(Venus-Flag) vectors were sequenced with primer #1 5’-CGATCACATGGTCCTGCTG-3’ 

and the standard SP6 reverse primer. Flag only constructs were generated previously in the 

laboratory. 

 

GST pull-down 

Cells were seeded in to a 6-well plate and allowed to reach 60-80% confluency. Cells were then 

harvested by adding 200µL of 0.5% NP-40 lysis buffer to each well, scraping to collect cells 

and transfer to an eppendorf tube, and incubated at 4°C for 30 minutes. Lysis buffer 

components consisted of 0.5% NP-40, 150mM NaCl, 10mM HEPES lysis buffer, and 
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Phosphatase Inhibitor Cocktail (Sigma, P5726) and Protease Inhibitor Cocktail 2 (Sigma, 

P8340) at 1:1000. For phosphatase inhibitor experiments only, the addition of the tyrosine 

phosphatase inhibitor, Phosphatase Inhibitor Cocktail 3 (Sigma, P0044) was used at 1:1000 

also. After incubation, lysates were centrifuged to remove cellular debris. After removing 20µl 

of the lysate for an input control and the debris pellet, 20µl of a 50% glutathione-conjugated 

sepharose bead slurry (Glutathione Sepharose 4B, Fisher Scientific, 50197956, Atlanta, GA) 

was added to the remaining lysate and incubated by slowly rotating for 3-4 hours at 4°C. Beads 

were then washed three times in 0.5% NP-40 lysis buffer by inverting 8 times with 200µl of 

fresh lysis buffer added each time. GST-bound protein complexes were then eluted by the 

addition of 20µl of 2x SDS loading buffer, boiled for 5 minutes, resolved by SDS-PAGE 

subjected to western blotting along with input controls.  

 

TR-FRET assay 

TR-FRET was performed in 384-well black solid bottom plates (Corning Costar Cat. #3654) 

in a total volume of 30 µL in each well. Briefly, HEK 293T cells were transfected as described 

above. Cells were lysed using 0.5% NP-40 lysis buffer (0.5% NP-40, 150mM NaCl, 10mM 

HEPES, and Phosphatase Inhibitor Cocktail (Sigma, P5726) and Protease Inhibitor Cocktail 

(Sigma, P8340)). Lysates were collected and centrifuged at 13,500g for 10 minutes at 4°C to 

remove cellular debris. Cleared cell lysates were serially diluted in FRET buffer (20mM Tris, 

pH 7.0, 0.01% Nonidet-P40, and 50mM NaCl) in a 384-well plate, bringing the final volume 

of diluted cell lysate to 15µL per well. Then, 15µL of diluted anti-GST-Terbium antibody 

(Cisbio US Inc, 61GSTTLB, Bedford, MA) was added to all wells at a final dilution of 1:1000. 

The TR-FRET signals were detected with an EnVision Multilabel plate reader (PerkinElmer) 

with laser excitation at 337 nm, emission1 at 486 nm and emission2 at 520 nm. TR-FRET 
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signal is expressed as ratio and calculated by the following equation: TR-FRET signal = 

F520/F486 × 104, where F486 and F520 are fluorescence counts at 520 nm and 486 nm for 

Venus and terbium emission signal, respectively. Data presented as mean with standard 

deviation calculated from duplicate samples (Fig. A-1). 

 

Western blotting 

Cell lysates were subjected to western blot analysis following protein separation by SDS-

PAGE (10% acrylamide gels) and subsequent transfer to PVDF membranes at 100V for 1.5 

hours – 2 hours. Membranes were blocked in TBST (50 mM Tris, 137 mM NaCl, 0.05% 

Tween, pH 7.6] containing 5% dry milk for 30 minutes – 1 hour at ambient temperature, then 

incubated at 4°C or ambient temperatures with primary antibodies diluted in 5% milk in TBST 

for appropriate times. After primary antibody incubation, membranes were washed three times 

with TBST for 5 minutes each prior to incubating with secondary antibody for 1 hour at 

ambient temperatures. For HRP conjugated antibodies, membranes were washed three times 

with TBST for 10 minutes each after blocking with milk prior to incubating with GST-HRP 

or Flag-HRP for 1 hour. Membranes were then washed three times with TBST for 10 minutes 

each and chemiluminescent signal (West Pico, West Dura (ThermoScientific, PI34080 or 

PI34076, respectively) or ECL, Amersham, 84-839, San Diego, CA) was added for 5 minutes 

prior to developing by autoradiography. Proteins with the Venus-Flag epitope tag were 

detected by blotting with anti-Flag antibody. 

 

3.3 Results 

3.3.1 The kinase domains of Aurora A and Raf-1 mediate their interaction 
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To determine which regions of Aurora A are able to bind Raf-1, we tested the binding 

of Aurora A to Raf-1 by conducting a GST pull-down with GST Raf-1 and Venus-Flag Aurora 

A truncations co-expressed in HEK 293T cells. Venus-Flag Aurora A truncations spanned 

key protein domains: the N-terminal and kinase domains of Aurora A (NK, amino acids 1-

383), the N-terminal fragment of Aurora A (N, amino acids 1-130), the kinase domain alone 

(K, amino acids 130-383), and the C-terminal domain (C, amino acids 383-403) (Fig. 3-1A). 

GST pull-down results shows that as a positive control, full length Aurora A binds to Raf-1, 

but not to GST (Fig. 3-1B). Binding of Aurora A NK and K truncations to Raf-1 was also 

detected, suggesting that the kinase domain of Aurora A is both necessary and sufficient for 

Raf-1 binding. Interestingly, we previously determined that the kinase domain of Aurora A 

also mediates binding to H-Ras. 

To evaluate the domains of Raf-1 that mediate binding to Aurora A, we used TR-

FRET to test the binding of key Raf-1 domains. The GST Raf-1 truncations used are shown 

in Fig. 3-1C: N-terminal half of Raf-1 (N, amino acids 1-321) and the C-terminal half (C, amino 

acids 321-648). GST Raf-1 or Raf-1 truncations were co-expressed with Venus-Flag Aurora A 

or Venus-Flag. Full length Aurora A binds to Raf-1, but not to GST (Fig. 3-1D). Dose-

dependent increases in TR-FRET signals were detected when Aurora A was co-expressed with 

the C-terminal half of Raf-1. Binding of the N-terminal half of Raf-1 was comparable to 

negative controls. The kinase domain is the primary component of the C-terminal half of Raf-

1; therefore, this data suggests that the kinase domain of Raf-1 is involved in the Aurora 

A/Raf-1 interaction.  
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Figure 3-1. The kinase domains of Aurora A and Raf-1 are involved in the interaction.  

(A) Characterization of the Raf-1 binding domain on Aurora A. Diagram of Aurora A protein 

domains and truncations used for deletion analysis: FL (amino acids 1-403), NK (amino acids 

1-383), N (amino acids 1-130), K (amino acids 130-383), C (amino acids 383-403). (B) GST 

pull-down conducted from HEK 293T cells co-expressing full-length GST Raf-1 and Venus-

Flag Aurora A truncations. Binding between full-length proteins served as a positive control. 

The presence of Venus-Flag Aurora A truncations in the GST H-Ras protein complex (GST 

PD) and protein expression levels in the cell lysate (Input) were detected by Western blotting 



66 
	 	

 

using anti-Flag or anti-GST antibody, respectively. (C) Characterization of the Aurora A 

binding domain on Raf-1. Diagram of Raf-1 protein domains and truncations used for deletion 

analysis: FL (amino acids 1-648), N (amino acids 1-321), C (amino acids 321-648). (D) TR-

FRET assay performed using lysates from HEK 293T cells in which GST Raf-1 truncations 

were co-expressed with Venus-Flag Aurora A or negative controls. TR-FRET signal calculated 

as X/Y*Z; Tb ex 340 nm; Tb em 486 nm (X); Venus em 520nm (Y); Z = 104). TR-FRET 

signals were recorded using an EnVision multilabel plate reader. Data shown are average 

signals with SD from duplicate samples.  
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3.3.2 The Aurora A/H-Ras interaction is phosphorylation independent 

Aurora A and Raf-1 are kinases that regulate protein function through 

phosphorylation of substrates. Phosphorylation events can direct cellular processes from 

binding to degradation to translocation. In our previous work, we determined that Aurora A 

acts through H-Ras to activate Ras-MAPK signaling; without functional H-Ras, Aurora A was 

unable to promote MAPK activation. Considering the importance of the Aurora A/H-Ras 

interaction, we sought to test whether the interaction was modulated by phosphorylation. To 

do this, we co-expressed GST H-Ras and Venus-Flag Aurora A in HEK 293T cells and 

conducted a GST pull-down in the presence or absence of phosphatase inhibitors. If the 

interaction was modulated by kinase activity, the removal of phosphate from key 

phosphorylation sites on either protein in the lysate would influence binding observed by GST 

pull-down. First, we confirmed the binding of Venus-Flag Aurora A to GST H-Ras but not 

GST in our typical GST pull-down conditions using phosphatase inhibitor (Fig. 3-2). We also 

observe that the presence of Aurora A in the H-Ras protein complex is unaffected in the 

absence of phosphatase inhibitors. However, the activating phosphorylation of ERK at 

T202/204 is lost when phosphatase inhibitors were removed. Thus, the Aurora A/H-Ras 

interaction may be independent of phosphorylation events since the Aurora A/H-Ras 

interaction is maintained in the presence of active phosphatases. 
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Figure 3-2. The Aurora A/Raf-1 interaction is phospho-independent.  

GST pull-down conducted in the presence or absence of phosphatase inhibitors from HEK 

293T cells co-expressing full-length GST H-Ras and Venus-Flag Aurora A and analyzed by 

western blotting. The presence of Venus-Flag Aurora A in the GST H-Ras protein complex 

(GST PD) and protein expression levels in the cell lysate (Input) were detected by Western 

blotting using anti-Flag or anti-GST antibody, respectively. 
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3.3.3 Constitutively active Raf-1 enhances Aurora A/Raf-1 binding 

 Although the interaction of Aurora A and H-Ras appears to be phosphorylation 

independent, we previously determined that expression of Aurora A enhanced the H-Ras/Raf-

1 interaction. Likewise, binding of Aurora A to H-Ras in the same protein complex was also 

enhanced due to the presence of Raf-1. As Aurora A is able to bind Raf-1 directly, we next 

sought to evaluate the importance of Raf-1 kinase activity in the Aurora A/Raf-1 interaction. 

Raf-1 is a dynamically regulated protein in which post-translational modification and 

conformation strongly influence the kinase activity. Phosphorylation of Raf-1 at S259 and 

S621 allows 14-3-3 binding, maintaining Raf-1 in an auto-inhibitory conformation. Activated 

Ras recruits Raf-1 to the plasma membrane. Following Ras/Raf binding, removal of the 

phosphorylation at S259 by PP2A (but not S621) in combination with the phosphorylation of 

S338 by PAK releases kinase inhibition by 14-3-3 and exposes the fully active kinase domain 

of Raf-1. 

 Since the kinase domain of Raf-1 mediates binding to Aurora A (Fig.3-1D), we next 

determined if Raf-1 kinase activity impacted the Aurora A/Raf-1 interaction directly. To do 

this, we employed a site-specific activating mutant of Raf-1. Raf-1 S259A mimics PP2A activity 

in removing an inhibitory Raf-1 phosphorylation site. GST Aurora A and Venus-Flag Raf-1 

WT or Venus-Flag Raf-1 S259A were co-expressed in HEK 293T cells and subjected to a 

GST pull-down. We observed a drastic increase of binding of Raf-1 S259A to Aurora A and 

ERK phosphorylation compared to Raf-1 WT (Fig. 3-3A). Interestingly, Aurora A further 

potentiated ERK phosphorylation when co-expressed with Raf-1 S259A compared to 

expression of Raf-1 S259A alone. This data suggests that constitutively active Raf-1 has 

enhanced ability to bind Aurora A and to promote ERK activation.   
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3.3.4 Kinase activity is required for Raf-1 to enhance the Aurora A/H-Ras binding  

 To assess if Raf-1 kinase activity impacts the interaction of Aurora A and H-Ras, we 

compared the impact of wild-type and kinase dead Raf-1 on the Aurora A/H-Ras interaction. 

Two kinase-dead versions of Raf-1 were employed. Raf-1 S259A/S621A is a phosphodeficient 

mutant that abrogates 14-3-3 binding. Raf-1 K375M mutant prevents ATP binding, thereby 

inhibiting kinase activity. A GST pull-down assay was used to compare the binding levels of 

Aurora A and Raf-1 mutants isolated in complex with H-Ras from HEK 293T cells. 

Combinations of Venus-Flag Aurora A, Venus-Flag Raf-1 WT, Flag Raf-1 AA, Flag Raf-1 

K375M and GST H-Ras were expressed in HEK 293T cells. Results confirm that the presence 

of Raf-1 WT enhances the Aurora A/H-Ras interaction compared to co-expression of Aurora 

A and H-Ras alone (Fig. 3-3B). ERK phosphorylation levels increase accordingly. 

Interestingly, although also able to bind H-Ras, neither Raf-1 AA or Raf-1 K375M are able to 

enhance the Aurora A/H-Ras interaction. Both kinase dead mutants also greatly reduce ERK 

phosphorylation in the presence of Aurora A and H-Ras. The fact that kinase dead Raf-1 is 

unable to enhance the Aurora A/H-Ras interaction and inhibits Aurora A-enhanced ERK 

phosphorylation corroborates our finding that specifically, the kinase activity of Raf-1 may 

influence the Aurora A/H-Ras/Raf-1 interaction. This also reiterates that Aurora A acts 

upstream of Ras-MAPK signaling to enhance ERK phosphorylation 

 

3.3.5 Sorafenib attenuates the Aurora A/H-Ras interaction 

 Raf-1 kinase activity is also crucial for mediating oncogenic Ras-MAPK signaling. 

Several Raf-targeted inhibitors have been developed and are used in the clinic. Because of our 

elucidation of the role of Raf-1 kinase activity in the Aurora A/H-Ras/Raf-1 protein complex, 

we investigated whether pharmacological inhibition of Raf-1 by Sorafenib is a clinically used 
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multi-kinase inhibitor with highest potency against Raf-1 (6nM)[144], had an effect on the 

Aurora A/H-Ras interaction.  

  HEK 293T cells with co-expressed GST H-Ras and Venus-Flag Aurora A were 

treated with increasing doses of Sorafenib for 24 hours prior to conducting a GST pull-down. 

Results showed that Sorafenib disrupts the Aurora A/H-Ras interaction in a dose-dependent 

manner (Fig. 3-3C). Further Sorafenib was able to block Aurora A-enhanced ERK 

phosphorylation. The use of a clinically available inhibitor in this study reveals an additional 

mechanism of action for Sorafenib, specifically in cancers with over-expression of Aurora A. 
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Figure 3-3. The role of Raf-1 in the Aurora A/H-Ras/Raf-1 protein complex.  

(A) GST pull-down conducted from HEK 293T cells co-expressing full-length GST Aurora 

A and Venus-Flag Raf-1 WT or the catalytically active Venus-Flag Raf-1 S259A mutant and 

analyzed by western blotting. The presence of Venus-Flag Raf-1 in the GST Aurora A protein 



73 
	 	

 

complex (GST PD) and protein expression levels in the cell lysate (Input) were detected by 

Western blotting using anti-Flag or anti-GST antibody, respectively. Changes in pERK to total 

ERK were detected using anti-pERK and anti-ERK antibodies, respectively. A short exposure 

(SE) and longer exposure (LE) of pERK is shown. (B) GST pull-down comparing binding 

and signaling changes between co-expression of GST H-Ras, Venus-Flag Aurora A, and 

Venus-Flag Raf-1 WT or Flag Raf-1 kinase dead mutants: Raf-1 S259A S621A (AA) or Raf-1 

375M (M). Western blot analysis of the GST H-Ras protein complex (GST PD) and protein 

expression levels in the cell lysate (Input) was conducted as follows: Venus-Flag Aurora A was 

detected with anti-Aurora A antibody; Venus-Flag Raf-1, Flag Raf-1 S259A S621A (AA), and 

Flag Raf-1 375M (M) were detected using anti-Raf-1 antibody; GST H-Ras and GST were 

detected using anti-GST antibody. Comparison of pERK compared to total ERK were 

detected using anti-pERK and anti-ERK antibodies, respectively. The size difference in Raf-

1 WT and mutants is due to the respective expression vectors. (C) HEK 293T cells were used 

to co-express GST H-Ras and Venus-Flag Aurora A with vector controls or in combination. 

Cells were treated with DMSO vehicle control (0µM) or different concentrations of Sorafenib 

(1.25µM–5µM) for 24 hours, then subjected to a GST pull-down and western blot analysis. 

Western blotting was conducted using anti-Flag, anti-GST, anti-pERK, and anti-ERK 

antibodies. 
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3.4 Discussion 

Aurora A, H-Ras, and Raf-1 are all oncoproteins that contribute to the development 

of cancer. The recent discovery of PPIs that connect Aurora A to H-Ras and Raf-1 and 

enhanced Ras-MAPK signaling exposes a potential signaling node worth therapeutic 

exploration. The kinase activity of both Aurora A and Raf-1 have been extensively targeted in 

pre-clinical and clinical development due to the important roles for kinase activity in their 

oncogenic functions.  

In our investigation of the role of kinase activity in the Aurora A/H-Ras/Raf-1 protein 

complex, we found that, indeed, the kinase domains of Aurora A and Raf-1 mediate their 

interaction. Surprisingly though, the Aurora A/H-Ras interaction was not dynamically 

regulated by phosphorylation. As a caveat, proteins in this experiment were ectopically 

expressed in cells. The possibly that overexpression decreased the sensitivity of the interaction 

to manipulation by phosphatase inhibitors remains to be tested. However, a kinase-

independent Aurora A/H-Ras interaction indicates that inhibiting Aurora A kinase activity 

alone may not inhibit all oncogenic functions of the protein. This finding may impact the 

clinical effectiveness of Aurora A kinase inhibitors like Alisertib in the clinic. 

  Through this work, we demonstrated that Raf-1 modulates the Aurora A/Raf-1 

interaction, the Aurora A/H-Ras/Raf-1 protein complex formation, and subsequent 

oncogenic signaling. Aurora A interacts with the C-terminal half of Raf-1, which contains the 

kinase domain. In the cycle of Raf-1 activation, two events (binding to active Ras and removal 

of inhibitory phosphorylation at S259) are required to expose the kinase domain of Raf-1, 

allow dimerization, and activate kinase activity. By using two site-specific mutants with 

different mechanisms of inhibiting Raf-1 activity, we discovered that while kinase dead Raf-1 
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was detected in the complex with H-Ras and Aurora A, kinase dead Raf-1 lacks the ability to 

enhance protein complex binding compared to Raf-1 WT.  

It is interesting to note that our previous work demonstrated that Aurora A was able 

to interaction with H-Ras S17N, a dominant negative Ras mutant that is unable to bind Raf-

1. This suggests that Aurora A/Raf-1 binding is secondary to Aurora A/H-Ras binding. In 

fact, H-Ras S17N dissociated Raf-1 from the protein complex, but not Aurora A. Thus, Aurora 

A interacts with H-Ras in the absence of Raf-1. One explanation for the effect of Raf-1 on the 

Aurora A/H-Ras/Raf-1 protein complex may be that Raf-1 protein kinase domain stabilizes 

the complex. Raf-1 S259A creates a constitutively active kinase. The Raf-1 RBD is exposed in 

Raf-1 S259A as 14-3-3 can no longer bind this site. As a result, the ability for Ras binding is 

enhanced. Increased H-Ras/Raf-1 binding may then enhance the Aurora A/Raf-1 interaction. 

As a result, the complex is stabilized and oncogenic signaling through Ras-MAPK is enhanced.  

Surprisingly, unlike Raf-1 kinase dead mutants, treatment with 10µM of Sorafenib, a 

multikinase inhibitor with highest potency against Raf-1 kinase activity, was able to disrupt the 

Aurora A/H-Ras interaction. While the simplest explanation is that disruption of Raf-1 kinase 

activity disrupts the Aurora A/H-Ras interaction, the inability for kinase dead Raf-1 to disrupt 

the Aurora A/H-Ras interaction challenges this conclusion. Therefore, the disruption of the 

Aurora A/H-Ras interaction by Sorafenib at such high doses may be due to Raf-1 kinase 

inhibition or to non-specific inhibition of additional kinases that may indirectly regulate 

complex formation.  

Taken together, our study shows that Raf-1 plays a role in enhancing the Aurora A/H-

Ras/Raf-1 protein complex. Our proposed model, shown in Figure 3-4, is that Aurora A 

interacts with H-Ras which, when activated, recruits and activates Raf-1. In turn, Raf-1 

interacts with Aurora A and helps to stabilize the Aurora A/H-Ras/Raf-1 protein signaling 
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complex. Importantly, the mechanism we discovered may be an important therapeutic target 

in colon and ovarian cancer patients with activating mutations at Raf-1 S259.  
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Figure 3-4. Proposed model for the role of Raf-1 in the Aurora A/H-Ras/Raf-1 

signaling complex.  

(1) Raf-1 is kept in an inactive state by phosphorylation at S259 and S621, and 14-3-3 binding. 

(2) Upon Ras activation, Raf-1 is first recruited by Ras to the plasma membrane where it binds 

through the N-terminal domain. PP1 then acts to dephosphorylate Raf-1 at the S259 site. (3) 

The resulting conformation of Raf-1 exposes its kinase domain to the kinase domain of Aurora 

A, allowing binding and stabilization of the Aurora A/H-Ras/Raf-1 protein complex. 

Phosphorylation at S338 fully activates Raf-1 and initiates the MAPK signaling cascade. 
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Chapter 4: Aurora Kinase A interacts with FOXO1 and inhibits FOXO1-induced 
apoptosis 

 
MaKendra Umstead, Valentina González-Pecchi, Haian Fu 
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4.1 Introduction 

The Forkhead box protein O1 (FOXO1) transcription factor belongs to a large, 

evolutionarily conserved family of Forkhead box proteins [83] . The most abundant of the 

Forkhead box proteins, FOXO1, transcribes genes with tumor suppressive functions such as 

the cell-cycle inhibitors, p21 and p27, and the apoptotic protein, BIM [92]. FOXO1 alterations 

confer the ability of a cancer cell to evade apoptosis in response to cellular stresses [145]. 

FOXO1 localization is critical for its function as a transcription factor, and is regulated in part 

by PI3K/AKT pro-survival signaling [146-148]. Phosphorylation of FOXO1 by AKT at three 

distinct sites (T24, S258, S319) excludes FOXO1 from the nucleus, sequestering the protein 

in the cytoplasm and preventing transcription of pro-apoptotic genes [149, 150]. 

Recently, the Polo-like kinase (PLK) family member PLK1 was also found to 

inactivate FOXO1 [86]. PLK1 is a serine/threonine kinase that regulates key mitotic functions 

such as mitotic entry, centrosome maturation, spindle assembly, and chromatin segregation 

[151-153]. Interestingly, during the G2/M transition, PLK1 interacts with and phosphorylates 

FOXO1, causing nuclear export to the cytoplasm and inhibiting transcriptional activity in an 

AKT independent manner [86]. Similarly, PLK1 is also able to phosphorylate, thereby 

activating, the transcriptional activity of pro-growth FOX family member, FOXM1 [154].  

The functions of Polo-like kinases have significant overlap with another family of mitotic 

kinases: the Aurora kinases. Aurora Kinase A (Aurora A) belongs to family of kinases that play 

integral functions during mitosis [44]. Aurora A, Aurora B, and the lesser characterized Aurora 

C facilitate centrosome maturation, chromosome alignment, and cytokinesis [21]. Aurora A 

also interacts directly with PLK1: Aurora A phosphorylates PLK1 to allow progression 

through the G2/M checkpoint [155]. Inhibition of either PLK1 or Aurora A interrupts 

chromosome alignment and centrosome maturation [44].  
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Expression of Aurora A and FOXO1 have an inverse relationship in cancer cells. 

Aurora A levels are highest at the G2/M transition [156]. Loss of Aurora A upregulates 

FOXO1 and stimulates p53-dependent apoptosis during this phase [92]. Additionally, 

inhibition of Aurora A by Alisertib decreases inhibitory FOXO3a phosphorylation and 

induces transcription of p27 and BIM, and potentiates the effect of the chemotherapeutic 

cytarabine (ara-C) in acute myeloid leukemia (AML) cells [88] 

One proposed mechanism of Aurora A crosstalk with FOXO1 function is by 

transcriptional regulation [86, 88]. However, the recent finding that PLK1 regulates FOXO1 

through direct phosphorylation suggests that Aurora A, a mitotic kinase with shared functions, 

could also impinge on FOXO1 at the protein-level [150]. Our PPI mapping of cancer-

associated proteins revealed that Aurora A is a novel interaction partner of FOXO1. Here, we 

verified the interaction of Aurora A and FOXO1, and describe several features of the Aurora 

A/FOXO1 interaction. Aurora A binds both wild-type, and AKT phospho-deficient FOXO1 

in vitro. In vivo, Aurora A interacts with FOXO1 in punctate sites throughout the cytoplasm as 

well as in larger clusters within the nucleus. We also provide preliminary evidence that that 

Aurora A suppresses cell death triggered by FOXO1 in untransformed cells. Lastly, we show 

that Aurora A inhibits the nuclear translocation of FOXO1 in response to serum starvation, 

leading to the inhibition of cell death. 

The discovery of the interaction between Aurora A and FOXO1 reveals yet another 

pathway through which Aurora A may enable tumor development and growth: the 

deregulation of a tumor suppressor with direct roles in enabling apoptosis in cancer cells. 

Future steps to define the mechanism by which Aurora A deregulates FOXO1, either through 

phosphorylation as with PLK1 or another mechanism, will provide valuable insight. Lastly, 
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disrupting the Aurora A/FOXO1 interaction may have therapeutic potential in cancers with 

overexpressed Aurora A and in-tact FOXO1. 

 

4.2 Materials and methods 

Cell culture  

HEK 293T and Cos7 cells (American Type Culture Collection, Manassas, VA) were cultured 

in DMEM (Corning, MT10013CV, Manassas, VA) with 10% FBS (Sigma, F6178, St. Louis, 

MO) and 1% pen/strep at 5000I.U/ml penicillin and 5000µg/ml streptomycin (Corning, 30-

001-Cl, Manassas, VA). Between passages, HEK 293T and Cos7 cells were trypsinized with 

0.25% Trypsin with 2.21mM EDTA (Corning, 25-053-Cl, Manassas, VA). HBEC-3KT cells 

(American Type Culture Collection, Manassas, VA) were cultured in airway epithelial cell basal 

medium (ATCC, PCS-300-030, Manassas, VA) supplemented with a bronchial epithelial cell 

growth kit (ATCC, PCS-300-040) which contained HLL Supplement (ATCC, PCS-999-012, 

Manassas, VA), L-glutamine (ATCC, PCS-999-015, Manassas, VA), Extract-P (ATCC, PCS-

999-009, Manassas, VA), and airway epithelial cell supplement (epinephrine, transferrin, 

T3,hydrocortisone, EGF, and insulin) (ATCC, PCS-999-035, Manassas, VA). Between 

passages, HBEC-3KT cells were trypsinized with trypsin-versene mixture (Lonza, 17-161E, 

Allendale, NJ), then neutralized with trypsin neutralizing solution (Lonza, CC-5002, Allendale, 

NJ). All cells were maintained at 37°C in a humidified atmosphere of 5% CO2. 

 

Antibodies 

Primary antibodies used for western blotting include Flag M2 at 1:3000 (Sigma; F3165), Flag-

HRP at 1:1000 (Sigma; A8592) and GST Z-5 at 1:3000 (Santa Cruz Biotechnology; sc-459). 
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Secondary antibodies include goat anti-rabbit IgG (Santa Cruz, sc-2004, Dallas, TX) and goat 

anti-mouse IgG (Santa Cruz, sc-2005, Dallas, TX) and were used at 1:2500 dilution. 

 

Plasmid construction 

All plasmids of full length and truncated proteins were generated previously in the lab, and 

constructed using Gateway® technology (Invitrogen, Waltham, MA) according to the 

manufacturer’s protocols. For GST-tagged and Venus-Flag tagged plasmids used for Time 

Resolved-Fluorescence Resonance Energy Transfer (TR-FRET) and Glutathione-S-

Transferase (GST) pull-downs, pDEST27 and pFUW vectors were used as destination cloning 

vectors, respectively. Amino (N-Venus) and carboxy (C-Venus) plasmids used for Venus 

Protein-Fragment Complementation Assay (PCA) were generated previously in the lab. 

 

Transfections 

For experiments with ectopically expressed proteins, HEK 293Ts and Cos7s were transfected 

using X-tremeGENE (Roche, 06366546001, Basel, Switzerland). HBEC-3KT were 

transfected with FugeneHD (Promega, E2312, Madison WI). Plated cells were transfected at 

a density of 60-80% confluency and performed with a ratio of 3µl transfection reagent to 1µg 

DNA to 100µl of serum-free media. DNA was mixed at appropriate concentrations prior to 

the addition of serum-free meida (DMEM for HEK 293T and Cos7; OptiMEM (Gibco, 

31985088, Grand Island, NY) for HBEC-3KT). Transfection reagent was then added and 

incubated at room temperature for 15 or 20 minutes (X-tremeGENE or FugeneHD, 

respectively). Transfection complexes were then added drop-wise to plated cells. 
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GST pull-down 

Cells were seeded in to a 6-well plate and allowed to reach 60-80% confluency. Cells were then 

harvested by adding 200µL of 0.5% NP-40 lysis buffer to each well, scraping to collect cells 

and transfer to an eppendorf tube, and incubated at 4°C for 30 minutes. Lysis buffer 

components consisted of 0.5% NP-40, 150mM NaCl, 10mM HEPES lysis buffer, and 

Phosphatase Inhibitor Cocktail (Sigma, P5726) and Protease Inhibitor Cocktail (Sigma, P8340) 

at 1:1000. After incubation, lysates were centrifuged to remove cellular debris. After removing 

20µl of the lysate for an input control and the debris pellet, 20µl of a 50% glutathione-

conjugated sepharose bead slurry (Glutathione Sepharose 4B, Fisher Scientific, 50197956, 

Atlanta, GA) was added to the remaining lysate and incubated by slowly rotating for 3-4 hours 

at 4°C. Beads were then washed three times in 0.5% NP-40 lysis buffer by inverting 8 times 

with 200µl of fresh lysis buffer added each time. GST-bound protein complexes were then 

eluted by the addition of 20µl of 2x SDS loading buffer, boiled for 5 minutes, resolved by 

SDS-PAGE subjected to western blotting along with input controls. 

 

Venus protein-fragment complementation assay 

Cells were seeded into 24 well plates and transfected at 60% confluency with N-Venus or C-

Venus constructs. After 24 hours, cell nuclei were stained with the addition of Hoechst 33342 

at 5µg/ml (Fisher Scientific, H1399, Atlanta, GA). Images were then acquired using the 

ImageXpressMicro automated imaging high-content imaging system (Molecular Devices) with 

20X objective. The standard filter set for FITC (excitation 482/35 nm and emission 536/40 

nm) and DAPI (excitation 337/50 nm and emission 447/60 nm) was used for Venus and 

Hoechst 33342 imaging, respectively. The number of green (Venus) and total cells (Hoechst 

33342) from the images were calculated using the Metamorph Analysis Cell Scoring module 
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and presented as percent of Venus positive cells compared to the total number of cells (Fig.A-

1).  

 

Cell health assay for HBEC-3KT cells 

HBEC were seeded in a 384-well plate at 2000 cells per well and transfected using FugeneHD 

and diluted in Opti-MEM after 24 hours. After 72 hours, cells were stained with Propidium 

iodide (PI) at 5µg/ml (Fisher Scientific, BDB550825, Atlanta, GA), TO-PRO3 at 0.5µM 

(Fisher Scientific, T3605, Atlanta, GA), and Hoechst 33342 at 5µg/ml (Fisher Scientific, 

H1399, Atlanta, GA), and immediately imaged using the ImageXpressMicro (Molecular Devices) 

with 20X objective. Analysis of cell health images was completed using a custom Metamorph 

Analysis module were the number of cells that stained positive with fluorescence signals for 

each wavelength (Hoechst, PI, and TO-PRO3) were counted and calculated as a percentage 

of the total cells, defined by Hoechst-stained nuclei.  

 

Nuclear translocation and cell health multiplex assay for HEK 293T cells 

HEK 293T cells were seeded at 4x106 cells per well into 6 well plates with complete medium 

(DMEM with 10% FBS and 1% Penicillin/Streptomycin) and transfected 24 hours after 

plating. 48 hours after transfection, cells were stressed by replacing the complete media with 

DMEM media without FBS supplementation (serum free media) for an additional 24 hours. 

Cells were stained with Hoechst, PI, and TO-PRO3 and imaged as described above. 

 

For nuclear translocation, the Metamorph Analysis translocation module was used to define 

the average intensity for the nuclear compartment, as defined by Hoechst 33342 staining and 

for the cytoplasmic compartment for four sites per well. The data is plotted as a ratio of nuclear 
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to cytoplasmic intensity (N:C). Data are presented as the mean and standard deviation from 

the four sites imaged for each sample. For cell health, a custom Metamorph Analysis module 

where number of cells that stained positive with fluorescence signals for each wavelength 

(Hoechst, PI, and TO-PRO3) were scored and calculated as a percentage of the total cells, 

defined by Hoechst-stained nuclei.  

 

4.3 Results 

4.3.1 Validation of the Aurora A/FOXO1 interaction 

The Aurora A/FOXO1 interaction was identified in a high-throughput protein-

protein interaction screen that used two methods to detect the presence of PPIs: TR-FRET 

and Renilla Luciferase PCA. High-throughput screening methodologies inherently pose risks 

of potential false positive or false negative signals. Therefore, an affinity-based GST pull-down 

was used to validate the interaction between Aurora A and FOXO1. GST FOXO1 and Venus-

Flag Aurora A were co-expressed together, or with Venus-Flag or GST, respectively, in HEK 

293T cells. Pull-down results from cell lysates showed that Aurora A was detected when 

isolated by GST FOXO1, but not GST (Fig. 4-1A). A positive interaction between Aurora A 

and FOXO1 provided validation of our high-throughput PPI screen.  

 

4.3.2 Aurora A interacts with FOXO1 independently of AKT phosphorylation 

AKT phosphorylation induces FOXO1 translocation from the nucleus to the 

cytoplasm. Recent studies revealed that PLK1, a mitotic kinase, also modulates FOXO1 

localization through phosphorylation at distinct sites from AKT phosphorylation [86]. To test 

whether Aurora A also interacted with FOXO1 independently from AKT phosphorylation, 

we also tested the binding of Aurora A with a FOXO1 phospho-deficient mutant at AKT 
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phosphorylation sites T24, S258, S319 (FOXO1AAA). Co-expression of GST FOXO1 

compared to GST FOXO1AAA with Venus-Flag Aurora A in HEK 293T cells and subjected 

to GST pull-down revealed no difference in binding between FOXO1 or FOXO1AAA (Fig. 4-

1B). Thus, Aurora A interacts with FOXO1 independent of phosphorylation by AKT.  
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Figure 4-1. Validation of the Aurora A/FOXO1 interaction.  

(A) GST pull-down assay conducted after GST FOXO1 complexes were isolated from HEK 

293T cell lysates with co-expressed Venus-Flag Aurora or appropriate controls. The presence 

of Venus-Flag Aurora A in the GST FOXO1 protein complex (GST PD) and protein 

expression levels in the cell lysate (Input) was detected by Western blotting using anti-Flag or 

anti-GST antibody, respectively. (B) Aurora A interacts with AKT phospho-deficient FOXO1 

mutant. GST pull-down assay conducted after GST FOXO1 or GST FOXO1AAA complexes 

were isolated from HEK 293T cell lysates with co-expressed Venus-Flag Aurora or 

appropriate controls. 
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4.3.3 Aurora A binds nuclear and cytoplasmic FOXO1 in a distinct pattern 

FOXO1 localization is critical for its transcriptional activity. Aurora A has been 

detected in both the nuclear and cytoplasmic cellular compartments. AKT or PLK1 inhibited 

FOXO1 localizes to the cytoplasm. To visualize the cellular localization of the Aurora 

A/FOXO1 interaction, we utilized the Venus PCA assay. This assay captures the functional 

reconstitution of N-Venus or C-Venus fragments fused to two interacting proteins by 

fluorescence imaging in living cells. Our results show that co-expression of N-Venus Aurora 

A and C-Venus FOXO1 in asynchronous HEK 293T or COS7 cells yielded two distinct 

interaction patterns (Fig. 4-2). In a subset of cells, the interaction appears in larger regions in 

and near the nucleus. In another subset of cells, the interaction appears at distinct, punctate 

regions throughout the cytoplasm. Quantitatively, the overall Aurora A/FOXO1 interaction 

is represented by an increase in the number of fluorescent cells compared to the expression 

of N-Venus Aurora A or C-Venus FOXO1 with negative controls. These data provide further 

validation of the Aurora A/FOXO1 interaction, supporting the TR-FRET and GST pull-

down data. Further, identifying the localization of the interaction may point towards a 

potential function of the Aurora A/FOXO1 interaction in deregulating FOXO1.   
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Figure 4-2. Localization of the Aurora A/FOXO1 interaction.  

Venus protein-fragment complementation (Venus PCA) assay conducted in living (A) HEK 

293T and (B) Cos7 cells co-expressing N-Venus Aurora A and C-Venus FOXO1 or vector 

controls. Interaction between tagged proteins allowed reconstitution of fluorescent Venus 

protein. The representative data shown represents the Venus positive cells that were quantified 

from fluorescence imaging of 6 sites per well. The percentage represents the number of cells 

with positive interactions compared to the total number of cells (determined by Hoechst 

staining). Representative images: Venus (positive protein-protein interaction), Hoechst 

(nucleus), Merge (overlap of Venus and Hoechst signals). (C) Expanded view of the Venus 

and Hoechst merged image of the Aurora A/FOXO1 interaction in Cos7 cells. White arrows 

indicate distinct localization patterns of the interaction. 
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4.3.4 Aurora A inhibits FOXO1-induced apoptosis 

The transcriptional activity of FOXO1 targets genes that have direct roles in cell cycle 

inhibition and apoptosis. Therefore, FOXO1 access to the nucleus promotes cell cycle arrest 

and cell death. To test the effect of Aurora A on FOXO1-induced apoptosis, we conducted a 

cell health assay in the human bronchial epithelial cell line, HBEC. Aurora A and FOXO1 

were co-expressed together or with appropriate negative controls and stained for apoptosis 

markers after 5 days in culture (Fig. 4-3). A slight decrease in cell viability is observed with 

Aurora A expression compared to Venus-Flag alone. In contrast, expression of FOXO1 

results in a striking decrease in cell viability. Interestingly, co-expression of Aurora A with 

FOXO1 rescues cell viability to the level of cells expressing Aurora A alone. Therefore, this 

suggest that Aurora A is able to rescue FOXO1-induced apoptosis in non-transformed 

epithelial cells.  
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Figure 4-3. Aurora A inhibits FOXO1-induced cell death in non-transformed cells.  

Cell health assay performed using HBEC-3KT cells co-expressing either Venus-Flag negative 

control, Venus-Flag Aurora A, Venus-Flag FOXO1, or the combination of Venus-Flag 

Aurora A and Venus-Flag FOXO1. Data presented as percent viable cells of total cells at 24, 

48, 72, 96, and 120-hours post-transfection. Error bars represent the standard deviation among 

triplicate wells. 
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4.3.4 Aurora A suppresses FOXO1-induced apoptosis by inhibiting the nuclear 

localization of FOXO1 

 In response to stress signaling from stimuli such as nutrient deprivation, TNF-a 

stimulation, or Lipopolysaccharides (LPS), activated FOXO1 accumulates in the nucleus to 

initiate transcription of genes related to cell cycle inhibition and apoptosis [157]. Both AKT 

and PLK1 inactivate FOXO1 by preventing FOXO1 nuclear localization. To determine if 

Aurora A acts in a similar manner, we evaluated the impact of Aurora A on FOXO1 nuclear 

localization. In a multiplexed assay to determine nuclear translocation and cell viability, we 

utilized Venus fluorescence by co-expressing Venus-Flag FOXO1 or the constitutively nuclear 

AKT phospho-deficient mutant Venus-Flag FOXO1AAA with either GST Aurora A or GST 

in HEK 293T cells, serum starving cells for 24 hours, and adding fluorescent dyes to stain cell 

nuclei and apoptotic markers. Co-expression of GST Aurora A and Venus-Flag Aurora A 

tested for comparison. The ratio of nuclear to cytoplasmic fluorescence intensity was used to 

quantify nuclear translocation in each condition. Our results show in serum starved conditions, 

both FOXO1 and FOXO1AAA were primarily nuclear (Fig. 4-4aA). In contrast, co-expression 

with Aurora A greatly reduced nuclear localization of FOXO1. The same effect was observed, 

although to a lesser extent with FOXO1AAA.  

 In the same serum starved samples samples, we assessed cell viability using a cell health 

assay. This multiplex assay relies on three dyes: Hoechst, TO-PRO3, and PI to evaluate the 

number of apoptotic or necrotic cells. The percent of viable cells in each condition as 

calculated. Results show that FOXO1 expression decreases cell viability compared to the 

expression of Aurora A of Venus-Flag; however, co-expression of Aurora A with FOXO1 

recues cell viability. Similarly, FOXO1AAA greatly reduces cell viability, but this effect is also 

rescued by co-expression with Aurora A (Fig. 4-4aB). In quantifying the number of early 
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apoptotic, late apoptotic, or necrotic cells in this same assay, the total percentage of dead cells 

was determined. In this data, the ability of Aurora A to reduce cell death induced by FOXO1 

and FOXO1AAA is also observed (Fig. 4-4aC). Representative images of Venus-Flag tagged 

protein nuclear or cytoplasmic localization after serum starvation are provided in Fig4-4b.  

Taken together, these results suggest that in the absence of a pro-growth stimulus like growth 

factors that are present in serum, the interaction of Aurora A and FOXO1 may inhibit 

FOXO1-induced apoptosis by excluding FOXO1 from the nucleus and thereby inhibit 

FOXO1 activity. 
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Figure 4-4a. Aurora A inhibits FOXO1 nuclear translocation and rescues FOXO1-

induced cell death.  

(A) FOXO1 nuclear translocation assay conducted after GST Aurora A and Venus-Flag 

FOXO1 or Venus-Flag FOXO1AAA were co-expressed in HEK 293T cells and serum starved 

for 24 hours. Nuclear and cytoplasmic fluorescence intensity was determined using 

fluorescence imaging and Metamorph analysis software. The ratio of nuclear to cytoplasmic 

intensity (Nuclear:Cytoplasmic) was calculated and plotted per condition. Data are presented 

as the mean and standard deviation from four sites imaged for each well. (B) Simultaneous 

staining for apoptotic markers was used to determine cell viability in the same samples. The 

percentage of viable cells compared to the total cells determined by Hoechst staining was 

calculated using fluorescence imaging and Metamorph analysis software. Data are presented 

as the mean and standard deviation from four sites imaged for each well. (C) Quantification 

of the percent of dead cells (included early apoptotic, late apoptotic, and necrotic cells) as 

calculated by fluorescence imaging and Metamorph analysis software. Data are presented as 

the mean and standard deviation from four sites imaged for each well. For all comparisons 

(A-C), Statistical significance was determined using a one-way analysis of variance (ANOVA) 

and Bonferroni multiple comparisons post-test (p<0.05).  
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Figure 4-4b. Aurora A inhibits FOXO1 nuclear translocation.  

Representative Venus, Hoechst (nuclear dye), and merged images from each condition are 

shown: (A) GST Aurora A + Venus-Flag (B) GST + Venus-Flag Aurora A (C) GST Aurora 

A + Venus-Flag Aurora A (D) GST + Venus-Flag FOXO1 (E) GST Aurora A + Venus-Flag 

FOXO1 (F) GST + Venus-FOXO1AAA (G) GST Aurora A + Venus-FOXO1AAA. 
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4.4 Discussion 

Normal cells acquire the ability to evade apoptosis as a result of genetic and epigenetic 

alterations that result in cancer development. As an important mediator of cellular responses 

to stress, the FOXO1 transcription factor activates transcriptional programming that mediates 

cell death events including apoptosis and autophagy. Cancer cells utilize a number of 

mechanisms to deregulate FOXO1 at the transcriptional, translational, and functional level. 

Our work demonstrates that Aurora A, a kinase that is overexpressed in several cancer types, 

interacts with and functionally deregulates FOXO1. 

Protein-protein interactions are the basis by which Aurora A mediates oncogenic 

signaling. Identifying these interactions may provide novel therapeutic targeting options for 

the treatment of cancer. For example, we identified that Aurora A forms a protein complex 

with H-Ras to promote Ras-MAPK signaling. Others have identified functional interactions 

of Aurora A specifically with transcription factors: Aurora A prevents degradation of 

oncogenic transcription factors like N-Myc in a kinase-independent manner [57], while it can 

also phosphorylate and promote degradation of critical tumor suppressive transcriptions 

factors like p53 [109]. These interactions have potential as therapeutic targets, as allosteric 

inhibition of the Aurora A/N-Myc interaction releases N-Myc from Aurora A and promotes 

Myc degradation [56].  

One well-characterized mechanism of FOXO1 regulation is phosphorylation by AKT. 

Phosphorylation of FOXO1 by AKT excludes FOXO1 from the nucleus and leads to 

cytoplasmic sequestering by 14-3-3 protein. We observed that Aurora A interacts with both 

wild-type FOXO1 and the AKT phospho-deficient mutant, FOXO1AAA, suggesting that 

Aurora A interacts with FOXO1 in a manner that is not regulated by phosphorylation from 

AKT. Because FOXO1 AAA is a constitutively nuclear mutant [147], these results suggested that 
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the Aurora A/FOXO1 interaction may occur within the nuclear compartment of the cell. 

Indeed, imaging to reveal the localization of the Aurora A/FOXO1 demonstrated that the 

interaction takes place in and around the nucleus, but also in distinct regions in the cytoplasm. 

Interestingly, cytoplasmic Aurora A/FOXO1 interactions occurred a punctate regions 

throughout the cytoplasm, resembling that of P-bodies or the LC3 marker of autophagy [158, 

159]. The fact that Aurora A is localized in both the nucleus and cytoplasm may facilitate the 

ability for Aurora A to alter FOXO1 localization. 

When we tested this, we found that indeed Aurora A is able to exclude FOXO1 from 

the nucleus in serum starved cells. Although to a lesser extent, Aurora A was also able to 

exclude FOXO1AAA from the nucleus in serum starved cells. This data, as well as our data that 

shows Aurora A interacts with FOXO1AAA, provides evidence that Aurora A may act in a 

mechanism that is independent from AKT phosphorylation. Lastly, our observation that 

Aurora A rescues FOXO1-induced apoptosis in bronchial epithelial cells highlights a potential 

functional effect of the Aurora A/FOXO1 interaction, whereas Aurora A reverses the ability 

for FOXO1 to induce apoptosis in these cells. 

The exact mechanism by which the Aurora A/FOXO1 interaction deregulates 

FOXO1 remains unknown (Fig. 4-5). Over the years, additional kinases have been identified 

to also exclude FOXO1 from its site of functional activation in the nucleus. CDK5 and SGK1 

both phosphorylate FOXO1 [160, 161]. Additionally, PLK1 phosphorylates FOXO1 at a site 

distinct from AKT. Aurora A, a kinase with shared functions as PLK1, may also deregulate 

FOXO1 through direct phosphorylation. In their investigation of the relationship between 

Aurora A and FOXO3a, another research group was unable to detect an interaction between 

Aurora A and FOXO3a, although FOXO3a expression was induced as result of treatment 

with the Aurora kinase inhibitor, Alisertib [88]. Since Aurora A activates the kinase activity of 
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PLK1, an alternative explanation is that Aurora A may serve to promote PLK1 kinase activity 

in complex with FOXO1. Lastly, Aurora A may deregulate FOXO1 through interactions with 

other shared partners such as SIRT, which impacts FOXO1 degradation through acetylation.   

The functional consequence of the Aurora A/FOXO1 interaction is critical to our 

understanding of the ability for Aurora A to inhibit tumor suppression and aid in the 

development of cancer. FOXO1 also serves as critical mediator of innate immune responses 

to bacterial infection of the airway by indirectly initiating transcription of inflammatory 

cytokines and stimulating immune response [162]. Nuclear localization of a closely related 

FOXO family member, FOXO3a, is observed in response to a multitude of cellular stresses 

including smoking, cystic fibrosis, acute respiratory distress syndrome (ARDS), pneumonia, 

and chronic obstructive pulmonary disease (COPD) [162]. This stress-induced induction of 

cell death is crucial to maintaining organ homeostasis and the prevention of cancer growth. 

Therefore, our findings reveal that Aurora A may negate the tumor suppressive function of 

FOXO1 and aid in the progression of cancer and other diseases, thereby supporting the 

interaction as a viable target for therapeutic discovery.
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Figure 4-5. Potential mechanisms for negative regulation of FOXO1 nuclear 

translocation and inhibition by Aurora A protein-protein interactions.  

Aurora A is able to inhibit nuclear translocation and subsequent cell death induced by both 

FOXO1 and to a lesser extent, the AKT phospho-deficient mutant, FOXO1AAA, thus, Aurora 

A may induce FOXO1 nuclear exclusion in an AKT-independent manner. Aurora A was 

found to interact with FOXO1 both around the nucleus in some cells, and in the cytoplasm 

in others. Aurora A may associate with known negative regulator, PLK1 to inhibit FOXO1. 

Aurora A may also directly phosphorylate FOXO1 and interfere with its nuclear localization 

signals. Additionally, Aurora A interactions in and around the nucleus may interfere with 

FOXO1 DNA binding and transcriptional activity. 
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Chapter 5: Discussion 
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5.1 Novel functions for Aurora Kinase A (Aurora A) are revealed through protein-

protein interactions 

 A human cell is well-orchestrated symphony of biomolecules, functioning in harmony 

to maintain a homeostatic, normal state. The framework for this symphony is a protein-protein 

interaction (PPI) network through which instructions about cellular processes from growth, 

movement, and even death are communicated and executed. The genetic and epigenetic 

alterations that occur in cells are reflected through changes in PPIs and eventually changes in 

phenotype. These alterations rewire the PPI network and deregulate cellular signaling 

pathways that are critical for regulation, leading to disease. Cancer is a collection of diseases 

that result from uncontrolled cellular growth and proliferation. Thus, the rewired PPI network 

that exists in cancer cells allows the acquisition of cancer hallmarks [1, 5]. Most significantly, 

the ability to sustain proliferative signaling and to evade growth suppression are crucial for 

cancer development [1]. 

 The data presented in this thesis reveal new mechanisms by which the genetic 

alterations found in cancer cells promote growth and avoid death through novel functions of 

Aurora Kinase A (Aurora A). Aurora A has emerged as a viable therapeutic target in cancer 

[163]. Though much of the oncogenic function of Aurora A is linked to its canonical role in 

cell cycle progression, evidence is mounting for non-mitotic activities of Aurora A that 

promote tumor progression. Aurora A is overexpressed and mis-localized in many cancers, 

and protein levels remain high beyond M-phase into interphase [21, 163]. The over-abundance 

of protein is thought to contribute to the oncogenic nature of Aurora A, potentially placing 

Aurora A in cellular contexts in which it would not normally be found [24, 164-167]. Thus, 

Aurora A overexpression contributes to a rewiring of the PPI network in cancer. The 

identification of novel Aurora A PPIs in this dissertation supports this notion. We found that 
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Aurora A impinges on two well-known pathways involved in cancer. First, we discovered that 

Aurora A sustains proliferative signaling by forming a protein complex with H-Ras and Raf-

1, thereby promoting Ras-MAPK signaling in a Ras-dependent manner (Chapters 2 and 3). 

Second, we revealed that Aurora A contributes to the evasion of apoptosis by interacting with 

and functionally inhibiting FOXO1, as evidenced by the ability to rescue FOXO1-induced 

apoptosis (Chapter 4). Taken together, we demonstrated novel functions for Aurora A in 

cancer cell signaling (Figure 5-1). 
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Figure 5-1. Novel Aurora A interactions and their function in cancer.  

In this dissertation research, we identified that Aurora A interacts with H-Ras, K-Ras, and N-

Ras. Further Aurora B also interacts with H-Ras. We demonstrated that Aurora A forms a 

protein complex with Raf-1 to enhance oncogenic Ras-MAPK signaling. We also identified 

that Aurora A interacts with FOXO1. We demonstrated that Aurora A inhibits FOXO1 

nuclear translocation and cell death. The Aurora A interactions and functional effects that 

were elucidated through this work may serve as potential therapeutic targets to release the 

ability for Aurora A to sustain oncogenic signaling and to evade cell death in cancer. 
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5.2 Aurora A interacts with H-Ras, forming a positive feedback loop that sustains 

enhanced oncogenic MAPK signaling 

 The discovery that Aurora A interacts with H-Ras and forms a protein complex with 

H-Ras and Raf-1 provides a potential mechanism by which Aurora A promotes Ras-MAPK 

signaling in cancer. Support for crosstalk between Aurora A and MAPK signaling has been 

provided in previous work by several groups; yet, a mechanism for this phenomenon remained 

unknown. Aurora A is a downstream transcriptional target of of Ras-MAPK signaling. Aurora 

A is upregulated by MAPK signaling, and several Ras driven cancers are found to have 

amplified Aurora A [37, 124, 127]. Further, targeting of Ras by farnesyltransferase inhibitors 

decreases Aurora A expression [124, 129]. Aurora A is also thought to function upstream of 

MAPK signaling. Both Aurora A and Aurora B potentiate transformation by H-Ras G12V in 

mouse fibroblasts [115, 116, 123]. In addition, knock-down of Aurora A decreases MAPK 

signaling and inhibits the epithelial to mesenchymal transition (EMT) in nasopharngeal cancer 

cells [90]. Our work places Aurora A upstream of Ras-MAPK signaling and provides 

additional evidence that Aurora A may establish a positive feedback loop between pro-growth 

and cell cycle proteins in cancer. 

 We discovered that along with H-Ras, Aurora A interacts with K-Ras and N-Ras. 

Considering that Ras alterations drive 30% of cancers, the ability for Aurora A to interact with 

the three major Ras isoforms provides a basis for the impact of Aurora A overexpression in 

cancers regardless of which isoform is more dominant. This finding has significant 

implications for the role of the Aurora A/Ras PPI in a variety of cancers. The potential Aurora 

A enhanced Ras signaling mediated by K-Ras and N-Ras may induce positive regulatory 

circuits that can be therapeutically exploited. For example, K-Ras was found to induce 

expression of Aurora A and Aurora B, and inhibition of these kinases reduced cell growth in 
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K-Ras mutant lung cancer cells [168]. Further, the combination of Aurora A and MEK kinase 

inhibitors arrests cells at G2/M in colorectal cancer cells with K-Ras and PI3K mutations 

[169]. As additional evidence for the potential impact of disrupting the cooperation between 

Aurora A and Ras-MAPK signaling in a variety of cancers, Aurora A kinase inhibitors used in 

combination with B-Raf and MEK inhibitors exhibited enhanced efficacy in inhibiting 

melanoma cell growth [170].  

 Our work establishes a function of Aurora A upstream of Ras-MAPK signaling to 

enhance the activation of ERK. ERK is a key mediator of many cellular outcomes, including 

cell cycle progression, growth, proliferation, survival, and migration [171]. Importantly, we 

demonstrate that Aurora A activates ERK through MAPK signaling as Aurora A requires an 

in-tact Ras-Raf-MEK-ERK signaling pathway to activate ERK. Dominant negative H-Ras, 

kinase dead Raf-1, and pharmacological inhibition of Raf or MEK can all block the ability of 

Aurora A to enhance ERK phosphorylation. In this Aurora A-MAPK positive feedback loop, 

upregulated Ras-MAPK signaling drives the overexpression of Aurora A. In return, Aurora A 

overexpression upregulates Ras-MAPK signaling. Significantly, we demonstrate that this 

positive feedback loop may also be uncoupled from extracellular stimulation; in MC7 breast 

cancer cells, Aurora A enhances ERK phosphorylation even in serum starved conditions. This 

rewired circuitry may enable cell proliferation, ensuring that adequate protein levels of cell 

cycle mediators and pro-proliferative molecules are abundant during tumor development. The 

serum-independent effect of Aurora A on ERK activation also suggests that overexpressed 

Aurora A may promote activation of Ras in a mechanism that is either independent of or 

complimentary to growth factor signaling. 
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5.3 Structural domain characterization provides insight into functional outcomes of 

Aurora A interactions 

In these studies, the functional domains that mediate binding for the interactions of 

Aurora A with H-Ras and Raf-1 were characterized. Identifying the binding regions not only 

informs the functional relevance of the interaction, it also provides a basis for structure-based 

design of peptide or small molecule PPI inhibitors to use as functional probes or potential 

therapeutics.  

 

5.3.1 Aurora A domains 

We generated Aurora A truncations around three distinct functional regions: the N-

terminal domain (amino acids 1-130), the kinase domain (amino acids 130-383), and the C-

terminal domain (amino acids 383-403). The N-terminal domain is a flexible, unstructured 

region that serves as a regulatory domain for localization, degradation, and binding [172]. It 

houses sites of recognition by the APC/C called the KEN domain (amino acids 6-8) and D-

box-Activating Domains/A-boxes (amino acids 42-53) [28, 29]. This region is also thought to 

localize Aurora A to the centrosomes during interphase [166]. The kinase domain of Aurora 

A, which has been crystalized, contains an activating phosphorylation site (T288) and a 

centrosome targeting sequence [173, 174]. The D-box (amino acids 363-382) [41] is where 

APC/C ubiquitinates Aurora A targeting it for proteasome-mediated degradation and is 

located near the C-terminal domain (amino acids 383-403) [29]. Imaging of the Venus-Flag 

tagged Aurora A truncations confirmed the localization observed in previous work other 

groups [172, 174]. Full-length Aurora A, N, and C truncations were all found in both the 

nucleus and cytoplasm when co-expressed with H-Ras. In contrast, Aurora A K and NK 

truncations exhibited visibly distinct localization when co-expressed with H-Ras, presumably 
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at the centrosomes during mitosis (Fig. A-3). It is important to note that Ras is a driver of 

centrosome amplification, in which Aurora A localization to the centrosome would be vital 

and also contributory to chromosome instability in cells [175].  

Both H-Ras and Raf-1 interacted with the NK and K, but with much less affinity if 

not at all for the N or C truncations. Thus, the kinase domain of Aurora A is both necessary 

and sufficient for binding. Interestingly, binding of K was consistently higher than that of NK. 

The N-terminal region of Aurora A contains an inhibitory region (amino acids 64-128) that 

was found to bind amino acids 240-300 in the Aurora A kinase domain; deletion of this region 

enhances Aurora A catalytic activity [41]. Deletion of the N-terminal domain of Aurora A may 

also provide a more accessible binding site within the kinase domain for H-Ras and Raf-1. 

While this finding suggests that the kinase activity plays a role in the H-Ras and Raf-1 

interactions, we were not able to establish this conclusion through our work. Because both H-

Ras and Raf-1 interact with the kinase domain, and Aurora A enhances Ras/Raf effector 

binding, we propose the kinase domain of Aurora A serves a protein scaffold for H-Ras and 

Raf-1 binding, allowing enhanced Ras effector engagement in Aurora A overexpressed 

cancers. Whether Aurora A kinase inhibitors modulate the Aurora A/H-Ras/Raf-1 protein 

complex remains to be confirmed. However, the exciting development of an allosteric 

inhibitor of the Aurora A/N-Myc interaction provides evidence that even a kinase-

independent role of Aurora A can be effectively targeted and disrupted [56]. 

 

5.3.2 H-Ras domains 

 Aurora A interacts with the N-terminal domain of H-Ras. Amino acids 1-66 were 

sufficient to bind Aurora A; however, deletion of amino acids 1-36 also retained binding 

ability. Thus, Aurora A may minimally require a region within amino acids 36-66 of H-Ras for 
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binding. The N-terminal domain of Aurora A lies within the G-domain, which is responsible 

for GTPase activity [69]. The Switch I and II domains are also located here and change in 

conformation when GTP is bound or unbound. Lastly, the effector binding domain of H-Ras, 

specifically for Raf-1 binding (amino acids 32-40) are located within this region [176]. It is 

therefore unsurprising that Aurora A has an impact on the H-Ras/Raf-1 interaction. Although 

one may think that Aurora A binding may compete with Ras effectors, the opposite was true. 

We found that by binding the N-terminal of H-Ras, Aurora A actually enhances the binding 

of H-Ras and Raf-1. Due to the identical sequences in the N-terminal domain of H-Ras, K-

Ras, and N-Ras, Aurora A can interact with these isoforms. However, the ability for Aurora 

A to enhance signaling through these isoforms remains to be tested.  

 

5.4 Dual roles for the Aurora A/Raf-1 interaction 

Our studies reveal that Raf-1 also associates with Aurora A and H-Ras. We determined 

that the kinase domain of Aurora A mediates the interaction with the kinase domain of Raf-

1. Notably, although Aurora A and Raf-1 interact, we demonstrated that H-Ras activity is 

required for enhanced MAPK signaling. This suggests that the Aurora A/Raf-1 interaction 

does not circumvent the role of the Aurora A/H-Ras interaction. Raf-1 kinase activity does, 

however, play a role in the Aurora A/H-Ras/Raf-1 protein complex and subsequent MAPK 

signaling. Constitutively active Raf-1 (S259A) enhanced binding to Aurora A as well as binding 

of Aurora A to H-Ras. Treatment with Sorafenib 5µM was able to block Raf-1 kinase activity 

and to disrupt the Aurora A/H-Ras interaction. Interestingly, kinase-dead Raf-1 did not 

enhance nor dissociate the complex.  

Aurora A was previously found to associate with Raf-1 and PLK1 and Raf-1 at the 

centrosome during mitosis [134]. PLK1 interacts with both Raf-1 WT and K375M, and that 
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allosteric inhibition (but not catalytic inhibition) of Raf-1 (S338D/K375M) interfered with 

PLK1 localization at the centrosome during mitosis [134]. A MEK-independent role of Raf-1 

was proposed, suggesting that Raf-1 associates with Aurora A and PLK1 at the centrosome 

to enhance PLK1 activity and mitotic progression. Inhibition of Raf-1 with Sorafenib at 5µM 

did not inhibit PLK1 activation by Raf-1.  

Whether the Aurora A/H-Ras/Raf-1 complex also functions to enhance PLK1 

activation and promote tumor growth remains to be tested. This work suggests a dual role for 

the association of Aurora A and Raf-1, both in mitosis and MAPK signaling. 

 

5.5.1 Functional impacts of the Aurora A/FOXO1 interaction 

 Our work also reveals a novel interaction between Aurora A and FOXO1. Previous 

work from other groups established Aurora and FOXO1 interplay through transcriptional 

regulation. Aurora A overexpression decreased FOXO1 transcription in a p53-mediated 

manner [92]. Another study into gene expression profiles in psoriasis patients found that 

Aurora A gene expression was upregulated and FOXO1 expression was repressed [91]. TNF-

a stimulates apoptosis by activating FOXO1 [157]. Kayal et al found that patients treated with 

a TNF-a agonist had increased FOXO1 expression and decreased Aurora A gene expression 

[91]. Adding to the regulation at a transcriptional level, we provide evidence that Aurora A 

may also deregulate FOXO1 and the protein-level. In our observations, we captured the 

interaction of Aurora A and FOXO1 at two distinct localizations. These interaction locations 

may correlate with cell cycle stages. Nuclear and perinuclear Aurora A/FOXO1 interactions 

resemble the distribution of Aurora A during prometaphase [177, 178]. Cytoplasmic Aurora 

A/FOXO1 interactions resemble the distribution of p-bodies or autophagosomes [179]. We 

show that in cells that are stressed by serum starvation, Aurora A blocks translocation of both 
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FOXO1 WT and AKT phospho-deficient FOXO1AAA. Although the results from our 

apoptosis assay strongly suggest that Aurora A interaction with FOXO1 results in FOXO1 

inhibition, characterization of the associated cellular processes is a necessary step for 

understanding the function of the interaction. 

  

5.5.2 Postulated mechanisms for FOXO1 deregulation by Aurora A 

Aurora A could contribute to FOXO1 inhibition in a number of manners that remain 

to be understood. Aurora A may act similarly to PLK1, which has been recently identified to 

phosphorylate FOXO1 to exclude access to the nucleus for transcription of pro-apoptotic 

genes [86, 180]. Aurora A and FOXO1 also share the ability to bind SIRT1. SIRT1 is a class 

III histone deacetylase that can promote cell viability by reducing activating FOXO1 

acetylation [181-183]. A mitotic kinases mix, including Aurora A and PKL1, promoted 

activating CDK1 phopshorylation of SIRT1. Thus, in addition to the proposed regulation of 

FOXO1 through a direct interaction, Aurora A may act in complex with SIRT1 or PLK1 to 

inhibit FOXO1. 

   

5.6 Future directions and translational implications 

 The ability to improve the survival rate for patients diagnosed with cancer is directly 

linked to our ability to provide new therapeutic options. As the field has progressed in our 

understanding that cancer represents a complex, heterogeneous group of diseases, the 

importance of precision medicine, in which the key genetic alterations that contribute to the 

development of an individual’s cancer is targeted through therapy, is truly underscored. Our 

work brings to the forefront the importance of understanding how genetic alterations also 
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change the protein-protein interaction landscape and signaling pathways that contribute to the 

hallmarks of cancer. 

 Specifically, we identified novel functions for Aurora A that are mediated through 

newly discovered protein-protein interactions with Ras and FOXO1. Ras is a key driver in 

cancer, yet efforts to target Ras directly have failed in the clinic. Our work has advanced the 

understanding how Ras is regulated and provided insights into how cell growth is controlled. 

Thus, our work may lead to new ways to target Ras for therapeutic discovery by targeting its 

positive regulator. The interaction of Aurora A and H-Ras provide a novel therapeutic target 

that could have great potential in cancers with overexpressed Aurora A and that rely on MAPK 

signaling to promote sustained proliferative signaling.  Unfortunately, early clinical 

investigation of Aurora A kinase inhibitors met unexpected challenges in the clinic, where the 

efficacy of cell cycle inhibition was limited by toxicity in patients [163]. This work has also 

highlighted importance of targeting non-enzymatic functions of kinases. This may help to 

overcome drug resistance and toxicity also resulting from kinase inhibition.  

 The impact of Aurora A on FOXO1 function in HBECs also directs us to consider 

that Aurora A may play a role in normal cell function and other diseases. Additional 

investigation into this relationship may provide novel therapeutic options for other FOXO1-

mediated processes such as immunity, longevity, and apoptosis [184].  

 Future directions stemming from this work would progress our findings towards the 

clinic. First, it is important to determine if Aurora A also enhances Ras-MAPK signaling in 

cancers mediated by other Ras isoforms. We show that Aurora A further enhances ERK 

activation by H-Ras G12V, and the same may be true for prominent K-Ras and N-Ras 

mutations found in different cancer types. Next, delving deeper into the mechanism, beyond 

protein scaffold that we propose, of how Aurora A upregulates Ras would increase our 
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understanding of the function of Aurora A in tumor biology. An evaluation of the impact of 

Aurora A on the ability for Ras to bind GTP, interact with RasGAPs or RasGEFs, or anchor 

to the membrane would elucidate this mechanism. In a similar manner, there is more to 

discover about the mechanism by which Aurora A deregulates FOXO1. Testing whether 

Aurora A phosphorylates FOXO1, enhancing its cytoplasmic localization or degradation, 

would clarify this point and potentially enable therapeutic targeting using kinase inhibitors. 

Lastly, developing small molecule inhibitors for the Aurora A/H-Ras and Aurora A/FOXO1 

interaction would allow a tool for disrupting the interactions. Success in preclinical models 

would allow the clinical evaluation of these PPI inhibitors for the treatment of cancer. 

Overall, the work presented in this dissertation provides a foundation for the 

development of PPI inhibitors for the oncogenic interactions described. New approaches to 

inhibiting the oncogenic activity of Aurora A were revealed by interrogating its interactions. 

Targeting of these interactions, especially in combination with established effected therapies 

has the potential to benefit patients and improve prognosis. The prevalence of Aurora A 

overexpression in GBM, breast, pancreatic, colon, bladder, and oral cancer heightens the 

importance of this study as beneficial for broadly applicable advances in cancer therapy.  

  



116 
	 	

 

References 



117 
	 	

 

 

1. Hanahan D and Weinberg RA. The hallmarks of cancer. Cell. 2000; 100(1):57-70. 
2. Cancer Facts and Figures 2016. American Cancer Society. 2016. 
3. Stewart B and Wild C. World Cancer Reports 2014. World Health Organization World 
Cancer Reports. 2014. 
4. Sawyers C. Targeted cancer therapy. Nature. 2004; 432(7015):294-297. 
5. Hanahan D and Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 
144(5):646-674. 
6. Perkins JR, Diboun I, Dessailly BH, Lees JG and Orengo C. Transient protein-protein 
interactions: structural, functional, and network properties. Structure. 2010; 18(10):1233-1243. 
7. Ivanov AA, Khuri FR and Fu H. Targeting protein-protein interactions as an 
anticancer strategy. Trends Pharmacol Sci. 2013; 34(7):393-400. 
8. Nooren IM and Thornton JM. Diversity of protein-protein interactions. EMBO J. 
2003; 22(14):3486-3492. 
9. He L and Hristova K. Physical-chemical principles underlying RTK activation, and 
their implications for human disease. Biochim Biophys Acta. 2012; 1818(4):995-1005. 
10. Lahiry P, Torkamani A, Schork NJ and Hegele RA. Kinase mutations in human 
disease: interpreting genotype-phenotype relationships. Nat Rev Genet. 2010; 11(1):60-74. 
11. Hall A. Rho family GTPases. Biochem Soc Trans. 2012; 40(6):1378-1382. 
12. Bos JL. ras oncogenes in human cancer: a review. Cancer Res. 1989; 49(17):4682-4689. 
13. Sahai E and Marshall CJ. RHO-GTPases and cancer. Nat Rev Cancer. 2002; 2(2):133-
142. 
14. Zhang J, Yang PL and Gray NS. Targeting cancer with small molecule kinase 
inhibitors. Nat Rev Cancer. 2009; 9(1):28-39. 
15. Gschwind A, Fischer OM and Ullrich A. The discovery of receptor tyrosine kinases: 
targets for cancer therapy. Nat Rev Cancer. 2004; 4(5):361-370. 
16. Yang RY, Yang KS, Pike LJ and Marshall GR. Targeting the dimerization of epidermal 
growth factor receptors with small-molecule inhibitors. Chem Biol Drug Des. 2010; 76(1):1-
9. 
17. Yan C and Theodorescu D. One step closer to targeting RAS. Cell Cycle. 2015; 
14(3):287-288. 
18. Khoo KH, Verma CS and Lane DP. Drugging the p53 pathway: understanding the 
route to clinical efficacy. Nat Rev Drug Discov. 2014; 13(3):217-236. 
19. Flygare JA, Beresini M, Budha N, Chan H, Chan IT, Cheeti S, Cohen F, Deshayes K, 
Doerner K, Eckhardt SG, Elliott LO, Feng B, Franklin MC, Reisner SF, Gazzard L, Halladay 
J, et al. Discovery of a potent small-molecule antagonist of inhibitor of apoptosis (IAP) 
proteins and clinical candidate for the treatment of cancer (GDC-0152). J Med Chem. 2012; 
55(9):4101-4113. 
20. Ngounou Wetie AG, Sokolowska I, Woods AG, Roy U, Deinhardt K and Darie CC. 
Protein-protein interactions: switch from classical methods to proteomics and bioinformatics-
based approaches. Cell Mol Life Sci. 2014; 71(2):205-228. 
21. Katayama H, Brinkley WR and Sen S. The Aurora kinases: role in cell transformation 
and tumorigenesis. Cancer metastasis reviews. 2003; 22(4):451-464. 
22. Bolanos-Garcia VM. Aurora kinases. Int J Biochem Cell Biol. 2005; 37(8):1572-1577. 
23. Bischoff JR and Plowman GD. The Aurora/Ipl1p kinase family: regulators of 
chromosome segregation and cytokinesis. Trends Cell Biol. 1999; 9(11):454-459. 



118 
	 	

 

24. Fu J, Bian M, Jiang Q and Zhang C. Roles of Aurora kinases in mitosis and 
tumorigenesis. Mol Cancer Res. 2007; 5(1):1-10. 
25. Nikonova AS, Astsaturov I, Serebriiskii IG, Dunbrack RL, Jr. and Golemis EA. 
Aurora A kinase (AURKA) in normal and pathological cell division. Cell Mol Life Sci. 2013; 
70(4):661-687. 
26. Dodson CA, Kosmopoulou M, Richards MW, Atrash B, Bavetsias V, Blagg J and 
Bayliss R. Crystal structure of an Aurora-A mutant that mimics Aurora-B bound to MLN8054: 
insights into selectivity and drug design. Biochem J. 2010; 427(1):19-28. 
27. Nguyen HG, Chinnappan D, Urano T and Ravid K. Mechanism of Aurora-B 
degradation and its dependency on intact KEN and A-boxes: identification of an aneuploidy-
promoting property. Molecular and cellular biology. 2005; 25(12):4977-4992. 
28. Castro A, Vigneron S, Bernis C, Labbe JC, Prigent C and Lorca T. The D-Box-
activating domain (DAD) is a new proteolysis signal that stimulates the silent D-Box sequence 
of Aurora-A. EMBO Rep. 2002; 3(12):1209-1214. 
29. Castro A, Arlot-Bonnemains Y, Vigneron S, Labbe JC, Prigent C and Lorca T. 
APC/Fizzy-Related targets Aurora-A kinase for proteolysis. EMBO Rep. 2002; 3(5):457-462. 
30. Crane R, Kloepfer A and Ruderman JV. Requirements for the destruction of human 
Aurora-A. J Cell Sci. 2004; 117(Pt 25):5975-5983. 
31. Carmena M and Earnshaw WC. The cellular geography of aurora kinases. Nat Rev 
Mol Cell Biol. 2003; 4(11):842-854. 
32. Nowakowski J, Cronin CN, McRee DE, Knuth MW, Nelson CG, Pavletich NP, 
Rogers J, Sang BC, Scheibe DN, Swanson RV and Thompson DA. Structures of the cancer-
related Aurora-A, FAK, and EphA2 protein kinases from nanovolume crystallography. 
Structure. 2002; 10(12):1659-1667. 
33. Katayama H, Zhou H, Li Q, Tatsuka M and Sen S. Interaction and feedback regulation 
between STK15/BTAK/Aurora-A kinase and protein phosphatase 1 through mitotic cell 
division cycle. The Journal of biological chemistry. 2001; 276(49):46219-46224. 
34. Zorba A, Buosi V, Kutter S, Kern N, Pontiggia F, Cho YJ and Kern D. Molecular 
mechanism of Aurora A kinase autophosphorylation and its allosteric activation by TPX2. 
Elife. 2014; 3:e02667. 
35. Zhao ZS, Lim JP, Ng YW, Lim L and Manser E. The GIT-associated kinase PAK 
targets to the centrosome and regulates Aurora-A. Mol Cell. 2005; 20(2):237-249. 
36. Walter AO, Seghezzi W, Korver W, Sheung J and Lees E. The mitotic 
serine/threonine kinase Aurora2/AIK is regulated by phosphorylation and degradation. 
Oncogene. 2000; 19(42):4906-4916. 
37. Furukawa T, Kanai N, Shiwaku HO, Soga N, Uehara A and Horii A. AURKA is one 
of the downstream targets of MAPK1/ERK2 in pancreatic cancer. Oncogene. 2006; 
25(35):4831-4839. 
38. Xu J, Li H, Wang B, Xu Y, Yang J, Zhang X, Harten SK, Shukla D, Maxwell PH, Pei 
D and Esteban MA. VHL inactivation induces HEF1 and Aurora kinase A. J Am Soc Nephrol. 
2010; 21(12):2041-2046. 
39. Hung LY, Tseng JT, Lee YC, Xia W, Wang YN, Wu ML, Chuang YH, Lai CH and 
Chang WC. Nuclear epidermal growth factor receptor (EGFR) interacts with signal transducer 
and activator of transcription 5 (STAT5) in activating Aurora-A gene expression. Nucleic 
Acids Res. 2008; 36(13):4337-4351. 
40. Jiang S, Katayama H, Wang J, Li SA, Hong Y, Radvanyi L, Li JJ and Sen S. Estrogen-
induced aurora kinase-A (AURKA) gene expression is activated by GATA-3 in estrogen 
receptor-positive breast cancer cells. Horm Cancer. 2010; 1(1):11-20. 



119 
	 	

 

41. Zhang Y, Ni J, Huang Q, Ren W, Yu L and Zhao S. Identification of the auto-
inhibitory domains of Aurora-A kinase. Biochemical and biophysical research 
communications. 2007; 357(2):347-352. 
42. van Leuken R, Clijsters L, van Zon W, Lim D, Yao X, Wolthuis RM, Yaffe MB, 
Medema RH and van Vugt MA. Polo-like kinase-1 controls Aurora A destruction by activating 
APC/C-Cdh1. PloS one. 2009; 4(4):e5282. 
43. Littlepage LE and Ruderman JV. Identification of a new APC/C recognition domain, 
the A box, which is required for the Cdh1-dependent destruction of the kinase Aurora-A 
during mitotic exit. Genes Dev. 2002; 16(17):2274-2285. 
44. Lens SM, Voest EE and Medema RH. Shared and separate functions of polo-like 
kinases and aurora kinases in cancer. Nat Rev Cancer. 2010; 10(12):825-841. 
45. Lehman NL, O'Donnell JP, Whiteley LJ, Stapp RT, Lehman TD, Roszka KM, Schultz 
LR, Williams CJ, Mikkelsen T, Brown SL, Ecsedy JA and Poisson LM. Aurora A is 
differentially expressed in gliomas, is associated with patient survival in glioblastoma and is a 
potential chemotherapeutic target in gliomas. Cell Cycle. 2012; 11(3):489-502. 
46. Zhou H, Kuang J, Zhong L, Kuo WL, Gray JW, Sahin A, Brinkley BR and Sen S. 
Tumour amplified kinase STK15/BTAK induces centrosome amplification, aneuploidy and 
transformation. Nat Genet. 1998; 20(2):189-193. 
47. Katayama H, Ota T, Jisaki F, Ueda Y, Tanaka T, Odashima S, Suzuki F, Terada Y and 
Tatsuka M. Mitotic kinase expression and colorectal cancer progression. J Natl Cancer Inst. 
1999; 91(13):1160-1162. 
48. Borel F, Lohez OD, Lacroix FB and Margolis RL. Multiple centrosomes arise from 
tetraploidy checkpoint failure and mitotic centrosome clusters in p53 and RB pocket protein-
compromised cells. Proc Natl Acad Sci U S A. 2002; 99(15):9819-9824. 
49. Gigoux V, L'Hoste S, Raynaud F, Camonis J and Garbay C. Identification of Aurora 
kinases as RasGAP Src homology 3 domain-binding proteins. The Journal of biological 
chemistry. 2002; 277(26):23742-23746. 
50. Pamonsinlapatham P, Hadj-Slimane R, Raynaud F, Bickle M, Corneloup C, Barthelaix 
A, Lepelletier Y, Mercier P, Schapira M, Samson J, Mathieu AL, Hugo N, Moncorge O, 
Mikaelian I, Dufour S, Garbay C, et al. A RasGAP SH3 peptide aptamer inhibits RasGAP-
Aurora interaction and induces caspase-independent tumor cell death. PloS one. 2008; 
3(8):e2902. 
51. Lim KH, Brady DC, Kashatus DF, Ancrile BB, Der CJ, Cox AD and Counter CM. 
Aurora-A phosphorylates, activates, and relocalizes the small GTPase RalA. Molecular and 
cellular biology. 2010; 30(2):508-523. 
52. Bodemann BO and White MA. Ral GTPases and cancer: linchpin support of the 
tumorigenic platform. Nat Rev Cancer. 2008; 8(2):133-140. 
53. Chen CH, Chuang HC, Huang CC, Fang FM, Huang HY, Tsai HT, Su LJ, Shiu LY, 
Leu S and Chien CY. Overexpression of Rap-1A indicates a poor prognosis for oral cavity 
squamous cell carcinoma and promotes tumor cell invasion via Aurora-A modulation. Am J 
Pathol. 2013; 182(2):516-528. 
54. Liu Q, Kaneko S, Yang L, Feldman RI, Nicosia SV, Chen J and Cheng JQ. Aurora-A 
abrogation of p53 DNA binding and transactivation activity by phosphorylation of serine 215. 
The Journal of biological chemistry. 2004; 279(50):52175-52182. 
55. Hsueh KW, Fu SL, Chang CB, Chang YL and Lin CH. A novel Aurora-A-mediated 
phosphorylation of p53 inhibits its interaction with MDM2. Biochim Biophys Acta. 2013; 
1834(2):508-515. 



120 
	 	

 

56. Gustafson WC, Meyerowitz JG, Nekritz EA, Chen J, Benes C, Charron E, Simonds 
EF, Seeger R, Matthay KK, Hertz NT, Eilers M, Shokat KM and Weiss WA. Drugging MYCN 
through an allosteric transition in Aurora kinase A. Cancer Cell. 2014; 26(3):414-427. 
57. Otto T, Horn S, Brockmann M, Eilers U, Schuttrumpf L, Popov N, Kenney AM, 
Schulte JH, Beijersbergen R, Christiansen H, Berwanger B and Eilers M. Stabilization of N-
Myc is a critical function of Aurora A in human neuroblastoma. Cancer Cell. 2009; 15(1):67-
78. 
58. Lee JK, Phillips JW, Smith BA, Park JW, Stoyanova T, McCaffrey EF, Baertsch R, 
Sokolov A, Meyerowitz JG, Mathis C, Cheng D, Stuart JM, Shokat KM, Gustafson WC, 
Huang J and Witte ON. N-Myc Drives Neuroendocrine Prostate Cancer Initiated from 
Human Prostate Epithelial Cells. Cancer Cell. 2016; 29(4):536-547. 
59. Lowy DR and Willumsen BM. Function and regulation of ras. Annu Rev Biochem. 
1993; 62:851-891. 
60. Quilliam LA, Castro AF, Rogers-Graham KS, Martin CB, Der CJ and Bi C. M-Ras/R-
Ras3, a transforming ras protein regulated by Sos1, GRF1, and p120 Ras GTPase-activating 
protein, interacts with the putative Ras effector AF6. The Journal of biological chemistry. 
1999; 274(34):23850-23857. 
61. Nishigaki M, Aoyagi K, Danjoh I, Fukaya M, Yanagihara K, Sakamoto H, Yoshida T 
and Sasaki H. Discovery of aberrant expression of R-RAS by cancer-linked DNA 
hypomethylation in gastric cancer using microarrays. Cancer Res. 2005; 65(6):2115-2124. 
62. Zhou B, Der CJ and Cox AD. The role of wild type RAS isoforms in cancer. Semin 
Cell Dev Biol. 2016. 
63. Paduch M, Jelen F and Otlewski J. Structure of small G proteins and their regulators. 
Acta Biochim Pol. 2001; 48(4):829-850. 
64. Malumbres M and Barbacid M. RAS oncogenes: the first 30 years. Nat Rev Cancer. 
2003; 3(6):459-465. 
65. Vigil D, Cherfils J, Rossman KL and Der CJ. Ras superfamily GEFs and GAPs: 
validated and tractable targets for cancer therapy? Nat Rev Cancer. 2010; 10(12):842-857. 
66. Ahearn IM, Haigis K, Bar-Sagi D and Philips MR. Regulating the regulator: post-
translational modification of RAS. Nat Rev Mol Cell Biol. 2011; 13(1):39-51. 
67. Basso AD, Kirschmeier P and Bishop WR. Lipid posttranslational modifications. 
Farnesyl transferase inhibitors. J Lipid Res. 2006; 47(1):15-31. 
68. Quatela SE, Sung PJ, Ahearn IM, Bivona TG and Philips MR. Analysis of K-Ras 
phosphorylation, translocation, and induction of apoptosis. Methods Enzymol. 2008; 439:87-
102. 
69. Cox AD and Der CJ. Ras history: The saga continues. Small GTPases. 2010; 1(1):2-
27. 
70. Brose N and Rosenmund C. Move over protein kinase C, you've got company: 
alternative cellular effectors of diacylglycerol and phorbol esters. J Cell Sci. 2002; 115(Pt 
23):4399-4411. 
71. Prior IA, Lewis PD and Mattos C. A comprehensive survey of Ras mutations in cancer. 
Cancer Res. 2012; 72(10):2457-2467. 
72. Snuderl M, Fazlollahi L, Le LP, Nitta M, Zhelyazkova BH, Davidson CJ, Akhavanfard 
S, Cahill DP, Aldape KD, Betensky RA, Louis DN and Iafrate AJ. Mosaic amplification of 
multiple receptor tyrosine kinase genes in glioblastoma. Cancer Cell. 2011; 20(6):810-817. 
73. Cancer Genome Atlas Research N. Comprehensive genomic characterization defines 
human glioblastoma genes and core pathways. Nature. 2008; 455(7216):1061-1068. 



121 
	 	

 

74. Cox AD and Der CJ. Ras family signaling: therapeutic targeting. Cancer Biol Ther. 
2002; 1(6):599-606. 
75. Cox AD, Fesik SW, Kimmelman AC, Luo J and Der CJ. Drugging the undruggable 
RAS: Mission possible? Nat Rev Drug Discov. 2014; 13(11):828-851. 
76. Rodriguez-Viciana P, Warne PH, Dhand R, Vanhaesebroeck B, Gout I, Fry MJ, 
Waterfield MD and Downward J. Phosphatidylinositol-3-OH kinase as a direct target of Ras. 
Nature. 1994; 370(6490):527-532. 
77. D'Adamo DR, Novick S, Kahn JM, Leonardi P and Pellicer A. rsc: a novel oncogene 
with structural and functional homology with the gene family of exchange factors for Ral. 
Oncogene. 1997; 14(11):1295-1305. 
78. Moodie SA, Willumsen BM, Weber MJ and Wolfman A. Complexes of Ras.GTP with 
Raf-1 and mitogen-activated protein kinase kinase. Science. 1993; 260(5114):1658-1661. 
79. Roux PP, Ballif BA, Anjum R, Gygi SP and Blenis J. Tumor-promoting phorbol esters 
and activated Ras inactivate the tuberous sclerosis tumor suppressor complex via p90 
ribosomal S6 kinase. Proc Natl Acad Sci U S A. 2004; 101(37):13489-13494. 
80. Gysin S, Salt M, Young A and McCormick F. Therapeutic strategies for targeting ras 
proteins. Genes & cancer. 2011; 2(3):359-372. 
81. Cox AD, Der CJ and Philips MR. Targeting RAS Membrane Association: Back to the 
Future for Anti-RAS Drug Discovery? Clinical cancer research : an official journal of the 
American Association for Cancer Research. 2015; 21(8):1819-1827. 
82. Weigel D, Jurgens G, Kuttner F, Seifert E and Jackle H. The homeotic gene fork head 
encodes a nuclear protein and is expressed in the terminal regions of the Drosophila embryo. 
Cell. 1989; 57(4):645-658. 
83. Myatt SS and Lam EW. The emerging roles of forkhead box (Fox) proteins in cancer. 
Nat Rev Cancer. 2007; 7(11):847-859. 
84. Wang Y, Zhou Y and Graves DT. FOXO transcription factors: their clinical 
significance and regulation. Biomed Res Int. 2014; 2014:925350. 
85. Xie Q, Chen J and Yuan Z. Post-translational regulation of FOXO. Acta Biochim 
Biophys Sin (Shanghai). 2012; 44(11):897-901. 
86. Yuan C, Wang L, Zhou L and Fu Z. The function of FOXO1 in the late phases of the 
cell cycle is suppressed by PLK1-mediated phosphorylation. Cell Cycle. 2014; 13(5):807-819. 
87. Sunters A, Fernandez de Mattos S, Stahl M, Brosens JJ, Zoumpoulidou G, Saunders 
CA, Coffer PJ, Medema RH, Coombes RC and Lam EW. FoxO3a transcriptional regulation 
of Bim controls apoptosis in paclitaxel-treated breast cancer cell lines. The Journal of 
biological chemistry. 2003; 278(50):49795-49805. 
88. Kelly KR, Nawrocki ST, Espitia CM, Zhang M, Yang JJ, Padmanabhan S, Ecsedy J, 
Giles FJ and Carew JS. Targeting Aurora A kinase activity with the investigational agent 
alisertib increases the efficacy of cytarabine through a FOXO-dependent mechanism. 
International journal of cancer. 2012; 131(11):2693-2703. 
89. Kanda A, Kawai H, Suto S, Kitajima S, Sato S, Takata T and Tatsuka M. Aurora-
B/AIM-1 kinase activity is involved in Ras-mediated cell transformation. Oncogene. 2005; 
24(49):7266-7272. 
90. Wan XB, Long ZJ, Yan M, Xu J, Xia LP, Liu L, Zhao Y, Huang XF, Wang XR, Zhu 
XF, Hong MH and Liu Q. Inhibition of Aurora-A suppresses epithelial-mesenchymal 
transition and invasion by downregulating MAPK in nasopharyngeal carcinoma cells. 
Carcinogenesis. 2008; 29(10):1930-1937. 



122 
	 	

 

91. Liu Y, Luo W and Chen S. Comparison of gene expression profiles reveals aberrant 
expression of FOXO1, Aurora A/B and EZH2 in lesional psoriatic skins. Mol Biol Rep. 2011; 
38(6):4219-4224. 
92. Lee SY, Lee GR, Woo DH, Park NH, Cha HJ, Moon YH and Han IS. Depletion of 
Aurora A leads to upregulation of FoxO1 to induce cell cycle arrest in hepatocellular 
carcinoma cells. Cell Cycle. 2013; 12(1):67-75. 
93. Fernandez-Medarde A and Santos E. Ras in cancer and developmental diseases. Genes 
& cancer. 2011; 2(3):344-358. 
94. Khosravi-Far R and Der CJ. The Ras signal transduction pathway. Cancer metastasis 
reviews. 1994; 13(1):67-89. 
95. Shih TY, Papageorge AG, Stokes PE, Weeks MO and Scolnick EM. Guanine 
nucleotide-binding and autophosphorylating activities associated with the p21src protein of 
Harvey murine sarcoma virus. Nature. 1980; 287(5784):686-691. 
96. Sweet RW, Yokoyama S, Kamata T, Feramisco JR, Rosenberg M and Gross M. The 
product of ras is a GTPase and the T24 oncogenic mutant is deficient in this activity. Nature. 
1984; 311(5983):273-275. 
97. Trahey M and McCormick F. A cytoplasmic protein stimulates normal N-ras p21 
GTPase, but does not affect oncogenic mutants. Science. 1987; 238(4826):542-545. 
98. Xu GF, Lin B, Tanaka K, Dunn D, Wood D, Gesteland R, White R, Weiss R and 
Tamanoi F. The catalytic domain of the neurofibromatosis type 1 gene product stimulates ras 
GTPase and complements ira mutants of S. cerevisiae. Cell. 1990; 63(4):835-841. 
99. Scheffzek K, Lautwein A, Kabsch W, Ahmadian MR and Wittinghofer A. Crystal 
structure of the GTPase-activating domain of human p120GAP and implications for the 
interaction with Ras. Nature. 1996; 384(6609):591-596. 
100. Taparowsky E, Suard Y, Fasano O, Shimizu K, Goldfarb M and Wigler M. Activation 
of the T24 bladder carcinoma transforming gene is linked to a single amino acid change. 
Nature. 1982; 300(5894):762-765. 
101. Reddy EP, Reynolds RK, Santos E and Barbacid M. A point mutation is responsible 
for the acquisition of transforming properties by the T24 human bladder carcinoma oncogene. 
Nature. 1982; 300(5888):149-152. 
102. Tabin CJ, Bradley SM, Bargmann CI, Weinberg RA, Papageorge AG, Scolnick EM, 
Dhar R, Lowy DR and Chang EH. Mechanism of activation of a human oncogene. Nature. 
1982; 300(5888):143-149. 
103. Feig LA and Cooper GM. Inhibition of NIH 3T3 cell proliferation by a mutant ras 
protein with preferential affinity for GDP. Molecular and cellular biology. 1988; 8(8):3235-
3243. 
104. Gerald D, Berra E, Frapart YM, Chan DA, Giaccia AJ, Mansuy D, Pouyssegur J, Yaniv 
M and Mechta-Grigoriou F. JunD reduces tumor angiogenesis by protecting cells from 
oxidative stress. Cell. 2004; 118(6):781-794. 
105. Kelly KR, Ecsedy J, Mahalingam D, Nawrocki ST, Padmanabhan S, Giles FJ and 
Carew JS. Targeting aurora kinases in cancer treatment. Curr Drug Targets. 2011; 12(14):2067-
2078. 
106. Cowley DO, Rivera-Perez JA, Schliekelman M, He YJ, Oliver TG, Lu L, O'Quinn R, 
Salmon ED, Magnuson T and Van Dyke T. Aurora-A kinase is essential for bipolar spindle 
formation and early development. Molecular and cellular biology. 2009; 29(4):1059-1071. 
107. Suzuki A, Fukushige S, Nagase S, Ohuchi N, Satomi S and Horii A. Frequent gains on 
chromosome arms 1q and/or 8q in human endometrial cancer. Hum Genet. 1997; 100(5-
6):629-636. 



123 
	 	

 

108. Li D, Zhu J, Firozi PF, Abbruzzese JL, Evans DB, Cleary K, Friess H and Sen S. 
Overexpression of oncogenic STK15/BTAK/Aurora A kinase in human pancreatic cancer. 
Clinical cancer research : an official journal of the American Association for Cancer Research. 
2003; 9(3):991-997. 
109. Katayama H, Sasai K, Kawai H, Yuan ZM, Bondaruk J, Suzuki F, Fujii S, Arlinghaus 
RB, Czerniak BA and Sen S. Phosphorylation by aurora kinase A induces Mdm2-mediated 
destabilization and inhibition of p53. Nat Genet. 2004; 36(1):55-62. 
110. Burum-Auensen E, Deangelis PM, Schjolberg AR, Roislien J, Andersen SN and 
Clausen OP. Spindle proteins Aurora A and BUB1B, but not Mad2, are aberrantly expressed 
in dysplastic mucosa of patients with longstanding ulcerative colitis. J Clin Pathol. 2007; 
60(12):1403-1408. 
111. Lassus H, Staff S, Leminen A, Isola J and Butzow R. Aurora-A overexpression and 
aneuploidy predict poor outcome in serous ovarian carcinoma. Gynecol Oncol. 2011; 
120(1):11-17. 
112. Zeng B, Lei Y, Zhu H, Luo S, Zhuang M, Su C, Zou J, Yang L and Luo H. Aurora-A 
is a novel predictor of poor prognosis in patients with resected lung adenocarcinoma. Chin J 
Cancer Res. 2014; 26(2):166-173. 
113. Jones S, Zhang X, Parsons DW, Lin JC, Leary RJ, Angenendt P, Mankoo P, Carter H, 
Kamiyama H, Jimeno A, Hong SM, Fu B, Lin MT, Calhoun ES, Kamiyama M, Walter K, et 
al. Core signaling pathways in human pancreatic cancers revealed by global genomic analyses. 
Science. 2008; 321(5897):1801-1806. 
114. Smit VT, Boot AJ, Smits AM, Fleuren GJ, Cornelisse CJ and Bos JL. KRAS codon 12 
mutations occur very frequently in pancreatic adenocarcinomas. Nucleic Acids Res. 1988; 
16(16):7773-7782. 
115. Tseng YS, Tzeng CC, Huang CY, Chen PH, Chiu AW, Hsu PY, Huang GC, Wang 
YC and Liu HS. Aurora-A overexpression associates with Ha-ras codon-12 mutation and 
blackfoot disease endemic area in bladder cancer. Cancer letters. 2006; 241(1):93-101. 
116. Tseng YS, Lee JC, Huang CY and Liu HS. Aurora-A overexpression enhances cell-
aggregation of Ha-ras transformants through the MEK/ERK signaling pathway. BMC cancer. 
2009; 9:435. 
117. Du Y and Havel JJ. (2012). Time-resolved fluorescence resonance energy transfer 
technologies in HTS: Cambridge University Press). 
118. Chambard JC, Lefloch R, Pouyssegur J and Lenormand P. ERK implication in cell 
cycle regulation. Biochim Biophys Acta. 2007; 1773(8):1299-1310. 
119. Marshall CJ. Specificity of receptor tyrosine kinase signaling: transient versus sustained 
extracellular signal-regulated kinase activation. Cell. 1995; 80(2):179-185. 
120. Klein A, Jung V, Zang KD, Henn W, Montenarh M, Kartarius S, Steudel WI and 
Urbschat S. Detailed chromosomal characterization of the breast cancer cell line MCF7 with 
special focus on the expression of the serine-threonine kinase 15. Oncol Rep. 2005; 14(1):23-
31. 
121. Quilliam LA, Kato K, Rabun KM, Hisaka MM, Huff SY, Campbell-Burk S and Der 
CJ. Identification of residues critical for Ras(17N) growth-inhibitory phenotype and for Ras 
interaction with guanine nucleotide exchange factors. Molecular and cellular biology. 1994; 
14(2):1113-1121. 
122. Pirkmajer S and Chibalin AV. Serum starvation: caveat emptor. Am J Physiol Cell 
Physiol. 2011; 301(2):C272-279. 



124 
	 	

 

123. Tatsuka M, Sato S, Kitajima S, Suto S, Kawai H, Miyauchi M, Ogawa I, Maeda M, Ota 
T and Takata T. Overexpression of Aurora-A potentiates HRAS-mediated oncogenic 
transformation and is implicated in oral carcinogenesis. Oncogene. 2005; 24(6):1122-1127. 
124. Biran A, Brownstein M, Haklai R and Kloog Y. Downregulation of survivin and aurora 
A by histone deacetylase and RAS inhibitors: a new drug combination for cancer therapy. 
International journal of cancer. 2011; 128(3):691-701. 
125. Hadj-Slimane R, Pamonsinlapatham P, Herbeuval JP, Garbay C, Lepelletier Y and 
Raynaud F. RasV12 induces Survivin/AuroraB pathway conferring tumor cell apoptosis 
resistance. Cellular signalling. 2010; 22(8):1214-1221. 
126. Marampon F, Gravina GL, Popov VM, Scarsella L, Festuccia C, La Verghetta ME, 
Parente S, Cerasani M, Bruera G, Ficorella C, Ricevuto E, Tombolini V, Di Cesare E and Zani 
BM. Close correlation between MEK/ERK and Aurora-B signaling pathways in sustaining 
tumorigenic potential and radioresistance of gynecological cancer cell lines. Int J Oncol. 2014; 
44(1):285-294. 
127. Patel AV, Eaves D, Jessen WJ, Rizvi TA, Ecsedy JA, Qian MG, Aronow BJ, Perentesis 
JP, Serra E, Cripe TP, Miller SJ and Ratner N. Ras-driven transcriptome analysis identifies 
aurora kinase A as a potential malignant peripheral nerve sheath tumor therapeutic target. 
Clinical cancer research : an official journal of the American Association for Cancer Research. 
2012; 18(18):5020-5030. 
128. Perez de Castro I, Aguirre-Portoles C, Martin B, Fernandez-Miranda G, Klotzbucher 
A, Kubbutat MH, Megias D, Arlot-Bonnemains Y and Malumbres M. A SUMOylation Motif 
in Aurora-A: Implications for Spindle Dynamics and Oncogenesis. Front Oncol. 2011; 1:50. 
129. Porcu G, Wilson C, Di Giandomenico D and Ragnini-Wilson A. A yeast-based 
genomic strategy highlights the cell protein networks altered by FTase inhibitor 
peptidomimetics. Mol Cancer. 2010; 9:197. 
130. Puig-Butille JA, Badenas C, Ogbah Z, Carrera C, Aguilera P, Malvehy J and Puig S. 
Genetic alterations in RAS-regulated pathway in acral lentiginous melanoma. Exp Dermatol. 
2013; 22(2):148-150. 
131. Temme A, Diestelkoetter-Bachert P, Schmitz M, Morgenroth A, Weigle B, Rieger MA, 
Kiessling A and Rieber EP. Increased p21(ras) activity in human fibroblasts transduced with 
survivin enhances cell proliferation. Biochemical and biophysical research communications. 
2005; 327(3):765-773. 
132. Minoshima Y, Kawashima T, Hirose K, Tonozuka Y, Kawajiri A, Bao YC, Deng X, 
Tatsuka M, Narumiya S, May WS, Jr., Nosaka T, Semba K, Inoue T, Satoh T, Inagaki M and 
Kitamura T. Phosphorylation by aurora B converts MgcRacGAP to a RhoGAP during 
cytokinesis. Dev Cell. 2003; 4(4):549-560. 
133. Chen J, Fujii K, Zhang L, Roberts T and Fu H. Raf-1 promotes cell survival by 
antagonizing apoptosis signal-regulating kinase 1 through a MEK-ERK independent 
mechanism. Proc Natl Acad Sci U S A. 2001; 98(14):7783-7788. 
134. Mielgo A, Seguin L, Huang M, Camargo MF, Anand S, Franovic A, Weis SM, Advani 
SJ, Murphy EA and Cheresh DA. A MEK-independent role for CRAF in mitosis and tumor 
progression. Nat Med. 2011; 17(12):1641-1645. 
135. Stephen AG, Esposito D, Bagni RK and McCormick F. Dragging ras back in the ring. 
Cancer Cell. 2014; 25(3):272-281. 
136. Lim KH, Baines AT, Fiordalisi JJ, Shipitsin M, Feig LA, Cox AD, Der CJ and Counter 
CM. Activation of RalA is critical for Ras-induced tumorigenesis of human cells. Cancer Cell. 
2005; 7(6):533-545. 



125 
	 	

 

137. Kollareddy M, Zheleva D, Dzubak P, Brahmkshatriya PS, Lepsik M and Hajduch M. 
Aurora kinase inhibitors: progress towards the clinic. Invest New Drugs. 2012; 30(6):2411-
2432. 
138. Lavoie H and Therrien M. Regulation of RAF protein kinases in ERK signalling. Nat 
Rev Mol Cell Biol. 2015; 16(5):281-298. 
139. Ekvall S, Wilbe M, Dahlgren J, Legius E, van Haeringen A, Westphal O, Anneren G 
and Bondeson ML. Mutation in NRAS in familial Noonan syndrome--case report and review 
of the literature. BMC Med Genet. 2015; 16:95. 
140. Pandit B, Sarkozy A, Pennacchio LA, Carta C, Oishi K, Martinelli S, Pogna EA, 
Schackwitz W, Ustaszewska A, Landstrom A, Bos JM, Ommen SR, Esposito G, Lepri F, Faul 
C, Mundel P, et al. Gain-of-function RAF1 mutations cause Noonan and LEOPARD 
syndromes with hypertrophic cardiomyopathy. Nat Genet. 2007; 39(8):1007-1012. 
141. Light Y, Paterson H and Marais R. 14-3-3 antagonizes Ras-mediated Raf-1 recruitment 
to the plasma membrane to maintain signaling fidelity. Molecular and cellular biology. 2002; 
22(14):4984-4996. 
142. Holderfield M, Deuker MM, McCormick F and McMahon M. Targeting RAF kinases 
for cancer therapy: BRAF-mutated melanoma and beyond. Nat Rev Cancer. 2014; 14(7):455-
467. 
143. Poulikakos PI, Zhang C, Bollag G, Shokat KM and Rosen N. RAF inhibitors 
transactivate RAF dimers and ERK signalling in cells with wild-type BRAF. Nature. 2010; 
464(7287):427-430. 
144. Wilhelm S, Carter C, Lynch M, Lowinger T, Dumas J, Smith RA, Schwartz B, 
Simantov R and Kelley S. Discovery and development of sorafenib: a multikinase inhibitor for 
treating cancer. Nat Rev Drug Discov. 2006; 5(10):835-844. 
145. Burgering BM and Kops GJ. Cell cycle and death control: long live Forkheads. Trends 
Biochem Sci. 2002; 27(7):352-360. 
146. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Anderson MJ, Arden KC, 
Blenis J and Greenberg ME. Akt promotes cell survival by phosphorylating and inhibiting a 
Forkhead transcription factor. Cell. 1999; 96(6):857-868. 
147. Brownawell AM, Kops GJ, Macara IG and Burgering BM. Inhibition of nuclear 
import by protein kinase B (Akt) regulates the subcellular distribution and activity of the 
forkhead transcription factor AFX. Molecular and cellular biology. 2001; 21(10):3534-3546. 
148. Biggs WH, 3rd, Meisenhelder J, Hunter T, Cavenee WK and Arden KC. Protein kinase 
B/Akt-mediated phosphorylation promotes nuclear exclusion of the winged helix 
transcription factor FKHR1. Proc Natl Acad Sci U S A. 1999; 96(13):7421-7426. 
149. Tang ED, Nunez G, Barr FG and Guan KL. Negative regulation of the forkhead 
transcription factor FKHR by Akt. The Journal of biological chemistry. 1999; 274(24):16741-
16746. 
150. Arden KC. FoxO: linking new signaling pathways. Mol Cell. 2004; 14(4):416-418. 
151. Barr FA, Sillje HH and Nigg EA. Polo-like kinases and the orchestration of cell 
division. Nat Rev Mol Cell Biol. 2004; 5(6):429-440. 
152. Nigg EA. Polo-like kinases: positive regulators of cell division from start to finish. 
Curr Opin Cell Biol. 1998; 10(6):776-783. 
153. Park JE, Soung NK, Johmura Y, Kang YH, Liao C, Lee KH, Park CH, Nicklaus MC 
and Lee KS. Polo-box domain: a versatile mediator of polo-like kinase function. Cell Mol Life 
Sci. 2010; 67(12):1957-1970. 



126 
	 	

 

154. Fu Z, Malureanu L, Huang J, Wang W, Li H, van Deursen JM, Tindall DJ and Chen 
J. Plk1-dependent phosphorylation of FoxM1 regulates a transcriptional programme required 
for mitotic progression. Nat Cell Biol. 2008; 10(9):1076-1082. 
155. Macurek L, Lindqvist A, Lim D, Lampson MA, Klompmaker R, Freire R, Clouin C, 
Taylor SS, Yaffe MB and Medema RH. Polo-like kinase-1 is activated by aurora A to promote 
checkpoint recovery. Nature. 2008; 455(7209):119-123. 
156. Honda K, Mihara H, Kato Y, Yamaguchi A, Tanaka H, Yasuda H, Furukawa K and 
Urano T. Degradation of human Aurora2 protein kinase by the anaphase-promoting complex-
ubiquitin-proteasome pathway. Oncogene. 2000; 19(24):2812-2819. 
157. Alikhani M, Alikhani Z and Graves DT. FOXO1 functions as a master switch that 
regulates gene expression necessary for tumor necrosis factor-induced fibroblast apoptosis. 
The Journal of biological chemistry. 2005; 280(13):12096-12102. 
158. Zheng D, Chen CY and Shyu AB. Unraveling regulation and new components of 
human P-bodies through a protein interaction framework and experimental validation. RNA. 
2011; 17(9):1619-1634. 
159. Zhao Y, Yang J, Liao W, Liu X, Zhang H, Wang S, Wang D, Feng J, Yu L and Zhu 
WG. Cytosolic FoxO1 is essential for the induction of autophagy and tumour suppressor 
activity. Nat Cell Biol. 2010; 12(7):665-675. 
160. Di Pietro N, Panel V, Hayes S, Bagattin A, Meruvu S, Pandolfi A, Hugendubler L, 
Fejes-Toth G, Naray-Fejes-Toth A and Mueller E. Serum- and glucocorticoid-inducible kinase 
1 (SGK1) regulates adipocyte differentiation via forkhead box O1. Mol Endocrinol. 2010; 
24(2):370-380. 
161. Zhou J, Li H, Li X, Zhang G, Niu Y, Yuan Z, Herrup K, Zhang YW, Bu G, Xu H 
and Zhang J. The roles of Cdk5-mediated subcellular localization of FOXO1 in neuronal 
death. J Neurosci. 2015; 35(6):2624-2635. 
162. Seiler F, Hellberg J, Lepper PM, Kamyschnikow A, Herr C, Bischoff M, Langer F, 
Schafers HJ, Lammert F, Menger MD, Bals R and Beisswenger C. FOXO transcription factors 
regulate innate immune mechanisms in respiratory epithelial cells. J Immunol. 2013; 
190(4):1603-1613. 
163. D'Assoro AB, Haddad T and Galanis E. Aurora-A Kinase as a Promising Therapeutic 
Target in Cancer. Front Oncol. 2015; 5:295. 
164. Ferchichi I, Sassi Hannachi S, Baccar A, Marrakchi Triki R, Cremet JY, Ben Romdhane 
K, Prigent C and Ben Ammar El Gaaied A. Assessment of Aurora A kinase expression in 
breast cancer: a tool for early diagnosis? Dis Markers. 2013; 34(2):63-69. 
165. Burum-Auensen E, De Angelis PM, Schjolberg AR, Kravik KL, Aure M and Clausen 
OP. Subcellular localization of the spindle proteins Aurora A, Mad2, and BUBR1 assessed by 
immunohistochemistry. J Histochem Cytochem. 2007; 55(5):477-486. 
166. Rannou Y, Troadec MB, Petretti C, Hans F, Dutertre S, Dimitrov S and Prigent C. 
Localization of aurora A and aurora B kinases during interphase: role of the N-terminal 
domain. Cell Cycle. 2008; 7(19):3012-3020. 
167. Gritsko TM, Coppola D, Paciga JE, Yang L, Sun M, Shelley SA, Fiorica JV, Nicosia 
SV and Cheng JQ. Activation and overexpression of centrosome kinase BTAK/Aurora-A in 
human ovarian cancer. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2003; 9(4):1420-1426. 
168. Dos Santos EO, Carneiro-Lobo TC, Aoki MN, Levantini E and Basseres DS. Aurora 
kinase targeting in lung cancer reduces KRAS-induced transformation. Mol Cancer. 2016; 
15:12. 



127 
	 	

 

169. Davis SL, Robertson KM, Pitts TM, Tentler JJ, Bradshaw-Pierce EL, Klauck PJ, Bagby 
SM, Hyatt SL, Selby HM, Spreafico A, Ecsedy JA, Arcaroli JJ, Messersmith WA, Tan AC and 
Eckhardt SG. Combined inhibition of MEK and Aurora A kinase in KRAS/PIK3CA double-
mutant colorectal cancer models. Front Pharmacol. 2015; 6:120. 
170. Caputo E, Miceli R, Motti ML, Tate R, Fratangelo F, Botti G, Mozzillo N, Carriero 
MV, Cavalcanti E, Palmieri G, Ciliberto G, Pirozzi G and Ascierto PA. AurkA inhibitors 
enhance the effects of B-RAF and MEK inhibitors in melanoma treatment. J Transl Med. 
2014; 12:216. 
171. Yoon S and Seger R. The extracellular signal-regulated kinase: multiple substrates 
regulate diverse cellular functions. Growth Factors. 2006; 24(1):21-44. 
172. Li S, Deng Z, Fu J, Xu C, Xin G, Wu Z, Luo J, Wang G, Zhang S, Zhang B, Zou F, 
Jiang Q and Zhang C. Spatial Compartmentalization Specializes the Function of Aurora A and 
Aurora B. The Journal of biological chemistry. 2015; 290(28):17546-17558. 
173. Bayliss R, Sardon T, Vernos I and Conti E. Structural basis of Aurora-A activation by 
TPX2 at the mitotic spindle. Mol Cell. 2003; 12(4):851-862. 
174. Stenoien DL, Sen S, Mancini MA and Brinkley BR. Dynamic association of a tumor 
amplified kinase, Aurora-A, with the centrosome and mitotic spindle. Cell Motil Cytoskeleton. 
2003; 55(2):134-146. 
175. Zeng X, Shaikh FY, Harrison MK, Adon AM, Trimboli AJ, Carroll KA, Sharma N, 
Timmers C, Chodosh LA, Leone G and Saavedra HI. The Ras oncogene signals centrosome 
amplification in mammary epithelial cells through cyclin D1/Cdk4 and Nek2. Oncogene. 
2010; 29(36):5103-5112. 
176. Avruch J, Zhang XF and Kyriakis JM. Raf meets Ras: completing the framework of a 
signal transduction pathway. Trends Biochem Sci. 1994; 19(7):279-283. 
177. Song SJ, Song MS, Kim SJ, Kim SY, Kwon SH, Kim JG, Calvisi DF, Kang D and Lim 
DS. Aurora A regulates prometaphase progression by inhibiting the ability of RASSF1A to 
suppress APC-Cdc20 activity. Cancer Res. 2009; 69(6):2314-2323. 
178. Hegarat N, Smith E, Nayak G, Takeda S, Eyers PA and Hochegger H. Aurora A and 
Aurora B jointly coordinate chromosome segregation and anaphase microtubule dynamics. 
The Journal of cell biology. 2011; 195(7):1103-1113. 
179. Drake KR, Kang M and Kenworthy AK. Nucleocytoplasmic distribution and 
dynamics of the autophagosome marker EGFP-LC3. PloS one. 2010; 5(3):e9806. 
180. Murakami H, Aiba H, Nakanishi M and Murakami-Tonami Y. Regulation of yeast 
forkhead transcription factors and FoxM1 by cyclin-dependent and polo-like kinases. Cell 
Cycle. 2010; 9(16):3233-3242. 
181. Shukla S, Sharma A, Pandey VK, Raisuddin S and Kakkar P. Concurrent acetylation 
of FoxO1/3a and p53 due to sirtuins inhibition elicit Bim/PUMA mediated mitochondrial 
dysfunction and apoptosis in berberine-treated HepG2 cells. Toxicol Appl Pharmacol. 2016; 
291:70-83. 
182. Hariharan N, Maejima Y, Nakae J, Paik J, Depinho RA and Sadoshima J. Deacetylation 
of FoxO by Sirt1 Plays an Essential Role in Mediating Starvation-Induced Autophagy in 
Cardiac Myocytes. Circ Res. 2010; 107(12):1470-1482. 
183. Gu X, Han D, Chen W, Zhang L, Lin Q, Gao J, Fanning S and Han B. SIRT1-
mediated FoxOs pathways protect against apoptosis by promoting autophagy in osteoblast-
like MC3T3-E1 cells exposed to sodium fluoride. Oncotarget. 2016. 
184. Maiese K, Chong ZZ, Shang YC and Hou J. A "FOXO" in sight: targeting Foxo 
proteins from conception to cancer. Med Res Rev. 2009; 29(3):395-418. 



128 
	 	

 

Appendix 

 



129 
	 	

 

 
 
Figure A-1. Schematic representation of TR-FRET and Venus PCA assays.  

Time Resolved-Fluorescence Resonance Energy Transfer (TR-FRET) assay and Venus 

Protein-fragment Complementation Assay (Venus PCA) are two methods to detect protein-

protein interactions. 
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Figure A-2. The Aurora A/H-Ras interaction localizes to the plasma membrane and 

possibly the Golgi apparatus in HEK 293T and Cos7 cells.  
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Figure A-3. Localization of Venus-Flag Aurora A truncations in HEK 293T cells. 
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