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ABSTRACT 

 

 Motivated by the urgent need for new molecular targets and novel agents to treat 

pancreatic cancer, a target-based approach to drug discovery was implemented that led to 

the identification, validation and targeting of the Aurora family of kinases.  The Aurora 

kinases (A, B and C) are mitotic serine/threonine kinases involved in various aspects of 

mitosis, including centrosome separation, bipolar spindle assembly, chromosome 

alignment and cytokinesis.  In this dissertation, the potential use of the Aurora kinases as 

therapeutic targets to treat pancreatic cancer was investigated.  It was found that both 

Aurora A and Aurora B are overexpressed in pancreatic adenocarcinomas, suggesting 

that some cancer cells are dependent upon their activity for continued proliferation and 

survival.  To validate this hypothesis, antisense oligonucleotides were used in cell-based 

assays to evaluate the biological consequences of Aurora A and/or Aurora B inhibition.  

It was found that perturbations in Aurora kinase signaling result in cell cycle arrest and 

apoptosis.  The biological fingerprints of Aurora A and Aurora B inhibition were 

compared and contrasted in an effort to identify the superior therapeutic target.  It was 

concluded that an Aurora A-targeted therapy may have some beneficial consequences; 

however, a therapeutic approach discriminating between Aurora A and Aurora B is not 

straightforward.  A fragment-based approach relying heavily on computer modeling was 

used to design and identify a nanomolar inhibitor of the Aurora kinases; however, it 

showed activity only at high micromolar concentrations in cell-based evaluations 

suggesting the compound possessed unfavorable characteristics that limited its biological 
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activity.  The preclinical development of analogues of the compound discovered by the 

work presented in this dissertation is ongoing.  Finally, the pancreas-specific 

overexpression of Aurora A kinase was shown to be insufficient to induced pancreatic 

tumorigenesis in a mouse transgenic model. 



 16 

CHAPTER I 

 

INTRODUCTION 

 

I.  Pancreatic Cancer 

 

Pancreatic cancers are diagnosed in ~32,180 people a year in the United States 

(1).  Additionally, ~31,800 patients are expected to die from pancreatic cancer annually, 

which is the worst prognosis of any tumor type and the fourth leading cause of cancer 

death among men and women in the United States.  Unfortunately, the incidence of 

pancreatic carcinomas is increasing and risk factors associated with this increase remain 

poorly understood.  Only 5-10% of patients with pancreatic cancer have a clear hereditary 

association and smoking is the only consistently acknowledged modifiable risk factor (2, 

3).  Over 95% of pancreatic malignancies originate in pancreatic ducts and are classified 

as adenocarcinomas (4).  The poor survival associated with pancreatic adenocarcinomas 

largely results from the lack of highly effective diagnostic techniques and therapies. 

 

a. Diagnosis of Pancreatic Cancer 

 

With the exception of painless jaundice, there are few signs or symptoms 

associated with early stage adenocarcinomas of the pancreas (4).  Additionally, there are 

no current screening tests proven to be effective in detecting disease in asymptomatic 
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patients.  Therefore, approximately 90% of patients will have developed locally advanced 

or metastatic disease at the time of diagnosis (5).  In other words, the disease has 

extended to adjacent organs, such as the liver, duodenum, lymph nodes or vascular 

structures by the time of diagnosis.  Although there are few symptoms associated with 

early stage disease, more than half of all patients with advanced disease suffer weight 

loss, abdominal pain, anorexia, nausea and depression (4).  Improvements in screening 

tests and diagnostic techniques, which may include organ imaging or biological fluid 

(serum, pancreatic juice or urine) proteomics, are greatly needed to increase the survival 

of patients with this disease.  The early detection of patients with pancreatic cancer will 

likely increase the size of a currently small subgroup of patients (~10%) who are 

candidates for surgical resection and adjuvant therapy and thereby, increase patient 

survival (5). 

 

b. Chemotherapy for Advanced Pancreatic Adenocarcinomas 

 

Even if the detection of pancreatic adenocarcinomas could be made during the 

early stages of the disease, the 5-year survival rate for patients undergoing surgery for 

curative intent remains at approximately 20% (5).  Therefore, even patients with localized 

small cancers are likely to die of metastatic disease, suggesting that advances in 

therapeutic approaches will provide the greatest prospect of improving the clinical 

outcome of patients with this disease. 
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Current approaches to treating advanced metastatic pancreatic adenocarcinomas 

center on gemcitabine.  Gemcitabine is a nucleoside analogue prodrug that is 

phosphorylated to gemcitabine triphosphate and incorporate into replicating DNA, 

resulting in premature chain termination and apoptosis (6).  In a brilliantly designed 

clinical trial, gemcitabine was shown to increase median patient survival from 4.4 months 

(patients on 5-fluorouracil; the standard therapy prior to gemcitabine) to 5.7 months (7-

9).  Additionally, the 1-year survival rate for patients treated with gemcitabine was 18% 

compared to 2% for patients treated with 5-FU.  Based on this clinical benefit response, 

single-agent gemcitabine was approved in 1996 for treatment of advanced pancreatic 

cancer. 

The modest clinical activity of gemcitabine has proven to be a major step forward 

in the treatment of this disease; however, the fact remains that metastatic pancreatic 

cancer is still a devastating disease.  New therapeutic approaches and agents are needed 

to make pancreatic cancer a more manageable and/or curable disease.  The great need for 

novel agents to treat pancreatic cancer encouraged me to undergo a drug development 

effort to identify potential therapeutic targets and small molecules inhibitors of those 

targets.  From this effort, the Aurora kinases have emerged as new and exciting molecular 

targets to treat pancreatic cancer as well as other tumor types. 
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II.  The Aurora Family of Kinases 

 

 Aurora kinases are serine/threonine kinases showing conservation of both 

structure and function throughout eukaryotic organisms (10).  In mammalian cells, there 

are three family members that have a highly conserved C-terminal catalytic domain and 

an N-terminal domain that is variable in length and sequence.  In humans, Aurora A is 

comprised of 402 amino acids as it is the largest of the three and Aurora B and Aurora C 

have 344 and 309 amino acids, respectively (Figure 1.1).  Globally, Aurora B and Aurora 

C are the most similar within the family (75% identity) and Aurora A and Aurora B are 

the most distant (57% identity) (11).  Aurora A and Aurora C are 60% identical.  When 

only the amino acids in the substrate-binding pockets are considered, all three Aurora 

kinases are 95% identical (11, 12).  Similarly, the Aurora kinases have an activation loop 

common to other families of kinases.  These activation loops contain a highly conserved 

threonine residue (Thr288 in Aurora A) that is phosphorylated in order for the kinases to 

be catalytically active (13).  Although the catalytic domains of the Aurora kinases are 

highly conserved, these proteins show different subcellular localizations and 

physiological functions. 

 

a. Aurora A Kinase 

 

The first human Aurora family member is Aurora A, confusingly also known as 

Aurora 2, AIRK1, ARK1, BTAK, STK6, STK15, AYK1 and IAK1 (Table 1.1).  The 
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Figure 1.1.  Schematic Representation of the Family of Human Aurora Kinases. 
The numbers on the right represent their sizes in amino acids and their percent sequence 
identities.  The regions of the catalytic kinase domains (green) and activation loops 
(yellow) are shown.  Additionally, the destruction boxes (blue) and the D-box activating 
domain (A-box, red) are depicted. 
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Table 1.1.  Aurora Kinases in Various Organisms 
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expression of Aurora A is tightly regulated as it is only expressed during the G2 and M 

phases of the cell cycle (14).  It localizes to duplicated centrosomes during G2 phase and 

to the spindle poles during mitosis (Figure 1.2A and 1.2C).  It has been implicated in 

several processes most of which center around the formation of the bipolar mitotic 

spindle, including centrosome maturation and separation.  Early experiments showed that 

specific inhibition of Aurora A kinase by mutation prevented centrosome separation 

leading to the formation of monopolar spindles and cell cycle arrest (15). 

 

b. Aurora B Kinase 

 

The nomenclature of Aurora B kinase has also been a point of confusion for it is 

also known as Aurora 1, AIRK2, ARK2, IAL2, AIK2, STK12 and AIM1 (Table 1.1).  

Unlike Aurora A, Aurora B localizes to the centromeric regions of chromosomes and is 

therefore often referred to as a chromosomal passenger protein.  During the later stages of 

mitosis, Aurora B relocalizes to microtubules at the spindle midzone (Figure 1.2E) and 

finally concentrates at the midbody as the cell undergoes cytokinesis (Figure 1.2F).  

Aurora B interacts with three other chromosomal passenger proteins, namely inner 

centromere protein (INCENP), survivin and borealin (16).  The correct localization of 

any of these four proteins requires the function of the other three (17). 

Consistent with its subcellular localization pattern, Aurora B regulates 

chromosome alignment and segregation, spindle assembly checkpoint activity and 
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Figure 1.2.  Localization of Aurora A and Aurora B as Determined by 
Immunofluorescence Microscopy. 
(A) Aurora A (green) co-localizes with γ-tubulin (red), a centrosomal protein.  The 
merged image represents an overlay of the first two images and yellow staining indicates 
areas of co-localization.  (B) Overexpression of Aurora A leads to centrosome 
amplification and abnormal mitotic spindles.  (C) The co-localization of Aurora A (red) 
with α-tubulin (green).  (D) A pancreatic cancer cell with a multipolar mitotic spindle.  
Aurora A (red) and α -tubulin (green).  (E) Aurora B (red) localizes along the spindle 
equator during metaphase.  α-Tubulin is again shown in green.  (F) During later stages of 
mitosis, Aurora B (red) accumulates in the spindle midzone (yellow staining) as 
cytokinesis proceeds. 
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cytokinesis.  Indeed, inhibition of Aurora B function results in misaligned chromosomes 

and in the failure of cytokinesis.  In order for chromosomes to properly segregate during 

mitosis, correct microtubule-kinetochore interactions must be established linking sister 

kinetochores to opposite poles (chromosome biorientation).  Incorrect microtubule-

kinetochore attachments can occur when one kinetochore is attached to microtubules 

from both poles (merotelic attachment) or when both sister kinetochores are attached to 

microtubules from the same pole (syntelic attachment).  If these attachments are not 

corrected before the onset of anaphase, lagging chromosomes and unequal distribution of 

genetic material can result.  Therefore, it is necessary for cells to have regulatory 

mechanisms that eliminate improper microtubule-kinetochore associations to allow for 

correct cell division. 

Studies show that Aurora B regulates chromosome biorientation by monitoring 

merotelic and syntelic connections (18).  Cells with mutant Aurora B display a greater 

portion of chromosomes with incorrect microtubule-kinetochore attachments (19).  Its 

function involves sensing tension across the centromere, established once sister 

kinetochores are attached to opposite spindle poles.  Although the precise role of Aurora 

B in this process is not completely understood, the interaction of Aurora B with MCAK 

(mitotic centromere-associated kinesin) provides a possible mechanism.  MCAK has a 

similar localization pattern as Aurora B, is activated by Aurora B kinase when improper 

microtubule-kinetochore attachments are detected and facilitates the formation of new 

attachments (20). 
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In addition to its role in monitoring microtubule-kinetochore attachments, Aurora 

B plays a direct role in the spindle assembly checkpoint.  The spindle assembly 

checkpoint prevents incorrect segregation of chromosomes by not allowing a cell to 

proceed to anaphase in the presence of inappropriate microtubule-kinetochore 

interactions.  The direct function of Aurora B in this process is to recruit Mad2 and 

BubR1 (kinases essential for the spindle assembly checkpoint) to the kinetochores of 

mitotic cells (21).  Therefore, when the function of Aurora B is impaired, improper 

microtubule-kinetochore attachments arise.  However, these cells do not arrest at the 

spindle assembly checkpoint, but proceed through mitosis resulting in cells with 

chromosomal defects including multi-nucleated cells.  

 

c. Aurora C Kinase 

 

Aurora C has received significant less attention than its other two family 

members.  In the past Aurora C has also been referred to as Aurora 3, AIRK3, AIE2, 

STK13, AIE1 and AIK3 (Table 1.1).  Reports indicate that the expression of Aurora C in 

mammals is testes-specific (22), although its biological role is not well understood.  

Conflicting with this report, others have shown Aurora C localizes to the spindle poles in 

the later stages of mitosis (10) and yet others claim it functions as a chromosomal 

passenger protein (23).  Attention is beginning to be turned to this family member; 

however, at present little is known about its functional role. 
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III.  The Aurora Kinases in Cancer 

 

Of the three human Aurora family members, Aurora A has been most strongly 

implicated in cancer (24), although some attention has recently shifted to the role of 

Aurora B in tumorigenesis.  An established link between Aurora C function and cancer 

does not exist. 

 

a. Aurora A in Tumorigenesis 

 

The first data implicating this family of kinases in tumorigenesis came with the 

observation that Aurora A is overexpressed in various malignancies such as primary 

colorectal (13), breast (25, 26) and gastric (27) tumors as well as breast (28), ovarian 

(29), colon (13), prostate (30), neuroblastoma (25), cervical (25) and gastric (27) cancer 

cell lines (Table 1.2).  In addtion to being overexpressed, the gene encoding Aurora A is 

often amplified in many tumor types (13, 28), suggesting one possible mechanism 

responsible for its overexpression.  Indeed, Aurora A maps to chromosome 20q13.2-

q13.3, a region known (prior to the discovery of the Aurora kinases) to be frequently 

amplified in human malignances (29). 

Subsequently, Aurora A was shown to play an oncogenic role in cell culture 

studies.  Overexpression of Aurora A transforms rat fibroblasts and ectopic expression of 

Aurora A in mouse NIH 3T3 cells leads to transformtion in vitro and in vivo (13).  

Interestingly, the overexpression of Aurora A in these cells induces the appearance of  
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Table 1.2.  A Summary of Aurora A Kinase Abnormalities in Human Tumors 
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abnormal centrosome numbers (centrosome amplification; Figure 1.2B and 1.2D) and in 

near-diploid human breast epithelial cells the overexpression of Aurora A results in 

centrosome amplification and aneuploidy similar to that seen in breast cancer cells (25).  

The overexpression of Aurora A and centrosome amplification are early events in a rat 

mammary carcinogenesis model (31).  These findings lend support to the developing 

hypothesis that Aurora A amplification and/or overexpression help drive the multi-step 

acquisition of genetic alterations (genomic instability) required for tumorigenesis (24). 

Genomic instability is manifest by changes in the amount and organization of 

DNA (32).  It is well established that normal cells have intricate mechanisms that 

maintain the integrity of the genome.  However, in the process of a normal cell becoming 

a cancer cell, these mechanisms are somehow compromised and genomic instability 

ensues.  The most common type of genomic instability in cancer cells involves the gain 

or loss of whole chromosomes, resulting in aneuploidy (33, 34).  The causes and 

outcomes of aneuploidy are still areas of active investigation and disagreement; however, 

considering the mounting data it is likely that Aurora A plays a role in some instances. 

Key aspects of proper chromosome segregation during mitosis are controlled by 

the duplication of the centrosome and the organization of the bipolar mitotic spindle, 

functions ascribed to Aurora A.  Under normal conditions, a cell exits mitosis with a 

single centrosome.  During the G1 phase of the cell cycle, the two centrioles of a single 

centrosome remain together to function as a single unit and then separate into two 

components at the onset of S phase.  The individual centrioles give rise to new centriole 

partners, resulting in two distinct centrosomes capable of microtubule assembly and 
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mitotic spindle organization.  Centrosomes organize microtubule polymerization during 

interphase; however, during mitosis, there is a dramatic increase in microtubule 

nucleation potential.  This increase is believed to assure the random contact between 

centrosome microtubules and chromosome kinetochores (35).  Upon establishment of the 

mitotic spindle, the microtubules shorten, sister chromatids segregate and chromosomes 

move toward opposite spindle poles.  When properly controlled, this process results in 

two daughter cells with identical genomes. 

Whereas the precise roles Aurora A plays in centrosome duplication and 

chromosome separation have yet to be determined, it undoubtedly functions in 

maintaining the integrity of these processes.  Therefore, perturbations in the function of 

Aurora A can result in abnormal mitoses.  For example, as previously described 

inactivating Aurora A by mutation results in monopolar spindles (15).  In contrast, the 

over-activation of Aurora A can result in multipolar spindles (25), which may not allow 

for equal chromosome separation.  Therefore, the resulting daughter cells may receive 

unequal amounts of genetic material resulting in aneuploidy and possibly, tumorigenesis 

(Figure 1.3). 

 

b. Aurora B in Tumorigenesis 

 

As Aurora A has been the principle family member implicated in cancer, the roles 

of Aurora B and Aurora C in tumorigenesis have not been extensively explored.  In fact, 

Aurora C has not been implicated in any tumor types.  Aurora B has been shown to be  
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Figure 1.3.  Biological Functions of Aurora A Kinase. 
Aurora A is a regulator of centrosome duplication and separation.  Under normal 
biological conditions, this results in equal segregation of chromosomes during mitosis.  
Aurora A overexpression can lead to centrosome amplification and the formation of 
multipolar spindles, which leads to aneuploidy and tumorigenesis.  Inhibition of Aurora 
A results in cell cycle arrest and apoptosis. 
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overexpressed in various tumor cell lines (36) and in some primary tumors, such as high-

grade gliomas (37).  Unlike Aurora A, Aurora B has not been found to be amplified in 

cancers nor has it been shown to be oncogenic.  Therefore, most of the work performed 

on Aurora B has focused on its biological role in mitosis and not on its role in 

tumorigenesis.  In contrast, our understanding of the biological functions of Aurora A 

have lagged behind its other family member, but its association with cancer is more 

defined. 

 

IV.  The Aurora Kinases as Drug Targets 

 

 In recent years, a significant amount of attention has been turned to the Aurora 

kinase family as therapeutic targets for the treatment of disease, particularly cancer.  It is 

likely that a portion of the excitement centered on the Aurora kinases stems from the 

work presented in this dissertation, although many research groups have contributed to 

the advancement of the field.  In addition to the above findings, the Aurora kinases 

(particularly A and B) are expressed at low levels in normal tissues.  One study showed 

low Aurora A in bowel, testes, colon, spleen and brain and high levels in thymus (38).  

Another study showed elevated levels of Aurora A, Aurora B and Aurora C only in the 

testes when a number of normal tissues were evaluated (14).  This information suggests 

that an inhibitor targeting the Aurora kinases would have some selectivity for tumor cells 

versus normal cells. 
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Within the last year, an Aurora kinase inhibitor has entered clinical trial and 

others are very likely to follow.  Aside from the work presented here, the success or 

failure of this class of therapeutic agents will ultimately be validated or invalidated based 

on patient response to drugs that enter the clinic. 

 

V.  Preliminary Studies 

 

These data have been included in this dissertation in order to lead the reader 

through the experiments that led me to study the Aurora kinases as potential therapeutic 

targets and to preserve the continuity of the entire process that I underwent from target 

identification to small molecule validation. 

 

a. Identification of Aurora A Overexpression in Pancreatic Cancer (39) 

 

In order to determine genes differentially expressed in pancreatic cancer, cDNA 

microarray analysis was performed on a 5289-gene array using nine pancreatic cancer 

cell lines and compared with normal pancreas.  Differentially expressed genes were 

defined as those having an expression ratio of >2.0 standard deviations from the mean in 

at least three of the nine cell lines.  There were a total of 58 genes that met these criteria 

for differential expression (30 genes for overexpression and 28 genes for 

underexpression), which represented ~1.1% of the 5289 unique cDNA cloned included in 

the microarrays.  These genes are listed in Table 1.3 (overexpressed genes) and Table 1.4 
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Table 1.3.  Genes Significantly Up-Regulated in Pancreatic Cancer Cell Lines 
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Table 1.4.  Genes Significantly Down-Regulated in Pancreatic Cancer Cell Lines 
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(underexpressed genes).  From a drug design perspective, the overexpressed genes 

represented greater potential as therapeutic targets for the development of small molecule 

inhibitors, whereas the underexpressed genes were possible candidates for gene therapy 

or other functional replacement treatments.  Our studies have primarily focused on the 

validation of the overexpressed genes. 

One of the 30 overexpressed genes from this preliminary study was Aurora A 

kinase.  Although its overexpression had been previously reported in other tumor types, 

its association with pancreatic cancer had not been examined to this extent.  Upon this 

discovery, reverse transcriptase-polymerase chain reaction (RT-PCR) and northern blots 

were used to validate the overexpression of Aurora A and 24 other up-regulated genes.  

Indeed, these experiments validated the overexpression of Aurora A in the pancreatic 

cancer cell lines (Figure 1.4).  These findings encouraged me to explore some of the 

genes as potential candidates for targeted drug development. 

 

b. Initial Evaluation of Aurora A as a Drug Target (40) 

 

To further validate the overexpression of Aurora A in pancreatic cancer, we 

performed a western blot analysis on the panel of nine pancreatic cancer cell lines.  We 

demonstrated a 3-4-fold increase in Aurora A protein in all nine pancreatic cancer cell 

lines compared with the normal fibroblast cells (Figure 1.5A).  To determine if Aurora A 

is overexpressed in pancreatic patient samples, we examined mRNA and protein levels in 

tumor tissues using quantitative real-time RT-PCR and immunohistochemistry (IHC).   
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Figure 1.4.  Validation of Aurora A Kinase mRNA Expression in Pancreatic Cancer 
Cell Lines. 
RT-PCR (top gel) and northern blot (bottom gel) validation of Aurora A (STK15) 
expression in nine pancreatic cancer cell lines.  Lane 1, normal pancreas; lane 2, AsPc-1; 
lane 3, BxPC-3; lane 4, Capan-1; lane 5, CFPAC-1; lane 6, HPAF-II; lane 7, MIA PaCa-
2; lane 8, Mutj; lane 9, PANC-1; lane 10, SU.86.86. 

STK15 

β-Actin 
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Figure 1.5.  Validation of Aurora A Protein Expression and Aurora A Expression in 
Patients’ Tumors. 
(A) Western blot indicates 3-4-fold up-regulation of Aurora A (Aurora-2) in nine 
pancreatic cancer cell lines compared with normal fibroblast cells (Forf).  (B) Quantitave 
real-time RT-PCR of pancreatic tumor samples indicates up-regulation of Aurora A in 
samples 1, 4, 6, 8 and 9 compared with normal pancreas (N).  (C) Immunohistochemistry 
of pancreatic tissue array.  (Left figure) An array of paraffin-embedded pancreatic tumor 
samples.  (Right figure) A pancreatic tumor sample at higher magnification indicates a 
high level of Aurora A expression. 

B 

C 

A 
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Five of nine patient samples were found to have increased Aurora A mRNA levels 

compared with normal pancreas tissue (Figure 1.5B).  Additionally, Aurora A protein 

levels were investigated in multiple patient samples using IHC and tissue microarray.  

Twenty-six of 28 pancreatic cancers had 2+ or higher staining of Aurora A protein, 

whereas all of the 18 normal tissues samples were graded as negative or 1+ above 

background (Figure 1.5C).  Taken together, these results confirmed the up-regulation of 

Aurora A in pancreatic cancer. 

To study the effects of Aurora A inhibition on pancreatic cancer cell growth, 

antisense oligonucleotides (ASOs) were used to inhibit the expression of Aurora A.  

Treatment of the MIA PaCa-2 cell line with the ASO AurA resulted in the reduction of 

protein expression to undetectable levels by western blot analysis.  Consequently, these 

cells underwent cell cycle arrest in the G2/M phase as determined by flow cytometry 

(Figure 1.6A).  Additionally, the cell cycle profile of ASO AurA-treated cells revealed a 

significant sub-G1 peak, which is indicative of apoptosis.  This apoptotic population of 

cells was confirmed using a caspase-3 activity assay.  Indeed, cells treated for 48 hours 

with ASO AurA exhibited a ~2-fold increase in caspase-3 activity compared to untreated 

cells (Figure 1.6B). 

 

c. Homology Modeling of Aurora A (12, 41) 

 

To begin the process of designing and identifying small molecule inhibitors of the 

Aurora kinases, a homology model of Aurora A kinase was constructed based on the  
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Figure 1.6.  Biological Consequences of Aurora A inhibition. 
(A) Flow cytometry analysis indicates the accumulation of cells in the G2/M fraction of 
the cell cycle following treatment with ASO AurA.  Additionally, cells in a sub-G1 peak 
is an indication of DNA fragmentation and apoptosis.  (B) Inhibiting Aurora A 
expression induces caspase-3 activation. 

A 

B 
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three-dimensional structures of cAMP-dependent protein kinase and twichtin kinase.  

Critical catalytic residues involved in the transfer of the γ-phosphoryl group of ATP to 

substrate proteins are highly conserved between cAMP-dependent protein kinase, 

twitchin kinase and the Aurora kinases and are highlighted in Figure 1.7.  The finalized 

homology model of Aurora A is shown in Figure 1.8A and the Cα superimposition of 

Aurora A on cAMP-dependent protein kinase is depicted in Figure 1.8B.  The root mean 

square deviation (RMSD) for the Aurora A homology model and the cAMP-dependent 

protein kinase crystal structure was 0.23 Å. 

To gain further insight into the active site of Aurora A, AMP-PNP was docked 

into the ATP-binding pocket of the homology model (Figure 1.9A).  This co-structure 

revealed active site pockets and amino acid residues important for ATP binding and 

inhibitor design.  In summary, the 6-amino group and the N1 atom of the adenine base 

formed strong hydrogen bonds with Glu211 and Ala213, respectively.  The back of the 

adenine-binding pocket consisted of a large hydrophobic space created by residues 

Leu210, Leu139, Val147, Ala160, Leu194 and Leu263, which appeared to be important 

for mediating lipophilic ligand-protein interactions.  The 2´ hydroxyl group of the ribose 

ring formed a hydrogen bond with Thr217.  The α-, β- and γ-phosphoryl groups also 

participated in a hydrogen bond network involving Lys143, Phe144, Gly145, Lys162, 

Asn261 and Asp274 (Figure 1.9B).  Providing further insight into the interactions of ATP 

with the Aurora kinases, many of the crystal structures of Aurora A were solved in 

complex with ADP (42-44). 
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Aurora A   ---------------------------------------------------------MDR   3 
Aurora B   ------------------------------------------------------------ 
1CDK       ------------------------------------------------------------ 
1KOA       ------------------------------------------------------------ 
 
Aurora A   SKENCISGPVKATAPVGGPKRVLVTQQFPCQNPLPVNSGQAQRVLCPSNSSQRIPLQAQK   63 
Aurora B   ------------------------------------------------------------ 
1CDK       ------------------------------------------------------------ 
1KOA       ------------------------------------------------------------ 
                                                                 α1 
 
Aurora A   LVSSHKPVQNQKQKQLQATSVPHPVSRPLNNTQKSKQPLPSAPENNPEEELASKQKNEES  123 
Aurora B   MAQKENSYPWPYGRQTAPSGLSTLPQRVLRKEPVTPSALVLMSRSNVQPTAAPGQKVMEN   60 
1CDK       ----------------------------------KGSEQESVKEFLAKAKEDFLKKWENP   26 
1KOA       ------------------------------------------------DIWKQYYPQPVE   12 
                                               :        .     .  .: 
                              β1−3          β4            β5      α2   α3 
 
Aurora A   K-------KRQWALEDFEIGRPLGKGKFGNVYLAREKQSKFILALKVLFKAQLEKAGVEH  176 
Aurora B   SSGTPDILTRHFTIDDFEIGRPLGKGKFGNVYLAREKKSHFIVALKVLFKSQIEKEGVEH  120 
1CDK       A-------QNTAHLDQFERIKTLGTGSFGRVMLVKHKETGNHFAMKILDKQKVVKLKQIE   79 
1KOA       I-------KHDHVLDHYDIHEELGTGAFGVVHRVTERATGNNFAAKFVMTP---HESDKE   62 
                    .   ::.......**.*.**.*.:...: . .. *.*.:.: ...: .... 
                                 β6       β7           α4          α5 
 
Aurora A   QLRREVEIQSHLRHPNILRLYGYFHDATRVYLILEYAPLGTVYRELQKLS-KFDEQRTAT  235 
Aurora B   QLRREIEIQAHLHHPNILRLYNYFYDRRRIYLILEYAPRGELYKELQKSC-TFDEQRTAT  179 
1CDK       HTLNEKRILQAVNFPFLVKLEYSFKDNSNLYMVMEYVPGGEMFSHLRRIG-RFSEPHARF  138 
1KOA       TVRKEIQTMSVLRHPTLVNLHDAFEDDNEMVMIYEFMSGGELFEKVADEHNKMSEDEAVE  122 
           ..:.* ... .. .*....*  .* *  . *...*:.. *: . ....    :.*..... 
                           β8         β9       β10      β11 
 
Aurora A   YITELANALSYCHSKRVIHRDIKPENLLLGSAG--ELKIADFGWSVHAPSS-RRTTLCG-  291 
Aurora B   IMEELADALMYCHGKKVIHRDIKPENLLLGLKG--ELKIADFGWSVHAPSL-RRKTMCG-  235 
1CDK       YAAQIVLTFEYLHSLDLIYRDLKPENLLIDQQG--YIQVTDFGFAKRVKG--RTWTLCG-  193 
1KOA       YMRQVCKGLCHMHENNYVHLDLKPENIMFTTKRSNELKLIDFGLTAHLDPKQSVKVTTG-  181 
              ... .. :   ...:.:*.****::..  :  .....***.......  :. : :: 
                 α6               α7                     α8 
 
Aurora A   TLDYLPPEMIEGRMHDEKVDLWSLGVLCYEFLVGKPPFEANTYQETYKRISRVEFTFPD-  350 
Aurora B   TLDYLPPEMIEGRMHNEKVDLWCIGVLCYELLVGNPPFESASHNETYRRIVKVDLKFPA-  294 
1CDK       TPEYLAPEIILSKGYNKAVDWWALGVLIYEMAAGYPPFFADQPIQIYEKIVSGKVRFPS-  252 
1KOA       TAEFAAPEVAEGKPVGYYTDMWSVGVLSYILLSGLSPFGGENDDETLRNVKSCDWNMDDSA 241 
           * ..:.**.: ...  ..:*.*  ***.*: ..* :**.     ..:..:      :: 
                   α9                       α10                α11 
 
Aurora A   --FVTEGARDLISRLLKHNPSQRP-----MLREVLEHPWITANSS---KPSNCQNKESAS  398 
Aurora B   --SVPTGAQDLISKLLRHNPSERL-----PLAQVSAHPWVRANSRRVLPPSALQSVA---  344 
1CDK       --HFSSDLKDLLRNLLQVDLTKRFGNLKDGVNDIKNHKWFATTDWIAIYQRKVEAPFIPK  310 
1KO        FSGISEDGKDFIRKLLLADPNTRMT----IHQALEHPWLTPGNAPGRDS----------   286 
                 .. *::  ** .... *       .     *.*  ...     .. 
 
Aurora A   KQS---------------------------------------------------------  403 
Aurora B   ------------------------------------------------------------ 
1CDK       FKGPGDTSNFDDYEEEEIRVSINEKCGKEFSEF---------------------------  343 
1KOA       ------------------------------------------------------------ 
 
Figure 1.7.  Amino Acid Sequence Alignment. 
Sequence alignment of Aurora A, Aurora B, cAMP-dependent protein kinase (1CDK) 
and C.elegans twitchin kinase (1KOA).  Identical residues (shaded and *), highly 
conserved residues (:) and similar residues (.) are marked.  The active site residues 
(magenta), activating phosphorylation site (yellow), inserted residues (green), deleted 
residues (red) and sequences not included in the modeling (blue) are also shown. 
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Figure 1.8.  Homology Model of Aurora A Kinase. 
(A) Secondary structural elements are colored red (α-helix), yellow (β-strand) and coil 
and turn portions are green and blue, respectively.  (B) The Cα backbone superimposition 
of the final homology model structure of Aurora A kinase on cAMP-dependent protein 
kinase.  The RMSD between the two aligned structures is 0.23 Å. 

A B 
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Figures 1.9.  ATP-Binding Pocket of Aurora A Kinase. 
The binding mode of AMP-PNP in the Aurora A kinase ATP binding pocket.  The purine 
base forms important hydrogen bonds to amino acid residues in the hinge region, and the 
phosphoryl groups contact residues primarily in the Gly-rich loop of the kinase.  The 
purine-binding pocket is further characterized by several hydrophobic residues, which 
form a deep pocket in the “back” of the active site.  These structural features and 
interactions were considered in the design of small molecule inhibitors of Aurora kinase.  
Hydrogen bond distances are shown in Å. 
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d. Initial Inhibitor Design 

 

A de novo design approach implementing the computer program LUDI was 

utilized to design and identify novel chemical scaffolds able to satisfy the structural 

requirements of a potential Aurora kinase inhibitor, (45, 46).  A LUDI chemical library 

was constructed from the Available Chemical Directory (ACD, approx. 70,000 2D 

structures) (47) and from known kinase inhibitors including the dissected fragments of 

these inhibitors (approx. 165 compounds).  The compounds or fragments with the highest 

LUDI interaction scores (48) were selected for further evaluation. 

The small molecular weight fragments were linked together within the LUDI link-

mode to generate more complex compounds and to confirm their binding mode.  Several 

combinations of structures were designed by utilizing pharmacophores identified from 

the chemical library and LUDI fragment search.  Forty compounds with optimal 

orientation and positioning within the ATP-binding pocket were retained based on LUDI 

scores and additional docking and scoring (Figure 1.10). 
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Figure 1.10.  Four Classes of Potential Aurora Kinase Inhibitors. 
A virtual library of potential Aurora kinase inhibitors designed by the LUDI software 
program and from pharmacophores with known kinase inhibitory activity. 
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VI.  Statement of the Problem 
 

 We determined that Aurora A kinase is overexpressed in pancreatic cancer cell 

lines and pancreatic tumors taken directly from patients.  Furthermore, we showed that 

perturbing the function of Aurora A by inhibiting its expression results in biological 

consequences that may be clinically useful.  Hypothesis: Aurora A and Aurora B are 

effective molecular targets to treat pancreatic cancer and small molecule inhibitors 

of the Aurora family of kinases can be designed or identified to treat this disease.  

To test this hypothesis, my studies focused on the following aims: Specific Aim 1: In 

parallel, evaluate the expression of Aurora A and Aurora B in pancreatic 

adenocarcinomas.  Specific Aim 2: Validate and compare Aurora A and Aurora B as 

potential therapeutic targets to treat pancreatic cancer using antisense oligonucleotides.  

Specific Aim 3: Design and develope a small molecule inhibitor of the Aurora kinases.  

Specific Aim 4: Develop a transgenic mouse model to evaluate the oncogenicity of 

Aurora A and use this model in the evaluation of Aurora kinase inhibitors. 
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CHAPTER II 

 

MATERIALS AND METHODS 

 

Cell Culture 

All cell lines were purchased from the American Type Culture Collection 

(Manassas, VA), except Mutj and HPDE6.  The pancreatic cancer cell line, Mutj (UACC-

462) was established at the Arizona Cancer Center (Tucson, AZ).  All cell lines were 

maintained in RPMI 1640 (Invitrogen, Carlsbad, CA) supplemented with 10% fetal 

bovine serum (except BxPC-3 cells were supplemented with 20% FBS), penicillin and 

streptomycin.  The cell line HPDE6 (an immortalized but not transformed human 

pancreatic epithelial cell line) was obtained from Dr. Ming-Sound Tsao and maintained 

in keratinocyte serum-free medium supplemented by epidermal growth factor and bovine 

pituitary extract (Invitrogen).  All cells were grown in a humidified incubator at 37°C and 

5% CO2.  Cells were harvested with trypsin at 80–90% confluency.  Cell counting was 

done using trypan blue stain on a hemacytometer. 

 

RNA Isolation and Reverse Transcription 

Total RNA from cell pellets, pancreatic cancer tissue taken directly from patients 

or pancreatic tissue taken from transgenic mice was isolated using the NucleoSpin® RNA 

II isolation kit (BD Biosciences, Palo Alta, CA).  One microgram of total RNA was used 
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for reverse transcriptase (RT) reactions (20 µl total volume), which were carried out 

using the iScript™ cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA). 

 

Quantitative Real-Time Polymerase Chain Reaction (PCR) 

An iCycler (Bio-Rad) was used to perform real-time fluorescence detection PCR.  

Reactions were carried out in a 16 µl reactions with 200nM of each primer, iQ™ SYBR® 

Green Supermix (Bio-Rad) and 1 µl of cDNA.  Two-step amplification (95°C for 15 sec 

and 56°C for 15 sec) was repeated for 40 cycles.  Following the PCR reaction, a melting 

curve analysis was performed to determine PCR efficiency and purity of the amplified 

product.  Data were provided as a threshold cycle value (Ct) for each sample indicating 

the cycle at which a statistically significant increase in fluorescence was first detected.  

These data were then normalized to β-actin, GAPDH and HPRT1 which served as 

reference genes for each data point and compared to a normal pancreas control RNA 

(BioChain Institute, Hayward, CA) to determine a relative expression ratio using the 

delta-delta Ct method.  Primer sequences used for quantitative real-time PCR and their 

expected product sizes are shown in Table 2.1. 

 

Protein Extraction, Quantification and Western Blot 

Cell pellets were lysed in NP40 buffer [10 mM Tris-Cl (pH 7.4), 10 mM NaCl, 3 

mM MgCl2, 0.5% NP40] and protein concentrations were determined by using the BCA 

protein assay kit (Pierce, Rockford, IL).  Fifty micrograms of protein per sample were run 

on a NuPAGE 4-12% Bis-Tris gel (Invitrogen) for 35 min at 200 V.  The gel was then 
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Table 2.1.  PCR Primers and Expected Product Size  

Primer Name Sequence Product Size 
(bp) 

Aurora A – Forward 5'-GAATGCTGTGTGTCTGTCCG-3' 
Aurora A - Reverse 5'-GCCTCTTCTGTATCCCAAGC-3' 132 

Aurora B – Forward 5'-GATGACTTTGAGATTGGGCG-3' 
Aurora B – Reverse 5'-GGGACTTGAAGAGGACCTTG-3' 112 

β-Actin – Forward 5'-CTGGAACGGTGAAGGTGACA-3'  
β-actin – Reverse 5'-AAGGGACTTCCTGTAACAACGCA-3' 140 

GAPDH – Forward 5'-ATTGCCCTCAACGACCACTT-3' 
GAPDH – Reverse 5'-GGTCCACCACCCTGTTGC-3' 79 

HPRT1 – Forward 5'-TGCTGAGGATTTGGAAAGGGTG-3' 
HPRT1 – Reverse 5'-CCTTGAGCACACAGAGGGCTAC-3' 125 
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transferred to a nitrocellulose membrane by tank transfer for 1 h at 30 V.  The membrane 

was blocked in 5% powdered milk in Tris-buffered saline with Tween 20 [TBS-T: 20 

mM Tris-HCl, 150 mM NaCl (pH 7.5), 0.05% Tween 20] overnight at 4°C.  The 

membrane was probed with a mouse monoclonal antibody against Aurora A (BD 

Biosciences) at a 1:1000 dilution, a rabbit polyclonal antibody against Aurora B (Abcam, 

Cambridge, MA) at a 1:500 dilution or a mouse monoclonal antibody against β-actin 

(Sigma, St. Louis, MO) at a 1:20000 dilution.  The membrane was washed in TBS-T and 

probed with a 1:3000 dilution of anti-mouse or anti-rabbit horseradish peroxidase-linked 

antibody (Bio-Rad) and visualized with a chemiluminescence kit (Cell Signaling, 

Beverly, MA) and X-ray film. 

 

Tissue Microarray and Immunohistochemistry 

Morphologically representative areas of 42 archival cases of pancreatic tumors, 

35 of which were documented ductal adenocarcinomas, from the University of Arizona 

Health Sciences Center and the Tucson Veterans Administration Medical Center, were 

selected from formalin-fixed tissue samples embedded in paraffin blocks.  Two 1.5 mm 

diameter cores/case (84 discs total) were re-embedded in a tissue microarray using a 

tissue arrayer (Beecher Instruments, Silver Spring, MD).  Serial sections of the paraffin-

embedded pancreatic tissue array were deparaffinized and reacted with primary 

antibodies specific for Aurora A (Bethyl, Montgomery, TX or Abcam) Aurora B 

(Abcam) for 1 h.  A biotinylated anti-rabbit or anti-mouse secondary antibody was 

applied, followed by the addition of a streptavidin-peroxidase solution (DAKO, 
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Carpinteria, CA).  Colored products were produced using the diaminobenzidine substrate.  

Staining reactions were scored as diffuse or focal and were graded (from 0, negative to 

4+, intensely positive) for both neoplasm and background stroma. 

 

Microarray 

 Microarray experiments were performed and data were analyzed with assistance 

from the bioinformatics group at the Translational Genomics Research Institute (Phoenix, 

AZ) and the Genomics Shared Service at the Arizona Cancer Center.  The U133A plus 2 

(Affymetrix, Santa Clara, CA) and the human 1A v2 (Agilent, Palo Alto, CA) array 

platforms were both used in comparative expression analyses.  RNA isolates were 

generated exactly as above.  Labeling, hybridization and scanning were performed 

according to manufacturer’s protocols. 

Data from both array platforms were normalized using two methods to ensure 

definitive results.  GC-RMA (GC-biased Robust Multichip Averaging) and MAS5 

(Affymetrix) were used to compare and accommodate the associated varying type I and 

type II error rates for each normalization scheme.  Data for both Agilent and Affymetrix 

were further analyzed using a mathematical cutoff of 2-fold.  Common genes between 

cell lines and/or treatments were compared using Venn diagrams and a functional 

analysis was performed using both Gene Ontology (GO) and MetaCore software 

(GeneGo, St. Joseph, MI).  The GO analysis consisted of a binomial estimation of the 

probability of finding genes in a particular GO node by chance alone, using the 

GeneSpring software (Agilent).  P-values were calculated and the most significant 
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functional folders (nodes) were examined for each list of genes.  In support of this 

method, I used MetaCore to examine the metabolic pathways generated from my 

particular gene lists.  The functional nodes from GO mapped closely to the nodes 

generated by MetaCore. 

 

Flow Cytometry 

Cells treated with antisense oligonucleotides (ASO) or small molecule Aurora 

kinase inhibitors were harvested with trypsin and washed in PBS.  Cell pellets (1 million 

cells) were resuspended in 1 mL of Krishan’s buffer (0.1% sodium citrate, 0.02 mg/mL 

RNase A, 0.3% NP40) containing 0.05 mg/mL propidium iodide and incubated for 4 h in 

the dark.  DNA content analysis was performed using a FACScan machine (BD 

Biosciences), modeling 10,000 events per sample.  Cell cycle distributions were 

determined using the default settings within ModFit LT (Verity Software House, 

Topsham, ME). 

 

Apoptosis 

MIA PaCa-2, PANC-1, HeLa and HPDE6 cells were seeded and cultured to 25-

50% confluency.  Cells were treated and harvested as described, counted and stored at –

80°C until day of assay.  One million cells for each treatment were resuspend in cell lysis 

buffer and incubated for 10 min on ice.  The cell lysates were centrifuged at 10,000 rpm 

for 10 min at 4°C and the supernatant was transferred to new tubes to detect caspase-3 

activity using the ApoAlert Caspase-3 Fluorescent Assay kit (BD Biosciences).  The 
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samples were read using a Wallac Victor2 multilabel fluorometer (Perkin-Elmer, Boston, 

MA) with 405 nm excitation filter and 500 nm emission filter. 

 

Phospho-Histone H3 Assay 

Approximately 10,000 cells were grown and treated as indicated on chambered 

microscope slides (Nalge Nunc International, Rochester, NY).  After treatment, the cells 

were washed with PBS and fixed in 4% paraformaldehyde solution for 20 min at room 

temperature.  The fixed cells were washed with 0.1 M phosphate buffer (pH 7.2) and 

incubated with blocking buffer containing 0.1 M phosphate buffer (pH 7.2), 0.2% tween 

20 and 2% BSA for 1 h.  Anti-phospho-histone H3 antibody (Cell Signaling) in blocking 

buffer was added to the fixed cells at a dilution of 1:50 for 1 h.  The cells were washed 

again and incubated with an Alexa Fluor 488 goat anti-mouse antibody (Invitrogen) at a 

dilution of 1:1000 for 1 h.  The cells were washed and mounted by removing the 

chamber, adding Aqua-Mount (Lerner Laboratories, Pittsburgh, PA) and placing a 

coverslip over the cells.  Positive staining was quantified by counting stained cells under 

a fluorescence microscope and dividing by the number of total cells visible under a light 

microscope. 

 

Preparation of Protein Coordinates and Definition of Active Site 

Reference protein coordinates used for LUDI and Glide docking were taken from 

a homology model of Aurora A kinase or from the X-ray structure of Aurora A kinase in 

complex with adenine (PDB entry: 1MQ4) (43).  For the crystal structure, the two bound 
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Mg2+ ions were retained, water molecules were removed and missing bond orders and 

geometries were edited.  Hydrogen atoms were added and the structure was subjected to 

protein preparation calculations.  The fully refined structure with a bound ADP molecule 

was further submitted for Grid calculation to define the active site as the collection of 

amino acids within a 12 Å radius sphere around the bound ligand.  All calculations were 

performed on an i686 Linux workstation.  The OPLS-AA force field implemented in 

FirstDiscovery v3.0 was used for all calculations.  Model building was performed using 

the molecular modeling program Maestro 6.5 implemented in Schrödinger(49). 

 

Docking and Scoring of the Aurora Kinase Inhibitors Using Glide 

The active site residues involved in ATP binding, for which energy grids were 

calculated, were used for Glide docking.  The default parameters in Glide were used for 

all docking calculations and 100 poses were kept per ligand.  Glide’s scoring function, 

GlideScore (Gscore), is an empirically-based ChemScore function.  Another scoring 

function used in Glide, the E-model, was also used to compare experimental binding 

affinities.  The E-model function is derived from the Gscore, Coulombic, van der Waals 

interactions and strain energies of the ligand.  Scale factors of 0.8 and 0.9 were 

introduced systematically to the Aurora A ligand complexes, resulting in two separate 

docking calculations for each complex structure.  All docking calculations were 

performed using the Glide program of FirstDiscovery v3.0 and the 2001 implementation 

of the OPLS-AA force field. 
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Synthesis of Fragments and Inhibitors 

The synthesis of generally all compounds was performed by Dr. Sridevi 

Bashyam.  Reagents, starting materials and solvents were purchased from common 

commercial suppliers and used as received or distilled from the appropriate drying agent.  

Reactions requiring anhydrous conditions were performed under an atmosphere of argon.  

Pre-coated plastic backed silicagel 60 F254 plates were used for thin-layer 

chromatography.  Flash chromatography was performed using silica gel (E. Merck, Grade 

60, 230-400 mesh). 

1H NMR were run on a Bruker BioSpin 300-MHz NMR spectrophotometer 

(Billerica, MA).  Coupling constants, J, are reported in Hz and refer to apparent peak 

multiplicity rather than coupling constants.  Fast atom bombardment (FAB) mass 

spectrometry measurements were carried out on a JEOL HX-110 Magnetic Sector 

instrument (Peabody, MA) equipped with a conventional Xe gun.  A mixture matrix of 

glycerol:thioglycerol:mNBA (meta-nitrobenzyl alcohol) 50:25:25 containing 0.1 % of 

TFA was used as the FAB matrix.  For accurate mass measurements, polyethylene glycol 

(PEG) was used as the internal standard.  Low-resolution electrospray ionization (ESI) 

mass spectrometry measurements were recorded on a Finnigan LCQ ion trap instrument 

(Waltham, MA) by using direct infusion of 50-100 µM solutions of the analytes in 

MeOH:H2O 1:1.  High resolution and accurate mass measurements were carried out on 

an Ionspec 4.7 T Fourier Transform Ion Cyclotron Resonance (FT-ICR) instrument (Lake 

Forest, CA) by using ESI ionization of the same solutions.  Melting points were 

determined on a MEL-TEMP Laboratory Devices Inc. (Holliston, MA) and were 
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uncorrected.  Combustion analyses (CHNS) were performed by Desert Analytics 

Laboratory (Tucson, AZ) and agreed with theoretical values to within 0.4%.  The 

compound purity of all the compounds was assessed as being >95% HPLC using 

water/acetonitrile gradient containing 0.1% TFA.  Fragments 1-4 were synthesized by 

methods in the literature (50, 51). 

4-(6,7-Dimethoxy-quinazolin-4-yl)-piperazine-1-carbothioic acid [4-

(pyrimidin-2-ylsulfamoyl)-phenyl]-amide (Compound 8).  To a stirred solution of 4-

amino-N-(2-pyrimidinyl)benzenesulfonamide (7) (192 mg, 0.77 mmol) in 

dichloromethane (20 mL) were slowly added thiophosgene (0.06 mL, 0.83 mmol) and 

(0.05 mL, 0.32 mmol) cooled under an ice bath.  After the reaction mixture was stirred 

for 5 h at room temperature, it was washed with water and brine, dried over anhydrous 

sodium sulfate, filtered, evaporated and dried under vacuum.  This was dissolved in 20 

mL of dichloromethane and was added immediately to a solution of 4-(1- piperazinyl)-

6,7-dimethoxy quinazoline (200 mg, 0.73 mmol) and pyridine (1.0 mL) in 

dichloromethane (20mL) and stirred overnight.  Methanol was added for quenching 

excess thiophosgene, and the residue after removal of solvent was purified by silica gel 

column chromatography eluting with 5% methanol/dichloromethane and further 

recrystallized from dichloromethane/hexane to give 80 mg (20%).  mp ~ 235 °C NMR 

(CDCl3, 300MHz) δ 3.85 (s, 4H), 3.98 (s,3H), 4.02 (s,3H), 4.11 (s, 4H), 6.98 (m, 1H),  

7.08 (s, 1H), 7.32 (d, 2H), 7.88 (s, 1H),  8.00 (d, J = 6.7 Hz, 2H), 8.62 (d, 2H), 8.66 (s, 

1H). HRMS m/e calcd for C25H27N8O4S2 (M + H)+, 566.1597; found 566.1581. Anal. 

(C25H26N8O4S2 ) C,H,N.  Same procedure was followed for compounds 9-11. 
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4-Benzo[4,5]furo[3,2-d]pyrimidin-4-yl-piperazine-1-carbothioic acid [4-

(pyrimidin-2-ylsulfamoyl)-phenyl]-amide (Compound 9).  Yield 150 mg (23%).  mp ~ 

262 °C NMR (DMSO-d6, 300 MHz)  δ 4.17 (s, 8H), 7.04-7.08 (m, 1H), 7.49-7.52 (m, 

1H), 7.56-7.59 (m, 1H), 7.70-7.75 (m, 1H), 7.84 (d, J = 8.2Hz, 1H), 7.91 (d, J = 8.6Hz, 

2H), 8.12 (d, J = 7.6Hz, 2H), 8.52 (d, J = 4.8Hz, 2H), 8.58 (s,1H), 9.82 (s, 1H, NH).  

HRMS m/e calcd for C25H23N8O3S2 (M + H)+, 547.1379; found, 547.1325. Anal. 

(C25H22N8O3S2) C,H,N. 

4-(9-Thia-1,5,7-triaza-fluoren-8-yl)-piperazine-1-carbothioic acid [4-

(pyrimidin-2-ylsulfamoyl)-phenyl]-amide (Compound 10).  Yield 190 mg (37%).  mp 

~ 269 °C NMR (DMSO-d6, 300MHz)  δ 4.07 (s, 8H), 6.96-6.99 (m, 1H), 7.47-7.50 (m, 

1H), 7.58-7.62 (m, 1H), 7.82 (d, J = 8.6Hz, 2H), 8.43 (d, J = 4.9Hz, 2H), 8.63 (d, J = 

8.02Hz, 2H), 8.70 (s,1H), 8.80 (d, J = 4.0Hz, 1H).  HRMS m/e calcd for C24H22N9O2S3 

(M + H)+, 564.1059; found 563.1057. Anal. (C24H21N9O2S3) C,H,N. 

4-(6,7-Dimethoxy-9H-1,3,9-triaza-fluoren-4-yl)-piperazine-1-carbothioic acid 

[4-(pyrimidin-2-ylsulfamoyl)-phenyl]-amide (Compound 11).  Yield 57 mg (16%).  

mp ~ 159 °C  NMR (DMSO-d6, 300MHz) δ 3.75 (s, 4H), 3.87 (s,3H), 3.88 (s,3H), 4.19 

(s, 4H), 7.04-7.06 (m, 1H), 7.07 (s, 1H), 7.24 (s, 1H), 7.53 (d, J = 8.4 Hz, 2H), 7.90 (d, J 

= 8.4Hz, 2H), 8.44 (s, 1H), 8.51 (d, J = 4.8Hz, 2H), 9.72 (s, 1H, -NH), 12.01 (s, 1H, -

NH).  HRMS m/e calcd for C27H28N9O4S2 (M + H)+, 606.1706; found 606.1699. Anal. 

(C27H27N9O4S2) C,H,N. 
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Luciferase-Based In Vitro Kinase Assay 

In a 50 µl reaction, recombinant Aurora A kinase (Upstate, Charlottesville, VA) 

was incubated at 30 °C for 2 h with 62 µM Kemptide (Calbiochem, San Diego, CA), 3 

µM ATP (Invitrogen) and kinase reaction buffer (40 mM Tris-HCl, 10 mM MgCl2 and 

0.1 µg/µl BSA).  The reaction was carried out in the presence of drug molecules, which 

had been previously diluted to desired concentrations in water from a stock concentration 

of 30 mM in DMSO.  After incubation, 50 µl of Kinase-Glo (Promega, Madison, WI) 

solution was added to each reaction and allowed to equilibrate for 10 min at room 

temperature.  Kinase activity was determined by quantifying the amount of ATP 

remaining in solution following the kinase reaction by measuring light units produced by 

luciferase using Wallac Victor2 1420 MultiLabel Counter (Perkin-Elmer).  Percent 

inhibition was determined for individual compounds by comparing luminometer readings 

of drug treated reactions to controls containing no drug and no Aurora A enzyme.  The 

drug concentration at which 50% of Aurora A kinase activity was inhibited (IC50) was 

determined for the most potent compounds using Prism 4 (GraphPad Software, Sand 

Diego, CA). 

 

Kinetic Mechanism of Inhibition 

Kinetics studies were carried out in conditions identical to those described for the 

luciferase-based in vitro kinase assay, except a biotinylated Kemptide (Promega) was 

used and 2 µCi [γ-32P]ATP was added to each reaction.  Drug and unlabeled ATP were 

used at varying concentrations as indicated and reactions were carried out at 30°C for 2 h.  
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A volume of 10 µl was spotted onto a SAM2® Biotin Capture Membrane (Promega) and 

washed four times with 2 M NaCl and four times with 2 M NaCl in 1% phosphoric acid.  

The membrane was allowed to dry and was counted on a TopCount NXT microplate 

scintillation counter (Perkin-Elmer).  Specific activity of [γ-32P]ATP was determined and 

used to calculate the specific activity of Aurora A kinase for each reaction.  

 

Kinase Specificity Panel 

KinaseProfiler™ (Upstate) was utilized for the kinase selectivity screening.  

Assay protocols and conditions are available from Upstate at 

http://www.upstate.com/features/kp_protocols.asp. 

 

Transgene Construction and Generation of Transgenic Mice 

 Aurora A was cloned from MiaPaCa-2 cDNA into a vector containing the Pdx-1 

promoter(52) (provided by Dr. Helen Edlund) using an EcoRV site and the following 

primer pair: 5'-AAAGATATCGAGGCGCCCTGTAGGATACT-3' and 5'-

AAAGATATCTGGCTCAAGGATTTCTCCCC-3'.  The plasmid was linearized by XhoI 

digestion and microinjected into the pronucleus of fertilized single-cell BALB/c-C3H 

strain (Jackson Laboratory, Bar Harbor, ME) eggs with assistance from the Genetically 

Modified Mice Shared Service at the Arizona Cancer Center.  DNAs from a 2-mm tail 

bioposy were used to identify transgenic mice.  In a PCR reaction, 20 ng of genomic 

DNA was amplified with the following primer pairs: 5'-

TAGCGAGGGGGAAGAGGAGAT-3' and 5'-ACTGACCACCCAAAATCTGC-3' to 
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detect the Pdx-1-Aurora A transgene and 5'-CAAATGTTGCTTGTCTGGTG-3' and 5'-

GTCAGTCGAGTGCACAGTTT-3' were used to detect endoTCR, an internal control.  

The PCR conditions were: 95°C for 5 min, 35 cycles of 94°C for 30 s, 53.4°C for 30 s 

and 72°C for 30 s and 72°C for 5 min to end the reaction.  PCR products were analyzed 

on 1% agarose gels stained with ethidium bromide.  Samples yielding a PCR product of 

the appropriate size were considered positive for Pdx-1-Aurora A.  Mice were housed in 

the animal facility at the Arizona Health Science Center and cared for by the Genetically 

Modified Mice Shared Service at the Arizona Cancer Center (Tucson, AZ). 

 

Microscopic Analysis of Transgenic Mouse Tissue 

Mice were euthanized at ages ranging from seven to eleven months.  Mouse 

pancreatic tissues were harvested, examined for gross abnormalities and either fixed in 

formalin solution (10% neutral buffered AFIP formulation, Sigma Diagnostics, St. Louis, 

MO) or snap frozen in liquid nitrogen.  Fixed tissues were embedded in paraffin, 

sectioned, mounted on slides and stained with hematoxylin and eosin (H&E) for 

microscopic examination.  Microscopic analyses of mouse tissue were done with 

assistance from Dr. Paul Grippo from Northwestern University (Chicago, IL). 

 

RT-PCR Analysis of Transgenic Mouse Tissue 

Frozen pancreas tissues were homogenized in lysis buffer and RNA was isolated 

using the NucleoSpin RNA II Kit (BD Biosciences).  RNA concentrations were 

determined using UV spectroscopy and 2 µg of RNA were used for cDNA preparation 
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utilizing the First Strand cDNA Synthesis Kit (Fermentas, Hanover, MD).  cDNAs from 

each sample were amplified by PCR using Aurora A-specific primers (5'-

TCGGCACCTGAAAATAATCC-3' and 5'-ACTGACCACCCAAAATCTGC-3').  The 

PCR conditions were: 95°C for 5 min, 30 cycles of 94°C for 30 s, 58°C for 30 s and 72°C 

for 30 s and 72°C for 5 min to end the reaction.  PCR products were analyzed on 1% 

agarose gels stained with ethidium bromide.  Primers for β-actin (Ambion, Austin, TX) 

were used to generate a PCR product used for loading controls and primers for Pdx1-

Aurora A (described above) were used to ensure there was no plasmid or genomic DNA 

contamination in the RNA samples. 
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CHAPTER III 

 

AURORA A AND AURORA B ARE OVEREXPRESSED IN PANCREATIC 

CANCER 

 

I. Introduction 

 

 In previous work, Dr. Von Hoffs’s research group had shown that Aurora A is 

overexpressed and amplified in several pancreatic cancer cell lines and pancreatic 

adenocarcinomas taken directly from patients (39, 40).  These findings are supported by 

studies performed by other groups where Aurora A was reported to be amplified or 

otherwise overexpressed in breast (26, 28), colon (13), ovarian (29), gastric (27) and 

other tumor types.  It is well established that the overexpression of Aurora A can lead to 

amplified centrosomes, genomic instability and tumorigenesis (13, 25).  Indeed, Aurora 

A is oncogenic in several tumor establishment models and likely plays an important role 

in disease progression. 

 Aurora B has received considerable less attention than Aurora A because it has 

not been found to be amplified in tumors and it is not oncogenic in the same models used 

to show the oncogenicity of Aurora A.  This focus has led to the assumption that Aurora 

A is the principle cancer-associated Aurora family member.  However, there have been 

few studies in which the expression of Aurora A and Aurora B have been examined in 
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parallel (13, 53).  Therefore, I undertook a systematic analysis of the expression levels of 

Aurora A and Aurora B mRNA and protein in a panel of pancreatic cancer cell lines and 

in pancreatic adenocarcinomas taken directly from patients.  I supposed that such an 

analysis would reveal important insight into the role of the Aurora family of kinases (at 

least Aurora A and Aurora B) in pancreatic cancer. 

 

II. Results 

 
a. Aurora A Expression in Pancreatic Cancer Cell Lines 

 

High Aurora A mRNA was detected in ten of eleven pancreatic cancer cell lines 

as determined by quantitative real-time RT-PCR (Figure 3.1).  PANC-1 was the highest 

expressing cell line showing a 55-fold increase in Aurora A expression over a normal 

pancreas sample.  Similarly, BxPC-3, Capan-1, Capan-2, CFPAC-1, HPAF-II, MIA 

PaCa-2 and Mutj cells showed an increase of expression levels ranging from 21- to 35-

fold.  Hs 766T and SU.86.86 showed increases of 18.7- and 13.3-fold, respectively.  

Results from AsPC-1 cells indicated a slight decline in Aurora A expression (0.7-fold) 

compared to normal pancreas tissue.  Comparatively, two non-transformed cell lines, 

HPDE6 (a human pancreatic ductal epithelial cell line) and IMR-90 (a human embryonic 

lung fibroblast cell line) showed elevated mRNA expression relative to normal pancreas 

(12.5- and 11.6-fold, respectively), yet these levels were lower than any of the 

transformed cell lines (except AsPC-1).  Although, HeLa cells are a cervical cancer cell 

line they were included in this expression analysis due to their utilization in experiments 



 64 

 

 

 

 

 
 
Figure 3.1.  The Expression of Aurora A mRNA in a Panel of Pancreatic Cancer 
Cell Lines as Determined by Quantitative Real-Time RT-PCR. 
All reactions were run at least six times and expression levels were normalized to normal 
pancreas RNA.  β-actin and GAPDH were used as internal controls and error bars 
indicate standard errors.  1, AsPC-1; 2, BxPC-3; 3, Capan-1; 4, Capan-2; 5, CFPAC-1;, 
HPAF-II; 7, Hs 766T; 8, MIA PaCa-2; 9, Mutj; 10, PANC-1; 11, SU.86.86; 12, HeLa; 
13, HPDE6; 14, IMR-90; Normal, normal pancreas RNA. 
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described in subsequent chapters.  HeLa cells showed a 31.5-fold increase in Aurora A 

mRNA expression. 

Interestingly, Aurora A protein expression levels from the same panel of cell lines 

did not correlate well with mRNA expression levels (Figure 3.2).  AsPC-1 and Hs 766T 

had the highest Aurora A protein expression (recall AsPC-1 showed no overexpression at 

the mRNA level).  Capan-2, MIA PaCa-2 and PANC-1 also showed high Aurora A 

protein levels compared to the fibroblast cell line, IMR-90.  CFPAC-1 and Mutj had 

expression levels very similar to IMR-90.  BxPC-3, Capan-1, HPAF-II and SU.86.86 

showed protein levels lower than those in the IMR-90 cell line.  Interestingly, the non-

transformed human pancreatic ductal epithelial cell line, HPDE6 had reasonably high 

levels of Aurora A protein.  Additionally, the cervical cancer cell line, HeLa, had 

relatively high Aurora A protein levels that were comparable to the pancreatic cancer cell 

lines, MIA PaCa-2 and PANC-1. 

 

b. Aurora B Expression in Pancreatic Cancer Cell Lines 

 

Quantitative real-time RT-PCR also showed high Aurora B mRNA expression in 

ten of eleven pancreatic carcinoma cell lines (Figure 3.3).  PANC-1 showed an 

expression level 53-fold higher than normal pancreas levels.  BxPC-3, Capan-1, Capan-2, 

CFPAC-1, HPAF-II, MIA PaCa-2 and Mutj all showed an increase of expression levels 

between 20- and 36-fold.  Hs 766T and SU.86.86 showed increases of 15.5- and 11.6-

fold, respectively.  Aurora B mRNA was not up-regulated in AsPC-1 pancreatic cancer 
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Figure 3.2.  Aurora A Protein Expression in a Panel of Pancreatic Cancer Cell 
Lines. 
Lane 1, AsPC-1; Lane 2, BxPC-3; Lane 3, Capan-1; Lane 4, Capan-2; Lane 5, CFPAC-1; 
Lane 6, HPAF-II; Lane 7, Hs 766T; Lane 8, MIA PaCa-2; Lane 9, Mutj; Lane 10, PANC-
1; Lane 11, SU.86.86; Lane 12, HeLa; Lane 13, HPDE6; Lane 14, IMR-90.  
Immunoblots were probed with anti-Aurora A antibody (top panel) and reprobed with 
anti-β-actin antibody (bottom panel) to confirm equal loading of total protein. 
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Figure 3.3.  The Expression of Aurora B mRNA in a Panel of Pancreatic Cancer 
Cell Lines as Determined by Quantitative Real-Time RT-PCR. 
All reactions were run at least six times and expression levels were normalized to normal 
pancreas RNA.  β-actin and GAPDH were used as internal controls and error bars 
indicate standard errors.  1, AsPC-1; 2, BxPC-3; 3, Capan-1; 4, Capan-2; 5, CFPAC-1;, 
HPAF-II; 7, Hs 766T; 8, MIA PaCa-2; 9, Mutj; 10, PANC-1; 11, SU.86.86; 12, HeLa; 
13, HPDE6; 14, IMR-90; Normal, normal pancreas RNA. 
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cells.  In comparison, two non-transformed cell lines, HPDE6 and IMR-90 showed 

elevated mRNA expression relative to the normal pancreas (6.4- and 7.9-fold, 

respectively), yet these levels were significantly lower than any of the transformed cell 

lines (except AsPC-1).  HeLa cells showed a 23.2-fold increase in Aurora B mRNA 

expression. 

Again, Aurora B protein expression levels as determined by western blotting 

analysis did not always correlate with mRNA levels in many of the cell lines.  MIA 

PaCa-2 had the highest protein expression, while BxPC-3, Capan-1, SU.86.86 did not 

show elevated Aurora B protein levels compared to the fibroblast cell line, IMR-90 

(Figure 3.4).  Additionally, the western blot showed high levels of Aurora B in AsPC-1, 

Capan-2, CFPAC-1, HPAF-II, Hs 766T, Mutj, and PANC-1.  HPDE6 also had a 

significant amount of Aurora B protein expression that was comparable to and even 

higher than many of the transformed pancreatic cell lines.  HeLa cells also expressed high 

Aurora B protein at a level comparable to AsPC-1 and PANC-1 cells. 

 

c. Differential Expression of the Aurora Kinases in Comparison with Other 

Mitotic Genes 

 

Some have suggested that the expression of Aurora A and Aurora B rise and fall 

in a parallel fashion (53), which indicates the possibility that both are controlled by 

similar mechanisms or by a common feedback loop between the two proteins.  My 

studies in pancreatic carcinoma cell lines support this hypothesis as those cells with the 
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Figure 3.4. Aurora B Protein Expression in a Panel of Pancreatic Cancer Cell Lines. 
Lane 1, AsPC-1; Lane 2, BxPC-3; Lane 3, Capan-1; Lane 4, Capan-2; Lane 5, CFPAC-1; 
Lane 6, HPAF-II; Lane 7, Hs 766T; Lane 8, MIA PaCa-2; Lane 9, Mutj; Lane 10, PANC-
1; Lane 11, SU.86.86; Lane 12, HeLa; Lane 13, HPDE6; Lane 14, IMR-90.  
Immunoblots were probed with anti-Aurora B antibody (top panel) and reprobed with 
anti-β-actin antibody (bottom panel) to confirm equal loading of total protein. 
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highest Aurora A expression likewise had high Aurora B expression.  The correlation 

coefficient for Aurora A versus Aurora B mRNA expression was 0.83 (Figure 3.5).  The 

correlation at the protein level was not quantitatively determined; however, close visual 

examination of western blot gels reveals a similar correlation. 

To determine if the correlation between Aurora A and Aurora B expression was 

indicative of some special regulatory relationship between the two proteins or part of a 

more general trend involving other mitosis-associated genes, I determined the expression 

level of the Aurora kinases in comparison to a number of mitotic genes using microarray 

technology (Figure 3.6).  In so doing, I discovered that the correlation between Aurora A 

and Aurora B in this panel of pancreatic cancer cell lines was part of a broader 

phenomenon that involved many cell cycle-associated proteins involved in the 

progression of mitosis. 

From the microarray experiments, the correlation coefficient between Aurora A 

and Aurora B mRNA expression was 0.75 (Table 3.1).  A similar correlation was also 

found between Aurora A and other mitotic genes, such as cyclinB1 (R2 = 0.83), TPX2 (R2 

= 0.79), survivin (R2 = 0.77), Eg5/KSP (R2 = 0.76), Mad2L1 (R2 = 0.73) and Cdc20 (R2 = 

0.90).  Aurora B showed strong correlations with cyclinB1 (R2 = 0.84), Eg5/KSP (R2 = 

0.81), Mad2L1 (R2 = 0.76), Cdc20 (R2 = 0.88) and Cdc25C (R2 = 0.73).  A strong 

correlation was not limited to these mitotic genes as not every mitotic gene was used in 

my analysis.  The genes included in the analysis (Table 3.1) were chosen based on their 

central role in mitosis or on their association with the Aurora kinases. 
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Figure 3.5.  Correlation Between Aurora A and Aurora B Expression. 
It has been suggested that the expression of Aurora A and Aurora B mirror each other.  
My results from quantitative real-time RT-PCR on a panel of pancreatic cancer cell lines 
support this hypothesis. 
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Figure 3.6.  Expression Patterns of Cell Cycle Regulatory Genes. 
The expression levels of the Aurora kinases (A, B and C) in comparison to other cell 
cycle regulatory proteins as determined by Affymetrix microarray technology.  There was 
a strong relationship between the expression level of Aurora A and Aurora B that was 
shared with several other mitosis-associated genes.  This relationship was not shared with 
Aurora C and with non-mitotic cell cycle regulatory genes. 
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            Table 3.1.  Gene Expression Correlation Coefficients from Microarray 
 

               Aurora A           Aurora B 
 

Aurora A   1.00   0.75 
Aurora B   0.75   1.00 
Aurora C   0.11   0.04 
Cdc20    0.90   0.88 
CyclinB1   0.83   0.84 
TPX2    0.79   0.57 
Eg5/KSP   0.76   0.81 
Mad2L1   0.73   0.76 
Cdc25C   0.68   0.73 
INCENP   0.59   0.59 
PRC-1    0.54   0.27 
Plk-1    0.45   0.22 
CyclinE1   0.40   0.48 
CyclinD1   0.07   0.03 
CyclinA1   0.01   0.00 
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Some Aurora-associated or otherwise mitotic genes did not correlate well with the 

expression of Aurora A and/or Aurora B.  These included Aurora C, INCENP, Plk-1, 

PRC-1, which had correlation coefficients between 0.04 and 0.59.  Finally, the expression 

levels of cell cycle-associated genes that do not play a major role in mitosis were 

considered.  The expression Aurora A or Aurora B showed only very weak correlation 

with cyclinA1, cyclinD1 and cyclinE1 (R2 = 0.00 – 0.48). 

Taken together, the array data indicate that although there is a strong correlation 

between the expression of Aurora A and Aurora B, this relationship is shared with other 

mitotic genes.  Therefore, the suggestion that the strong connection between Aurora A 

and Aurora B expression levels is indicative of a feedback mechanism between the two 

proteins must be considered with the finding that many mitotic genes share this 

expression pattern.  I suggest that the tight coupling between the expression levels of 

Aurora A and Aurora B does not result from a regulatory mechanism specifically tied to 

these two proteins, rather from a more general trend observed between many mitotic 

genes, but not other cell cycle regulatory genes. 

 

d. Aurora A Expression in Pancreatic Adenocarcinomas Taken Directly 

From Patients 

 

Aurora A expression at the mRNA and protein levels was also examined in tumor 

tissues taken directly from pancreatic cancer patients using quantitative real-time RT-

PCR and immunohistochemistry.  Although Aurora A mRNA was overexpressed in 
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seven of the eight samples, it was highly overexpressed in only two samples at 8.7-and 

4.5-fold above normal pancreas (Figure 3.7).  A third sample showed a 2.2-fold increase 

in Aurora A expression and four of the eight samples showed very little overexpression 

(1.3- to 1.9-fold).  One sample showed a slight reduction in Aurora A mRNA levels (0.8-

fold).  Two of the pancreatic cancer samples analyzed for mRNA expression also had 

normal adjacent tissue taken from the same patient allowing for direct comparison of 

Aurora A expression.  These patients (samples 1 and 2) showed a 1.3 and 2.2-fold 

increase in Aurora A mRNA levels in tumor tissue compared to their normal pair.  

Overall, three out of eight (37.5%) tumor samples showed at least a 2-fold increase in 

Aurora A expression at the mRNA level. 

 As previously described, the overexpression of Aurora A at the protein level has 

already been evaluated in tumor samples from patients by immunohistochemistry (IHC) 

using a tissue microarray (40).  In summary, 26 of 28 pancreatic adenocarcinomas (93%) 

had 2+ or higher staining of Aurora A protein, whereas all 18 normal tissues were scored 

as negative or 1+ above background.  Although these results are similar to those reported 

by other groups (54), the cellular localization of the protein detected by the anti-Aurora A 

antibody (rabbit polyclonal from Bethyl) used in these studies was not consistent with the 

well documented localization pattern ascribed to Aurora A (Figure 1.2).  Furthermore, the 

same anti-Aurora A antibody was used by additional groups showing staining and 

localization not consistent with what is known about Aurora A kinase (30).  These 

observations led me to raise the question of whether this antibody was detecting Aurora 

A or some other “off target” protein and thereby leading to false conclusions. 
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Figure 3.7.  The Expression of Aurora A mRNA in Pancreatic Tumors Taken 
Directly from Patients as Determined by Quantitative Real-Time RT-PCR. 
All reactions were run at least six times and expression levels were normalized to normal 
pancreas tissue taken from the same patient (samples 1 and 2) or to the average 
expression level of six normal pancreatic tissue samples.  β-actin and GAPDH were used 
as internal controls and error bars indicate standard errors.  Asterisk (*) indicates p < 0.05 
and ** indicates p < 0.005, comparing the expression of each sample (1-8) to normal in a 
pair-wise t-test. 
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 To evaluate the efficacy of the Bethyl anti-Aurora A antibody, MIA PaCA-2 cells 

were grown in culture and treated with an antisense oligonucleotide specific toward 

Aurora A (ASO AurA).  (The antisense oligonucleotides and their use will be discussed 

in great detail in Chapter IV.)  ASO AurA-treated cells as well as cells treated with a 

scrambled antisense oligonucleotide (ASO Scr) and untreated cells were stained with the 

Bethyl anti-Aurora A antibody using the same protocol described in the literature (30, 

40).  If this antibody detected Aurora A expression, it was hypothesized that the ASO 

Scr-treated and untreated samples would show normal Aurora A levels, whereas the ASO 

AurA-treated cells would have no staining.  However, the staining intensity and patterns 

were the same in all three samples (Figure 3.8).  Therefore, I concluded that the Bethyl 

anti-Aurora A antibody used in previous IHC studies was not likely detecting Aurora A 

expression, rather some unknown cellular target(s). 

 To follow up on this discovery, I wanted to screen additional anti-Aurora A 

antibodies that would potentially work for subsequent IHC studies.  In a similar fashion, 

two more anti-Aurora A antibodies were evaluated in ASO AurA-treated samples.  One 

antibody (Abcam) produced the expected result with centrosomal staining of Aurora A in 

untreated and ASO Scr-treated cells and no staining ASO AurA-treated cells (Figure 3.8).  

The identification of a more effective antibody allowed me to repeat the IHC studies on 

the pancreatic cancer tissue microarray and this study is ongoing. 
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Figure 3.8.  Anti-Aurora A Antibody Validation. 
Inconsistencies in the staining of Aurora A kinase led me to validate the efficacy of the 
antibodies used in the immunohistochemistry studies.  MIA PaCa-2 cells were harvested, 
fixed and stained with the indicated antibody following no treatment, treatment with a 
scrambled antisense oligonucleotide (ASO Scr) or treatment with antisense 
oligonucleotide specific for Aurora A (ASO AurA).  The Bethyl antibody showed no 
significant difference in staining between the three treatments.  However, the Abcam 
antibody showed distinct centrosomal localization of Aurora A in the untreated and ASO 
Scr-treated cells and undetectable levels of Aurora A in the ASO AurA-treated cells. 
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e. Aurora B Expression in Pancreatic Adenocarcinomas Taken Directly 

From Patients 

 

The expression of Aurora B mRNA and protein was also examined in tumor 

tissues taken directly from pancreatic cancer patients using quantitative real-time RT-

PCR and immunohistochemistry.  As described above, two of the pancreatic cancer 

samples analyzed for mRNA expression also had normal adjacent tissue taken from the 

same patient allowing for direct comparison of Aurora B expression.  These patients 

(samples 1 and 2) showed a 2.4 and 3.8-fold increase in Aurora B mRNA levels in tumor 

tissue compared to their normal pair (Figure 3.9).  The six other tumor samples examined 

did not have direct normal pairs and therefore, the average expression level of six normal 

pancreatic tissue samples were used for comparison.  As demonstrated in Figure 3.9, of 

these six tumor samples, five showed a significant increase in mRNA (2.2- to 5.6-fold) 

and one failed to show Aurora B overexpression (0.9-fold).  Overall, seven of eight 

tumors (88%) showed an increase in mRNA levels. 

The protein level of Aurora B was also examined by performing 

immunohistochemistry on a tissue microarray containing 31 pancreatic tumors (Figure 

3.10).  There was no Aurora B staining in any of the surrounding normal pancreatic 

tissue; however, 17 of the 31 pancreatic tumor biopsies showed at least some staining 

(55%), although staining intensity was never above 2+ and typically only a small 

percentage of cells were stained within a given tumor tissue sample.  To further 

characterize the Aurora B staining in these tissues a long score was calculated by 
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Figure 3.9.  The Expression of Aurora B mRNA in Pancreatic Tumors Taken 
Directly from Patients as Determined by Quantitative Real-Time RT-PCR. 
All reactions were run at least six times and expression levels were normalized to normal 
pancreas tissue taken from the same patient (samples 1 and 2) or to the average 
expression level of six normal pancreatic tissue samples.  β-actin and GAPDH were used 
as internal controls and error bars indicate standard errors.  Asterisk (*) indicates p < 0.05 
and ** indicates p < 0.005, comparing the expression of each sample (1-8) to normal in a 
pair-wise t-test. 
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Figure 3.10.  Aurora B Immunohistochemistry of a Pancreatic Cancer Tissue Array. 
(A) An array of paraffin-embedded pancreatic tumor samples.  (B) Pancreatic tumor 
sample at low magnification.  (C) Normal pancreas tissue at low magnification.  (D) A 
specific pancreatic tumor sample at higher magnification indicating a high level of 
Aurora B protein expression.  (E) Aurora B staining is absent in normal pancreas tissue.  
(F and G) Images at high magnification show the localization of Aurora B is to the 
metaphase plate of some mitotic cells.  Otherwise there appears to be a diffuse nuclear 
localization of Aurora B. 
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multiplying the intensity score by the percentage of positively stained cells.  Eight of the 

stained tissues (47%) had a long score between 1 and 5, seven scored between 6 and 40 

(41%) and two samples (12%) had scores higher than 40.  The highest scoring tissue had 

a 2+ staining intensity in 60% of the cells. 

 

III.  Discussion 

 

Taken together, these results demonstrate that Aurora A and Aurora B are 

overexpressed in a significant number of pancreatic carcinoma cells lines and in tumors 

taken directly from patients and that mechanisms controlling the expression of the Aurora 

kinases are likely complex.  Altered amounts of mRNA in the cell lines indicate that gene 

expression can be regulated at the transcriptional and/or mRNA stability levels.  

However, the finding that protein expression levels do not correlate well with mRNA 

levels shows that the expression of the Aurora kinases is likely controlled at multiple 

levels.  In other words, gene copy number, transcription, translation, post-translational 

modifications and other regulatory mechanisms may all contribute to cellular Aurora A 

and Aurora B levels.  Furthermore, evaluating the level of activated Aurora A and/or 

Aurora B in cells by phospho-Thr288/Thr232 detection would potentially add another 

level of complexity to this analysis. 

In general, the overexpression of Aurora A and Aurora B at the mRNA level was 

significantly lower in tumors taken directly from patients compared to tumor cell lines 

grown in culture.  The primary reason for this observation is likely due to the 
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heterogeneity of tumors taken from patients and the homogeneity of cells grown in 

culture.  Tissue samples from which RNA was isolated for evaluation consist of many 

cell types of which only some are rapidly proliferating cancer cells.  Alternatively, cells 

grown in culture are clones of a single cancer cell that have been selected on their ability 

to proliferate in an artificial environment.  Therefore, conclusions made from both types 

of evaluations must be drawn with these considerations in mind.  Expression analyses on 

tumors taken directly from patients provide important insight into what is occurring in a 

patient’s complex tumor.  Whereas, analyses on cell lines can provide information on the 

expression of a given gene in isolated cancer cells, which are most often the targets for 

chemotherapeutics. 

The high correlation observed between Aurora A and Aurora B expression in 

pancreatic cancer cell lines was not observed to the same extent in the patient tumor 

samples (R2 = 0.50).  The reasons for this are unclear; however, it suggests again that 

expression analyses may become more complex when heterogeneous tissue samples are 

evaluated. 

A key point to be made from this portion of the project relates to the importance 

of antibody validation prior to their use in expression analyses.  One is often uncertain if 

the antibody used in the analyses detects the appropriate and intended protein unless 

certain precautions are in place.  In western blotting analyses the antibody should detect a 

protein of the appropriate molecular weight.  In immunohistochemistry and 

immunocytochemistry analyses the antibody should detect a cellular localization pattern 

consistent with what is known about the protein.  However, sometimes this background 
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information is unknown and even when it is known a more sure way to validate the 

efficacy of an antibody is to knockout the expression of the target protein.  Thereafter, the 

expression analysis can be ran to verify that the antibody detects the differential 

expression between the two samples with known dissimilarities in target protein 

expression.  The use and importance of this validation approach are illustrated by the 

comparison of the anti-Aurora A antibodies used for IHC analysis within this project. 

 Considering the overall results from this comparative expression analysis, I have 

shown that Aurora A and Aurora B are overexpressed in many pancreatic tumors and 

carcinoma cell lines.  These findings suggest that the overexpression of Aurora A and 

Aurora B may play significant roles in pancreatic carcinogenesis.  Furthermore, as there 

appears to be a selective pressure for the sustained overexpression of Aurora A and 

Aurora B in pancreatic tumor tissue and cells, these genes may play important roles in 

sustaining the growth of established tumors.  Therefore, these results suggest that Aurora 

A and/or Aurora B may prove to be relevant therapeutic targets due to the likely 

dependence that some cancer cells have on the Aurora kinases for their malignant 

phenotype.  This hypothesis was further tested in experiments described in the next 

chapters. 
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CHAPTER IV 

 

THE COMPARISON OF AURORA A AND AURORA B AS THERAPEUTIC 

TARGETS TO TREAT PANCREATIC CANCER USING ANTISENSE 

OLIGONUCLEOTIDES 

 

I.  Introduction 

 

Several research groups including mine recently published work describing a role 

for Aurora A kinase in the progression of pancreatic cancer and its potential use as a 

therapeutic target for the treatment of this disease and other tumor types (24, 40, 54).  In 

addition to this, several groups have simultaneously developed small molecule inhibitors 

for Aurora A; however, due to amino acid sequence similarities among this kinase family 

and other unknown factors the biological consequences of treatment with these 

compounds were more consistent with Aurora B inhibition rather than Aurora A (55-57).  

Such findings have fueled a debate among drug development scientists as to which 

Aurora kinase is a better therapeutic target (53). 

Agents able to knockdown the expression of a specific gene or protein have 

become vital components to the process of target validation.  These agents include 

nucleic acid-based molecules, such as antisense oligonucleotides (ASO) and small 

interfering RNAs (siRNA), which are able to ablate the expression of a given gene in a 

very specific manner (58, 59).  Generally, these molecules function by interacting with 
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mRNA transcripts containing a complementary sequence within a cell and inducing their 

degradation.  The degradation of specific transcripts results in the inhibition of the 

expression that protein and allows one to deduce the biological consequences of 

perturbing the function of a protein of interest. 

Using ASOs, Aurora A and Aurora B were evaluated as drug targets in an effort 

to gain insight into the biological consequences and potential clinical outcomes of 

inhibiting these kinases independently and in combination.  Isis Pharmaceuticals 

(Carlsbad, CA), a company focused on developing ASOs and siRNAs as therapeutic 

agents, generously provided me with highly effective ASOs toward Aurora A and Aurora 

B. 

 

II.  Results 

 

a. Target Reduction in Antisense-Treated Cells 

 

Antisense oligonucleotides (ASO) toward Aurora A and Aurora B provided by 

Isis Pharmaceuticals were evaluated in cell-based assays.  The ASOs were highly 

effective at reducing the expression of their respective targets at both the transcript and 

protein levels (Figures 4.1 and 4.2).  Target reduction was observed in the four cell lines 

used throughout this study (MIA PaCa-2, PANC-1, HeLa and HPDE6) and at time 

intervals between 24 and 72 hours after treatment (unpublished results).  Using 

quantitative real-time RT-PCR, it was determined that the reduction in expression of 
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Figure 4.1.  ASO-Induced Knockdown of Aurora A and Aurora B mRNA 
Expression. 
A time-dependent analysis of the inhibition of Aurora A and Aurora B expression using 
antisense oligonucleotides (ASO).  Quantitative real-time RT-PCR on RNA from MIA 
PaCa-2 cells treated with 200 nM of ASOs as indicated at three different time points (24, 
48 and 72 hours after ASO treatment).  One-way ANOVA analyses were performed in 
order to determine whether there was a significant difference between the qRT-PCR 
results amoung any of the measured groups.  A strong between-group significance 
resulted in all cases (p < 0.001), which prompted us to perform a pair-wise t-test for 
Aurora B expression between ASO Scr and ASO AurA.  Asterisk (*) indicates p < 0.05 
and ** indicates p = 0.002, comparing the expression of Aurora B in ASO Scr to ASO 
AurA using a pair-wise t-test. 
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Figure 4.2.  ASO-Induced Knockdown of Aurora A and Aurora B Protein 
Expression. 
Western blot analysis of protein extracts from MIA PaCa-2 cells treated with ASOs 
shows inhibition of expression at 48 hours.  Similar experiments were performed for all 
four cell lines at time points of 24, 48 and 72 hours to confirm target reduction (data not 
shown). 
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Aurora A and B ranged between 85-97% in the panel of cell lines (results for MIA PaCa-

2 cell in Figure 4.1, data not shown for other cell lines).  Similarly, the same samples 

were evaluated for target reduction at the protein level by western blotting analysis 

(Figure 4.2 for MIA PaCa-2 cells at 48 hours, data not shown for other time points and 

cell lines).  Although the ASOs were very effective at knocking-down the expression of 

Aurora A and Aurora B, there was some variation between the four cell lines.  These 

small differences may or may not have influenced the results discussed below and should 

be considered when comparing results between the four cell lines.  However, the 

reduction of Aurora A and Aurora B expression within a single cell line was typically 

very consistent; therefore, comparisons made between knocking-down Aurora A, Aurora 

B or both within the same cell line can be made with confidence. 

 

b. Cell Cycle Analysis on ASO-Treated Cancer Cells 

 

 Cell cycle profiles for cells treated with ASOs were determined by FACScan and 

results from this analysis varied between cell lines.  Approximately 5% of untreated MIA 

PaCa-2 cells or cells treated with a scrambled ASO (ASO scr) were in the G2/M fraction 

of the cell cycle (Figure 4.3).  After 24 hours of treatment with ASO AurA or ASO AurB, 

this fraction increased to 13% and 31%, respectively.  At 48 hours, 41% (ASO AurA) and 

59% (ASO AurB) of the cells were arrested and after 72 hours 26% (ASO AurA) and 

48% (ASO AurB) were in G2/M phase of the cell cycle.  These results for ASO AurA are 

consistent with those previously published (40).  The reduction in the percentage of cells 
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Figure 4.3.  ASO-Induced G2/M Cell Cycle Arrest. 
Treatment with ASOs toward the Aurora kinases (ASO AurA, ASO AurB and ASO 
Both) resulted in an accumulation of cells with 4N DNA, indicating a G2/M arrest.  The 
percentages of cells in G2/M following 24, 48 and 72 hours of treatment with ASOs are 
reported for four cell lines. 
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in G2/M at 72 hours compared to 48 hours may suggest that the effects of ASO treatment 

(target reduction) wane with time and that cells can return to a normal cell cycle 

distribution following transient perturbations with Aurora kinase signaling; however, this 

explanation is not supported by target reduction validation studies (Figure 4.1).  Another 

potential reason for a reduction in the percentage of cells in G2/M at 72 hours compared 

to 48 hours may be due to arrested cells having undergone apoptosis (discussed below). 

To determine the effects of targeting Aurora A and Aurora B simultaneously, 

MIA PaCa-2 cells were treated with ASO AurA and ASO AurB in combination (ASO 

both).  These cells also arrested where 26% (24 hours), 48% (48 hours) and 40% (72 

hours) of the cells were in the G2/M phase of the cell cycle.  These percentages were 

significantly higher than those for ASO AurA and slightly lower than those for ASO 

AurB, thus indicating no additive or synergistic effects in cell cycle distribution when 

both kinases are targeted in this cell line. 

Cell cycle arrest profiles with ASO-treated PANC-1 and HPDE6 lines were 

similar to those of MIA PaCa-2, although the percentage of arrested cells was less.  This 

is likely due to the combination of two reasons, (a) slower doubling time of these cell 

lines compared to MIA PaCa-2 and HeLa and (b) target reduction was slightly less 

effective in these cell lines following ASO treatment compared to MIA PaCa-2 and HeLa 

cells (85-90% vs. 95-97%).  Interestingly, PANC-1 and HPDE6 cells had greater cell 

cycle arrest when treated with ASO both. 

HeLa cells responded differently than MIA PaCa-2 cells to single ASO treatment.  

Approximately 3% of HeLa cells treated with ASO scr were in the G2/M fraction of the 
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cell cycle.  After 24 hours of treatment with ASO AurA or ASO AurB, this fraction 

increased to 29% and 23%, respectively.  At 48 hours, 51% (ASO AurA) and 29% (ASO 

AurB) of the cells were arrested and after 72 hours 32% (ASO AurA) and 21% (ASO 

AurB) were in G2/M.  In other words, HeLa cells arrested more with ASO AurA 

treatment and MIA PaCa-2 cells more with ASO AurB.  The reasons for these differences 

are unclear; however they do suggest that cell lines and potentially patients with different 

genetic backgrounds will respond differently to Aurora A, Aurora B or a combination-

targeted therapy. 

 

c. ASO AurB-Induced Polyploidy in Cancer Cells 
 

Upon further analysis of the FACScan profiles it became evident that some cell 

lines treated with ASO AurB were not actually arresting in mitosis.  At time points 

beyond 24 hours after treatment, ASO AurB-treated MIA PaCa-2 cells began to show 

cells with >4N DNA content (Figure 4.4).  This observation was to be expected 

considering the biological function of Aurora B and has been reported by others (55).  I 

hypothesize that ASO AurB-treated MIA PaCa-2 cells entered and exited mitosis; 

however, cytokinesis failed.  Therefore, these cells were able to continue around the cell 

cycle yet did not divide and thereby produced the phenotype of polyploidy and multi-

nucleation. 

MIA PaCa-2 cells treated with ASO both showed a phenotype most similar to 

ASO AurB treatment alone.  Both treatments resulted in a population of cells with 8N 

DNA content.  These findings are consistent with a recent study where Aurora A and 
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Figure 4.4.  FACScan Profiles of ASO-Treated MIA PaCa-2 Cells. 
Cells were treated with the indicated ASO for 48 and 72 hours.  Although, cells treated 
with ASO AurB showed a marked increase in cells with 4N DNA, MIA PaCa-2 cells did 
not undergo a cell cycle arrest.  Rather, these cells proceeded through the cell cycle 
without dividing resulting in cells with 8N DNA.  These results were also seen in ASO 
Both-treated MIA PaCa-2 cells; however, the accumulation of 8N cells was slower. 



 94 

Aurora B were knocked down individually and in combination with siRNAs (60).  From 

this study, the authors concluded that the mitotic function of Aurora A was not required 

when Aurora B was also inactivated.  Therefore, knocking down both kinases would 

produce the same result as knocking down Aurora B alone. 

Although I saw similar results, the accumulation of 8N cells was much slower in 

the ASO both-treated cells compared to the ASO AurB-treated cells.  The reasons for the 

slower accumulation of 8N cells that I saw in the ASO both treatment are not clear; 

however, at least two possibilities exist.  First, it is possible that treating cells with ASO 

both was not as effective at target reduction as treating with ASO AurB alone.  If this 

were the case, a slower accumulation of 8N cells would be expected in the ASO both-

treated cells because a higher percentage of cells would have some remaining amounts of 

functional Aurora B.  However, this potential explanation is not supported by target 

reduction validation studies (Figures 4.1 and 4.2).  Secondly, as reported by Yang et al., 

Aurora A activity may not be required for mitotic progression in cells when Aurora B is 

also inhibited; however, the absence or inhibition of Aurora A in combination with the 

inhibition of Aurora B may result in a mitotic delay that is not sustainable and able to be 

circumvented by some unknown mechanism.  Therefore, cells without functional Aurora 

A and Aurora B kinases become polyploid, yet at a slower rate than cells with functional 

Aurora A, but no Aurora B.  This conclusion is consistent with my observations; 

however, Yang et al. do not claim to have seen a slower accumulation of 8N cells when 

treated with both Aurora A and Aurora B siRNA. 
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ASO AurB and ASO both-induced polyploidy was also observed in PANC-1 

cells, but not in HeLa cells.  It has been noted that the inhibition of the Aurora kinases by 

small molecules results in two fates, (a) cells enter additional replicative cycles followed 

by the continued failure of cell division resulting in polyploid cells or (b) tetraploid cells 

exit from mitosis and undergo a sustained G1-like arrest (53, 55).  It appears that MIA 

PaCa-2 and PANC-1 cells treated with ASO AurB and ASO both experience the first of 

these fates and HeLa cells the second.  Again the literature suggests that an important 

factor in determining which fate is reached is the status of a p53-dependent post-mitotic 

checkpoint (61).  It has been proposed that aside from its role in responding to DNA 

damage, p53 can respond to cytokinetic failures by inducing a G1-like arrest.  In this 

manner p53 may compliment other checkpoints in averting the propagation of cells with 

an aberrant genome.  Consistent with this notion, MIA PaCa-2 and PANC-1 cells are 

reported to harbor p53 mutations (62, 63) and HeLa cells express wild-type p53 protein, 

albeit at low levels (64). 

 

d. Apoptosis Analysis on ASO-Treated Cancer Cells 

 

Apoptosis was monitored in ASO-treated cells by caspase-3 activation.  In four 

cell lines, no significant amount of caspase-3 activity was detected after just 24 hours of 

treatment with any of the ASOs.  However, at 48 hours there was a significant increase in 

caspase-3 activity in some of the cell lines treated with ASOs.  MIA PaCa-2 and HeLa 

cells showed a 6- to 7-fold increase in caspase-3 activity following treatment with ASO 
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AurA at both 48 and 72 hours (Figure 4.5).  At 48 hours, ASO AurB-treated MIA PaCa-2 

and HeLa cells increased their caspase-3 activity by 2.7- and 2.6-fold, respectively.  This 

activity increased to 3.3- and 4.7-fold at 72 hours.  PANC-1 cells exhibited a similar 

apoptotic response, however to a lesser degree.  However, HPDE6 cells showed no 

appreciable increase in caspase-3 activity in any of the treatments at these three time 

points. 

These results suggest that apoptosis is rapidly induced in cancer cells treated with 

ASO AurA and apoptosis peaks at 48 hours after treatment.  Apoptosis is also detected in 

ASO AurB-treated cancer cells; however, its induction was gradual.  It is likely that 

caspase-3 activity in ASO AurB-treated samples would have reached similar levels as 

ASO AurA-treated cells at time points beyond 72 hours.  Interestingly, the levels of 

caspase-3 activities in ASO AurB-treated MIA PaCa-2 and HeLa cells were very similar 

even though this same treatment resulted in different morphological responses in these 

two cell lines.  Therefore, the p53-dependent post-mitotic checkpoint potentially 

responsible for the G1-like arrest seen in ASO AurB-treated HeLa cells does not likely 

determine the viability of cells exposed to Aurora B kinase inhibition. 

The lack of caspase-3 activity in HPDE6 cells treated with ASOs suggests that 

these cells have some resistence to the inhibition of the Aurora kinases.  It is possible that 

rapidly dividing cells are more sensitive to inhibition of both Aurora A and Aurora B.  

Although this is likely true, it does not entirely account for this observation because 

PANC-1 cells have a similar doubling time as HPDE6 cells (my observation) and 

apoptosis was detected in these cells.  Another contributing factor to the lack of apoptosis 
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Figure 4.5.  ASO-Induced Caspase 3 Activity. 
Inhibiton of Aurora A and/or Aurora B in cancer cell lines induces caspase-3 activity and 
apoptosis.  However, the normal pancreatic ductal epithelial cell line, HPDE6, did not 
share this increase of caspase-3 activity following ASO treatment. 
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in HPDE6 cells treated with ASO may be that these cells have intact spindle assembly 

checkpoints that allow the cells to manage Aurora A or Aurora B inhibition without 

undergoing apoptosis.  In other words, upon inhibition of Aurora A or Aurora B 

expression, HPDE6 cells arrest and remain arrested due to proper cellular checkpoints.  

In cancer cells with compromised checkpoints, cells respond differently to cell cycle 

arrest induced by Aurora A or Aurora B inhibition by undergoing apoptosis. 

 

e. Cell Morphological Changes in ASO-Treated Pancreatic Cancer Cells 

 

Cells treated with ASOs (AurA, AurB or Both) underwent morphological changes 

consistent with the findings from FACScan and caspase-3 activation analyses (Figure 

4.6).  Visual inspection of cells treated with ASO AurA revealed they had rounded up 

indicating mitotic arrest and apoptosis.  At times beyond 48 hours after treatment, the 

cells began to die and detach from the surface of the flask.  Alternatively, cells treated 

with ASO AurB become oversized and multi-nucleated (MIA PaCa-2 and PANC-1), but 

the majority of the cells remained firmly attached to the flask and maintained viability. 

 

f. ASO AurA Results in an Increase in Aurora B Expression and Activity 

 

I had observed from target reduction validation studies (Figures 4.1 and 4.2) that 

Aurora B was upregulated in cells treated with ASO AurA.  At the mRNA level this 

increase in Aurora B expression was subtle yet statistically significant (Figure 4.1). 
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Figure 4.6.  ASO-Induced Cell Morphology Changes. 
Morphological changes induced by ASO treatment were consistent with results from 
previous experiments.  ASO Scr-treated MIA PaCa-2 cells appear healthy and normal.  
ASO AurA-treated cells become rounded up, which is indicative of mitotic arrest and 
apoptosis.  ASO AurB-treated cells become unusually large, multinucleated and remain 
well attached to the flask.  ASO Both-treated cells appear to have a phenotype very 
similar to ASO AurB. 
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Additionally, the upregulation of Aurora B protein as determined by western blot (Figure 

4.2) was much more remarkable.  The reasons for the upregulation of Aurora B in the 

absence of Aurora A are not known; however, it could be due to a compensatory role of 

Aurora B for the loss of Aurora A function.  It could also simply be due to the fact that 

cells treated with ASO AurA are arrested in mitosis, which is the portion of the cell cycle 

when Aurora B is typically expressed.  Therefore, it is plausible that the upregulation of 

Aurora B is simply due to a larger fraction of cells in the ASO AurA-treated population 

expressing Aurora B compared to an asynchronous population. 

Regardless of the reasons for this upregulation, I wanted to determine if Aurora B 

activity was higher in ASO AurA-treated cells by detecting phospho-Histone H3 (pHH3) 

levels, a substrate for Aurora B kinase.  In ASO Scr-treated MIA PaCa-2 cells only 

1.45% of the cells stained positive for pHH3 and when cells were treated with ASO AurB 

the percentage of positive cells decreased to 0.59% (Figure 4.7).  Interestingly, the 

percentage of pHH3-stained cells rose to 2.99% in MIA PaCa-2 cells treated with ASO 

AurA. 

 

g. Gene Expression Profile Changes in ASO-Treated Pancreatic Cancer 

Cells 

 

 To gain further insight into additional genes whose expression level changed 

following perturbations in Aurora A and/or Aurora B signaling, microarray experiments 

were performed on MIA PaCa-2 cells treated with ASOs for 48 hours.  Although many 
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Figure 4.7.  ASO-Induced Changes in Phospho-Histone H3 Levels. 
Histone H3 is an endogenous substrate for AurB.  Treatment of MIA PaCa-2 cells with 
ASO AurA results in an increase in pHH3 and ASO AurB causes a decrease.  The 
increase in pHH3 levels in ASO AurA-treated samples correlates with the increase in 
Aurora B expression.  Asterix (*) indicates p-value = 0.005 and ** indicates p-value = 
0.001 when compared to ASO Scr treatment using a pair-wise t-test. 
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fascinating observations were made from this analysis, one stood out particularly in 

context with the current study. 

 The microarray analysis on the ASO-treated cells confirmed the efficacy of the 

ASOs at reducing expression of their target (Figure 4.8).  Additionally, the analysis also 

confirmed the up-regulation of Aurora B in ASO AurA-treated cells.  As indicated, I felt 

that this was either indicative of a compensatory role for Aurora B in the loss of Aurora 

A function or simply due to ASO AurA-induced mitotic arrest.  I felt that if the up-

regulation of Aurora B were due to cell growth arrest at a phase of the cell cycle when 

Aurora B is highly expressed, other mitotic genes would be up-regulated in the ASO 

AurA-treated sample.  Conversely, if the up-regulation was due to a compensatory role 

than it should be unique in comparison to other mitotic genes.  The microarray analysis 

revealed several mitotic genes likewise up-regulated in the ASO AurA-treated cells.  

These genes included a two-fold or greater induction of cyclinB1, survivin, Plk-1, PRC-1, 

Cdc20 and Cdc25C to name a few.  The expression levels of several of these genes were 

confirmed by quantitative real-time PCR and western blotting analysis was performed on 

cyclinB1 (data not shown).  Considering these data, I conclude that the up-regulation of 

Aurora B in ASO AurA-treated cells is due to a mitotic arrest of the cells and not a 

function of Aurora B compensating for the loss of Aurora A expression. 
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Figure 4.8.  ASO-Induced Gene Expression Changes. 
In order to observe global changes in gene expression profiles following ASO treatment, 
microarray experiments were performed.  Changes in Aurora A and Aurora B expression 
validate the down-regulation of these genes by ASO treatment.  Treatment with ASO 
AurA results in an increase in Aurora B expression, which is also seen with other mitotic 
genes. 
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III.  Discussion 

 

Gene knockdown techniques are a commonly used approach to validation 

potential therapeutic targets during the drug development process.  Although ASOs and 

siRNAs are widely used for this, the differences in validating a potential drug target by a 

method (or agent) that functions differently than the agent planned for clinical 

development must be considered.  In other words, knocking out the presence of a protein 

by ASOs or siRNAs may produce a biological response that can be very different than a 

small molecule that interferes with what might be just one function of that protein.  A 

knocked-out protein is obviously unable to interact with other proteins, which might be 

important for mediating protein complex formation and cellular localization.  In 

comparison, a protein with impaired enzymatic activity (kinase activity) is still able to 

facilitate and participate in such interactions.  Unfortunately, I was unable to validate the 

Aurora kinases as drug targets with selective small molecule inhibitors because such 

agents were not available at the time.  In general, such agents are available only after 

extensive target validation studies with ASOs or siRNAs have been performed.  

Therefore, genetic knockout or knockdown approaches will likely continue to play a 

central role in the validation of molecular targets that will later be targeted by other 

means. 

One of the goals in performing this comparative study was to determine if a 

targeted therapy against pancreatic cancer would be more effective if Aurora A, Aurora B 

or both were targeted.  Again this effort was further fueled by reports in the literature that 
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small molecule inhibitors of Aurora A produced a cellular response entirely consistent 

with Aurora B inhibition.  The reasons for these surprising results are not fully 

understood; however, my studies using ASOs, along with work performed by others (60), 

are helping us to understand why Aurora kinase inhibitors appear to only be inhibiting 

Aurora B in biological systems. 

Some have suggested that the kinase activity of Aurora A is not required for its 

role in mitosis (53).  Therefore, although knocking down the expression of Aurora A 

resulted in cell cycle arrest and apoptosis, inhibiting its kinase activity does not have 

similar results because it is not involved in mitotic events.  Again, this potential 

explanation highlights the inherent differences in pharmacological versus genetic 

disruption of a given target.  Although it has not been discredited, other explanations are 

becoming more likely based on the results presented here and elsewhere in the literature.  

The Aurora kinase inhibitors currently reported in literature are dual Aurora A 

and Aurora B inhibitors.  Indeed, in cell-free assays these compounds are reported to 

inhibit Aurora A, Aurora B and Aurora C.  I have shown with support from one other 

study (60), that inhibiting both Aurora A and Aurora B with ASOs results in biological 

consequences very similar, if not identical to inhibiting Aurora B alone.  Therefore, 

another potential explanation supported by my results is that the small molecules are 

inhibiting Aurora A, Aurora B and Aurora C in cell-based systems; however, as seen with 

the ASOs, Aurora A is not required for mitotic progression when Aurora B is inhibited.  

Therefore a dual Aurora A and Aurora B inhibitor would be the same as a selective 

Aurora B inhibitor. 
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As stated, one of the primary goals for undertaking this study was to determine if 

one Aurora kinase was clearly a better therapeutic target than the other.  Generally, the 

targeting of both kinases (independently or in combination) resulted in consequences that 

may be clinically useful.  These effects included cell cycle arrest, the inhibition of cell 

proliferation and the induction in apoptosis, which varied between cell lines with 

different genetic backgrounds.  Therefore, a definitive conclusion as to which Aurora 

kinase is the better therapeutic target is difficult to draw because it may depend on the 

genetic background of a given tumor. 

The observation that p53 negative cells may respond differently to Aurora B 

inhibition than p53 positive cells is very interesting and encouraging.  It is well 

established that p53 is deleted or otherwise mutated in over 50% of all tumors (65).  

Therefore, it is possible that this difference in Aurora B-targeted therapy could be 

exploited preferentially to target p53 negative tumor cells.  However, this may not be 

straightforward, as it remains unclear if the viability of cells exposed to an Aurora B 

inhibitor depends on their p53 status.  My results showing similar apoptosis in HeLa cells 

(p53 positive) and MIA PaCa-2 cells (p53 mutated), indicate that the contributing factors 

are more complex then just p53 status. 

In comparison, the finding that the induction of caspase-3 activity and apoptosis 

occur more rapidly in ASO AurA-treated cells than in ASO AurB-treated cells, suggests 

there might be a faster antitumor response to Aurora A-targeted therapies.  The clinical 

ramifications of this observation made in cell line studies cannot be known until Aurora 

A-specific small molecule inhibitors can be evaluated in preclinical testing and clinical 
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trials.  Therefore, one conclusion I have drawn from this study is that although much of 

the current drug development efforts have now shifted to targeting Aurora B or to 

developing a dual Aurora A/B inhibitor, an Aurora A-specific inhibitor would produce an 

entirely different cellular phenotype with potentially different clinical outcomes.  

However, due to the similarities between Aurora A and Aurora B, an ATP-competitive 

inhibitor specific to Aurora A may prove to be very difficult to design.  Some groups 

have made some progress in this area (66); however, I feel that success in developing an 

Aurora A-specific inhibitor my come by targeting allosteric sites where the differences 

between the two kinases are greater (ideas presented in Chapter VII). 

Taken together, the results from this study further validate the Aurora family of 

kinases as therapeutic targets.  Based on these results, I was encouraged to continue my 

drug development efforts by identifying small molecule inhibitors of the Aurora kinases. 
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CHAPTER V 

 

DESIGN, SYNTHESIS AND ACTIVITY OF A NOVEL CLASS OF AURORA 

KINASE INHIBITORS 

 

I.  Introduction 

 

Mitosis and its related processes play central roles in the development and 

maintenance of eukaryotic organisms.  Dysregulation or hyper-activation of mitotic 

signaling pathways often lead to a variety of diseases, particularly cancer.  Anti-mitotic 

agents, such as paclitaxel, have proven to be effective treatment options for many tumor 

types (67), and the success of such agents suggests that other agents targeting mitotic 

signaling pathways and machinery may likewise increase patient survival and lead to 

cures. 

In order to validate additional mitotic proteins, the Aurora kinases, as potential 

therapeutic targets, I established that Aurora A and Aurora B are upregulated in 

pancreatic cancer cell lines and in pancreatic adenocarcinomas taken directly from 

patients.  These findings are consistent with work showing that Aurora A and Aurora B 

are amplified or otherwise overexpressed in various tumor types (13, 26, 28, 36, 37).  

Additionally, I have provided evidence that the inhibition of Aurora family members can 

result in antitumor effects.  Support for this was generated by using Aurora A and Aurora 
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B-specific antisense oligonucleotides.  Additionally, other groups have reported 

antitumor effects of small molecule Aurora kinase inhibitors (55, 56). 

 The goal for this portion of my research was to identify a lead molecule that could 

be used to further evaluate Aurora A and Aurora B as targets for cancer chemotherapy 

and to provide a starting point for lead optimization and pre-clinical drug development.  

Using molecular modeling and fragment-based drug design, I identified a nanomolar 

inhibitor of the Aurora kinases after synthesizing only a small number of compounds.  

This approach utilized de novo design as well as known pharmacophores, which have 

shown promise against other kinase targets.  To further validate the lead compound, it 

was subjected to several cell-based assays in which it exhibited activity only at mid- to 

high-micromolar concentrations.  These results suggest that the lead compound 

effectively hit the intended cellular targets, but that lead optimization would be required 

to produce a more drug-like inhibitor, which has biological activity at clinically relevant 

concentrations.  In spite of the lack of biological activity, my approach did successfully 

generate a potent compound from which a larger drug discovery effort could be and was 

implemented. 



 110 

II.  Results 

 

a. Initial Inhibitor Design 

 

As summarized in Chapter I, before I commenced work on this project, much of 

the homology modeling and initial experiments focusing on the design of an Aurora 

kinase inhibitor were ongoing.  By the time I became involved in the project, Dr. 

Hariprasad Vankayalapati, a former post-doctoral fellow in our group, had proposed 

approximately 40 compounds to pursue as potential Aurora kinase inhibitors (Figure 

1.10).  Encouraged by the molecular modeling studies, with the help of Dr. Hurley’s 

synthetic chemistry group, I set out to synthesize the proposed structures in order to 

evaluate them in drug screening assays.  Dr. Sridevi Bashyam, another former post-

doctoral fellow, carried out the synthesis of generally all compounds presented in this 

project. 

Soon thereafter, Dr. Bashyam and I discovered that the synthesis of a majority of 

these proposed structures involved a coupling reaction that did not yield the desired 

product.  The reaction involved the exchange of the 4-position chlorine on the 

heterocyclic system with a substituted primary amine to yield the desired molecules, a 

reaction otherwise quite routine.  However, in this case the reaction did not proceed, 

which was likely due to the electron-withdrawing nature of the pyrimidinyl and phenyl 

moieties attached to the primary amine of the proposed compounds (Figure 5.1).  

Numerous attempts to alter conditions and synthetic approaches were unsuccessful in 
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Figure 5.1.  Problematic Coupling Reaction. 
The synthesis of the initial compounds designed by computational methods relied on a 
chloride exchange reaction with a primary amine substituted with varying electron-
withdrawing groups.  The electron withdrawing groups greatly reduced the 
nucleophilicity of the primary amine and the reaction did not proceed. 
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finding the right chemistry able to generate the desired compounds.  The synthesis of 

virtually every compound proposed in the initial design strategy relied on this coupling 

reaction, which caused Dr. Bashyam and myself to reevaluate the proposed compounds 

and the strategy used to generate the compounds. 

 

b. Fragment-Based Design, Synthesis and Activity 

 

Although the compounds from the virtual focused library were, at this stage, not 

likely to be fully synthesized, the lower molecular weight fragments and building blocks 

of the proposed structures were available to me (by synthesis or commercial sources).  

From the LUDI-based design strategy, my interests had primarily focused on four classes 

of purine-competitive building blocks (Figure 5.2), including the 4-chloro derivatives of 

6,7-dimethoxyquinazoline (1), benzofurano[3,2d]pyrimidine (2), benzothieno[3,2-

d]pyrimidine (3) and 6,7-dimethoxypyrimido[4,5b]indole (4).  The bicyclic fragment 1 

had shown a high LUDI score of 423 and was derived from a well-known class of kinase 

inhibitors, which had previously been reported to bind to and inhibit several types of 

kinases, including the Aurora kinases (55, 68).  The tricyclic fragments 2-4 also had 

shown good LUDI scores of 411, 389 and 416, respectively.  Although these three 

fragments (2-4) had been previously utilized as pharmacophores in various kinase 

inhibitors, they had never been described as Aurora kinase inhibitors.  LUDI studies had 

predicted all four fragments to bind favorably to the active site of the Aurora kinase; 
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Figure 5.2.  Purine-Competitive and Phosphate-Competitive Building Blocks. 
Building blocks identified by computational means from known kinase inhibitors and the 
LUDI chemical library.  Since the initial target compounds consisting of these building 
blocks could not be synthesized, these small molecular weight fragments were evaluated 
in the Aurora A kinase assay. 
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however, fragment 4 was predicted to be the most active as determined by subsequent 

docking using Glide (69) with significantly higher G-Score and E-Model energies (–5.72 

and –78.84, respectively) than the other three fragments (Table 5.1).  Therefore, 

compounds derived from these adeno-mimetic pharmacophores (particularly 4) were still 

of great interest to me for further development even though the target compounds could 

not be fully synthesized. 

Additionally, several phosphate-binding region fragments (Figure 5.2) had shown 

excellent LUDI scores.  Fragment 5 (LUDI score = 461) was derived from a previously 

described class of Aurora kinase inhibitors currently under development (53).  Similarly, 

fragment 6 (LUDI score = 379) was derived from a series of tyrosine receptor kinase 

inhibitors (68).  Of particular interest was fragment 7 (LUDI score = 493), which was 

identified from the ACD library.  It also showed the best G-Score and E-Model energies 

(–9.99 and –244.26, respectively) of any of the phosphate-mimetic fragments and 

provided a novel pharmacophore from which more complex kinase inhibitors could 

potentially be generated. 

In an effort to gain some information from the effort already placed into the 

synthesis of the building blocks, they were evaluated for kinase inhibitory activity in a 

cell-free Aurora A kinase assay.  Compounds 1-4 had been prepared utilizing conditions 

described in the literature (50, 51) and converted to the chloro derivatives by either using 

Vilsmeier’s reagent (oxalyl chloride/DMF) or reacting with neat POCl3 in the presence of 

1,4-dioxane in order to make them more amenable to further chemical modification.  A 

non-radioactive luciferase-based assay was developed to evaluate the inhibitory activity 
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Table 5.1.  Docking Scores and IC50 Values of Compound 1-11 

 
Compound  Glide   Glide   IC50 
   Score   E-model  (µM) 

 
1  -5.00   -57.08   177 
2  -5.46   -54.38   >300 
3  -5.27   -37.24   >300 
4  -5.72   -78.84   3 
5  -5.35   -83.25   20 
6  -3.35   -24.82   N/A 
7  -9.99   -244.2   21 
8  -13.12   -318.38  1.6 
9  -12.26   -317.79  9.2 
10  -12.40   -308.60  18.8 
11  -12.88   -321.44  0.094 
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of compounds against recombinant Aurora A kinase (Figure 5.3).  The Aurora A enzyme 

inhibition assay yielded IC50 values of 177 µM for 1, >300 µM for 2, >300 µM for 3 and 

3 µM for 4 (Table 5.1).  In a similar fashion, commercially available fragments designed 

to bind in the phosphate-binding pocket were evaluated for Aurora A kinase inhibitory 

activity.   The IC50 values for these fragments were 20 µM for 5 and 21 µM for 7 (Table 

5.1).  The IC50 for fragment 6 was not determined because piperonylamine was not stable 

under the assay conditions. 

At this stage, considering the modeling data and with the addition of experimental 

inhibition data, I was encouraged by the activity of the low molecular weight fragments 

and speculated that potent inhibitors could be generated particularly from molecules built 

around the 6,7-dimethoxypyrimido[4,5b]indole (4) and the sulphadiazine (7) fragments.  

It was clear from the modeling studies that the two fragments likely bound to opposing 

sites within the ATP-binding pocket; therefore, it was thought that the two fragments 

could be combined to form a more active compound. 

 

c. Design, Synthesis and Evaluation of Tethered Compounds 

 

Additional docking studies and initial attempts to directly connect the fragments 

suggested that a linker group would be necessary to allow for flexibility and optimal 

positioning of the tethered fragments.  In considering the conjugation of 4 and 7, the 

absence of a linker substituent between the fragments resulted in a significant change in 

position and orientation in the docking of 4, whereas the conformation of 7 did not
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Figure 5.3.  Luciferase-Based Kinase Assay. 
A non-radioactive luciferase-based assay was developed to evaluate the inhibitory 
activity of small molecules against Aurora A kinase.  This assay proved to be very high 
throughput and produced adequate results allowing me to identify active compounds.  
However, I have shown that it is less sensitive than more traditional radioactive kinase 
assays. 
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change.  Without a linker moiety, the calculated distance between Ala213 and the indole 

nitrogen of 4 was found to be 7.6 Å and the distance between Ala213 and the pyrimidine 

nitrogen (N1) was 10.6 Å (not shown).  These measurements were significantly higher 

than the predicted distances for the same atoms in untethered 4 (2.5-2.6 Å). 

In order to identify a linker moiety, known kinase inhibitors were considered.  

The receptor tyrosine kinase inhibitor, CT52923 possessed a piperazine moiety, which 

served as a linker between a 6,7-dimethoxyquinazoline group and piperonylamine 

fragment (68).  Similarly, other kinase inhibitors under development by our group 

contained a piperazine linker between an adenine-binding pocket competitive fragment 

and a phosphate-binding pocket competitive fragment.  Therefore, it was conceived that a 

piperazine moiety coupled to a thiourea group would allow the two initial fragments to 

bind in a favorable manner when coupled together. 

 This design strategy led to the generation of compounds 8-11 (Figure 5.4), which 

were prepared by refluxing 1, 2 or 3 with five equivalents of piperazine in pyridine 

overnight to generate 1b-3b.  Under similar conditions, 4 did not react; therefore, it was 

refluxed in dioxane instead of pyridine to make 4b.  Compound 7 was treated with 

thiophosgene in dry dichloromethane in the presence of triethylamine, and then 1b-4b 

were added to the reaction mixture in situ to provide the desired thioureas, 8-11.  The 

complete synthetic approach utilized to generate compound 11 is shown in Figure 5.5.  

As predicted, these compounds exhibited fairly potent activity against Aurora A kinase.  

The IC50 values were 1.6 µM for 8, 9.2 µM for 9 18.8 µM for 10 and 0.094 µM for 11 

(Table 5.1). 
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Figure 5.4.  General Synthesis of Compounds 8-11. 
Reagents and conditions for the synthesis of compounds 8-11.  Compounds 1-4 were 
synthesized as previously described in the literature and patent material.  Compound 7 
was commercially available.  (a) Pyridine, reflux overnight; (b) CH2Cl2, TEA, CSCl2; (c) 
Dioxane, reflux overnight. 
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Figure 5.5.  Detailed Synthesis of Compound 11. 
The complete synthetic approach utilized to generate compound 11 (blue).  Additions to 
each intermediate are colored in red. 
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d. Docking and Mode of Inhibition 

 

Encouraged by the activity of primarily compound 11, docking studies were 

performed to better understand the binding mode of this compound.  The resulting model 

predicted that the 6,7-dimethoxypyrimido[4,5b]indole moiety of compound 11 was 

positioned in a similar orientation to that of the purine base of ATP and was anchored 

deep in the ATP-binding pocket among Arg137, Leu139, Val147 and Leu263 (Figure 

5.6).  The average calculated distances between these residues and the fused phenyl ring 

of the pyrimido[4,5b]indole moiety ranged from 2.86-4.35 Å.  The oxygen atom of the 7-

methoxy group hydrogen bonded to the amine atoms of Arg137 and Arg220 (1.91 and 

1.76 Å, respectively).  Surprisingly, hydrogen bonds were not predicted to form between 

residues Glu211/Ala213 at the hinge region of the protein and the pyrimido[4,5b]indole 

moiety of compound 11.  However, the indole nitrogen of compound 11 was involved in 

a strong non-bonding interaction with the carbonyl oxygen atom of Ala213 (2.57 Å). 

It was also predicted from the binding model that the 4-amino-N-(pyrimidinyl)-

benzenesulfonamide moiety of compound 11 bound to Aurora A kinase in a similar 

fashion to that of the phosphate groups of ATP.  The presence of strong hydrogen bond 

interactions between the oxygen atoms of the sulfone moiety and Lys143/Lys258 (2.31 

Å) presumably added to the selectivity of compound 11 toward the Aurora kinases, as 

Lys143 is absent in other serine/threonine kinases.  The phenyl ring of the 4-amino-N-

(pyrimidinyl)-benzenesulfonamide moiety was anchored between Lys143 of the Gly-rich 

loop and Glu260 located on the floor of the active site.  The –C=S group of the thiourea 
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Figure 5.6.  Model of Compound 11 Binding to Aurora A Kinase. 
The structural basis for selective inhibition of Aurora A by compound 11 as predicted by 
Glide docking.  Hydrogen bond interactions are shown by yellow dashed lines and the 
active site backbone of the protein is shown in ribbon form.  The pyrimido[5,4-b]indole 
ring is positioned deep in the ATP-binding site and is involved in non-bonded 
interactions with Ala213. 
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exhibited strong van der Waals contacts with Glu260 (2.79 Å) and the amide proton was 

positioned toward the carbonyl atom of Lys141 at a distance of 3.83 Å.  Another 

important finding of the docking study was that Trp277, near the activation loop, seemed 

to play a significant role in hydrogen bonding to the nitrogen atom of the pyrimidinyl 

ring (2.79 Å).  The piperazine moiety did not appear to make any specific contacts with 

the protein; however, it occupied the ribose-binding region of the active site and 

exhibited conformational flexibility, which allowed the 6,7-

dimethoxypyrimido[4,5b]indole and the 4-amino-N-(pyrimidinyl)-benzenesulfonamide 

moieties to participate in favorable interactions within the ATP-binding pocket. 

As described, compound 11 was designed to compete with ATP within the active 

site of the Aurora kinases.  To experimentally confirm this mode of inhibition, the 

enzyme kinetics of Aurora A were investigated by varying the concentrations of both 

ATP and compound 11 in ATP-γ32P kinase reactions.  The double-reciprocal plot of 1/v 

versus 1/[ATP] at fixed concentrations of compound 11 showed an intersecting pattern 

consistent with competitive inhibition (all lines converge at or near the y-axis) (Figure 

5.7).  Conversely, the double-reciprocal plot of 1/v versus 1/[Kemptide] at fixed 

concentrations of compound 11 did not exhibit the same pattern (not shown).  These 

results suggested that compound 11 competed with ATP and not with the peptide 

substrate. 
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Figure 5.7.  ATP-Competitive Nature of Compound 11. 
A double-reciprocal plot showing 11 is an ATP-competitive Aurora kinase inhibitor.  
Compound 11 concentrations: , 0 nM; , 200 nM; , 400 nM;  , 600 nM;  , 
800nM. 
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e. Biological Activity of the Lead Compound 

 

Compound 11 was chosen as a lead molecule from this study and was further 

subjected to secondary assays to confirm Aurora kinase inhibitory activity and selectivity.  

First, its activity was evaluated against a small panel of kinases that consisted of both the 

serine/threonine and tyrosine types.  The results from this evaluation indicated that 

compound 11 was more active against Aurora A kinase than any other kinase included in 

the panel.  At 500 nM, compound 11 inhibited Aurora A kinase activity by 77%, c-Raf, 

EphA2 and MAPK1 by 31-38%, CDK2/cyclinA, PKA and TrkA by 12-23% and all other 

kinases by <10% (Figure 5.8).  Although these results do not indicate exquisite selectivity 

toward Aurora A kinase, compound 11 was a promising potential lead compound 

exhibiting some specificity even before further chemical modification or optimization. 

 The serine 10 position of histone H3 is a known endogenous substrate for Aurora 

B kinase.  The active sites of Aurora A and Aurora B are reported to be 95% identical 

(12); therefore, I predicted from modeling studies with Aurora B kinase that compound 

11 would have similar activity against both kinases.  However, this was never directly 

confirmed in a cell-free Aurora B kinase assay due to the difficulty in producing an 

Aurora B enzyme with adequate activity.  Therefore, to demonstrate that compound 11 

inhibited both Aurora A and Aurora B kinases in cell-based systems, phospho-histone H3 

levels were evaluated following drug treatment using a phospho-Ser10-specific antibody 

and immunofluorescence microscopry.  At 300 µM, compound 11 diminished phospho-

Histone H3 levels to undetectable levels in MIA PaCa-2 cells.  This response was 
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Figure 5.8.  Selectivity of Compound 11. 
Compound 11 was evaluated by KinaseProfiler™ (Upstate) in a panel of 19 human 
kinases at one concentration (500 nM).  (1) Aurora A, (2) c-Raf, (3) CDK1/cyclinB, (4) 
CDK2/cyclinA, (5) CHK1, (6) c-Kit, (7) EGFR, (8) EphA2, (9) GSK3β, (10) IKKβ, (11) 
JNK3, (12) MAPK1, (13) MEK1, (14) MKK6, (15) PKA, (16) PKBα, (17) Plk3, (18) 
ROCK-II, (19) TrkA. 
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concentration-dependent on compound 11 and EC50 for the compound in this assay was 

determined to be 143 µM (Figure 5.9).  An additional phenotypic marker consistent with 

Aurora A and Aurora B inhibition is a G2/M arrest of the cell cycle.  At concentrations 

greater than 100 µM, compound 11 caused an increase in the G2/M fraction of PANC-1 

cells (Figure 5.10).  This response was again dose-dependent on compound 11 and was 

not observed at concentrations below 100 µM. 

Although the results produced by compound 11 in these secondary cell-based 

assays did give some indication that it was targeting Aurora A and Aurora B kinases, the 

fact that the effects were observed only at high concentrations lessened the credibility 

that the cellular responses (histone H3 phosphorylation and cell cycle arrest) were solely 

due to the inhibition of the Aurora kinases.  Additionally, compound 11 failed to produce 

the signature morphological changes consistent with other Aurora kinase inhibitors 

identified by other drug development groups (53, 55-57, 66, 70-72), most notably a drug 

induced polyploidy.  It was clear from these studies that further chemical modification 

would be required to optimize this compound’s activity in cell-based assays. 

 

f. Comparison of Compound 11 to VX-680 

 

Literally dozens of industrial and academic groups have Aurora kinase inhibitor 

programs at various stages of development.  VX-680 (Table 5.2) is an inhibitor of the 

Aurora kinases developed by Vertex Pharmaceuticals and Merck Pharmaceuticals 
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Figure 5.9.  Effects of Compound 11 on Histone H3 Phosphorylation. 
Cells were treated with increasing concentrations of compound 11.  The phosphorylation 
of Histone H3 on Ser10 was detected by immunofluorescence microscopy and quantified 
by counting the stained cells. 
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Figure 5.10.  Effects of Compound 11 on Cell Cycle Distribution. 
Cells were treated with increasing concentrations of compound 11 and stained with 
propidium iodide.  The G2/M fraction of cells was determined by FACScan analysis. 
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currently undergoing clinical phase I investigation.  It was the first Aurora kinase 

inhibitor to enter clinical trials and many oncology-based drug development groups are 

anxiously awaiting the results from this and subsequent trials.  Although the Ki of VX-

680 is reported to be 0.6 nM (56) against Aurora A kinase, the IC50 was determined to be 

69 nM in my luciferase-based assay.  This large discrepancy between the two assays 

prompted me to re-evaluate the activity of compound 11 in a traditional kinase assay to 

determine its Ki value.  It was determined that compound 11 had a Ki value of 6.2 nM. 

These data solidified my conclusions that compound 11 was a potent nanomolar 

inhibitor of Aurora A (and presumably Aurora B) and that its binding affinity and 

inhibitory activity were only slightly less potent (~10-fold) than a molecule that has 

actually progessed toward clinical use.  However, it was blatantly clear that certain 

physical properties of compound 11 were impairing its activity in more complex 

biological systems.  VX-680, alternatively, maintained fairly good potency in cell-based 

assays (IC50 = 15 to 113 nM) and showed good activity in in vivo xenograft mouse studies 

(56). 

 

g. Lead Optimization and Analogues of Lead Compound 

 

In a preliminary effort to design and identify compounds with improved potency, 

a few analogues of compound 11 were proposed, synthesized and biochemically 

evaluated in the Aurora A kinase assay.  Table 5.2 shows the chemical structures and IC50 

values of all compounds synthesized (or purchased) and evaluated by Dr. Hurley’s 
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research group.  I did not move forward with an exhaustive structure-activity relationship 

study due to the licensing of this chemical series to a pharmaceutical company (see 

below).  Unfortunately, from my small effort I was unable to identify a small molecule 

with improved potency over compound 11. 
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Table 5.2.  Summary of All Compounds Synthesized and Evaluated 
 

Compound Designation Chemical Structure IC50 (µM) 
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III.  Discussion 

 

 I began this structure-based drug design with two goals in mind, to identify a lead 

molecule with modest activity and selectivity towards the Aurora kinases and to do so 

without synthesizing a large number of compounds.  In order to accomplish this, I relied 

heavily on in silico screening and molecular docking, which allowed me to explore 

thousands of potential pharmacophores before any compounds were synthesized.  In 

addition, I utilized a rational design strategy that made use of known and novel low 

molecular weight fragments identified through computational methods and biochemical 

screening.  Finally, utilizing a linker moiety commonly used to add flexibility to known 

kinase inhibitors, I had the most active fragments stichted together to generate more 

complex molecules.  To my surprise, this approach yielded a nanomolar inhibitor of 

Aurora A kinase after synthesizing only a small number of compounds. 

 To further characterize the activity of the lead compound, it was shown to have 

some selectivity towards Aurora A compared to a small panel of ~20 kinases and it was 

determined to be ATP-competitive.  In cell-based assays, the lead compound showed 

activity at only very high concentrations.  Taken together, these results suggested I had 

reached my initial goal of identifying an inhibitor of the Aurora kinases, but that it was 

not a likely drug candidate to be moved forward for clinical development without further 

chemical modification. 

 In an effort to further the development of this promising chemical series, the 

University of Arizona and Dr. Hurley’s research group licensed the rights of the 
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pyrimidoindole, benzothienopyrimidine, benzofuranopyrimidine and quinazoline-based 

compounds to Montigen Pharmaceuticals, Inc.  The lead compound discovered by Dr. 

Hurley’s  group (now called MP235) provided them with a molecule from which their 

lead optimization efforts began. 

 The question arises as which physical properties of compound 11 largely detracts 

from its activity in cell-based assays.  The answer to this question is being actively 

pursued by Montigen Pharmaceuticals and some progress has been made in 

understanding the pharmacokinetics of compound 11.  In my mind, the most likely 

explanation for the lack of cellular activity relates to its inability to get into cells.  A 

compound’s octanol/water partition coefficient (ClogP) is a common measure to predict 

membrane permeability.  Compound 11 has a ClogP value of 2.8, which is actually 

within what is considered the accepted range (-1.5 to 5.3) for 95% of all known drugs.  In 

spite of this, I still feel that at least portions of compound 11 are hindering its ability to 

enter cells.  Indeed, lead optimization efforts by Montigen Pharmaceuticals have focused 

on the thiourylsulfonamide moiety of compound 11, which have been met with some 

success. 

 Another likely explanation for the lack of cellular activity relates to protein 

binding.  Serum protein binding is a common issue with drug molecules and it is possible 

that the affinity of compound 11 for serum proteins (a component of growth media) is 

higher than the energy required to cross a cellular membrane.  Additionally, compound 

11 could be binding to other membrane or cellular proteins that I have not identified with 

higher affinity than the Aurora kinases.  In this manner compound 11 is potentially 
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getting “soaked up” by other proteins, which does not allow it to effectively interact with 

and inhibit the Aurora kinases. 

 Although the future clinical use of this chemical series remains uncertain, the 

insight I gained in utilizing computational chemistry and rational design in the 

identification and development of the lead compound has been invaluable.  It has allowed 

me to realize a role that academic groups can fill in the drug discovery process that is 

primarily dominated by the pharmaceutical industry.  Therefore, it has provided me with 

a model that is now being applied to potential drug targets and small molecules currently 

under development in the laboratory. 
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 CHAPTER VI 

 

PANCREAS-SPECIFIC OVEREXPRESSION OF AURORA A KINASE 

INDUCES MILD DUCTAL ABNORMALALITIES IN TRANSGENIC MICE 

 

I.  Introduction 

 Pancreas adenocarcinoma is diagnosed in ~32,180 people a year in the United 

States (1).  Additionally, ~31,800 patients are expected to die from pancreatic cancer 

annually, which is the worst prognosis of any tumor type.  Poor survival is largely 

dependent upon the lack of highly effective therapies and diagnostic techniques.  The 

general ineffectiveness of therapies and diagnostic techniques has been at least partially 

due to the lack of an animal model that recapitulates pancreas cancer in humans, although 

significant progress has been made in recent years (73, 74). 

 Aurora A is an oncogenic kinase whose gene amplification or otherwise 

overexpression has been associated with the initiation and progression of many tumor 

types, including pancreas (40, 54), bladder (75), glioma (76), non-Hodgkin’s lymphoma 

(77), esophageal (78, 79), gastric (27), breast (26, 28) and colon (13) cancers.  Aurora 

kinases are involved in key regulatory steps of mitosis, such as bipolar spindle formation 

(Aurora A), chromosome alignment during metaphase (Aurora B) and cytokinesis 

(Aurora B).  It has been shown that the overexpression of Aurora A is sufficient to 

transform fibroblast cells in vitro and in vivo (13).  Similarly, the upregulation of Aurora 

A in near-diploid human breast epithelial cells induces centrosomes amplification (25), 
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which can lead to multipolar mitotic spindles and genomic instability (aneuploidy).  

Aurora A overexpression is an early event in carcinogenesis models (31) and therefore, 

the up-regulation of Aurora A has been suggested to be a potential driving force in the 

development of genomic instability (24), a hallmark of most cancer cells (32). 

Considering the need for a pancreatic cancer animal model and the potential role 

for Aurora A kinase in the initiation and progression of pancreatic cancer, I was 

encouraged to target the overexpression Aurora A to pancreas tissue using the Pdx-1 

promoter in a transgenic mouse model.  Pdx-1 (pancreatic duodenal homeobox gene-1) is 

a transcription factor involved in the regulation of genes important for pancreas 

development and function, including insulin, glucose transporter type 2, glucokinase and 

other genes involved in glucose metabolism (80, 81).  It functions in pancreas formation 

during embryogenesis and plays a regulatory role in mature pancreatic islet cell 

physiology. 

In summary, Pdx-1-Aurora A transgenic mice developed subtle ductal 

abnormalities and dysplasia in their pancreatic tissues, but did not develop tumors or 

preinvasive neoplasia.  These findings compliment results from transgenic studies where 

Aurora A was expressed in mammary epithelium (82) (and my unpublished results). 

 

II.  Results 

 

 I identified three founder mice that carried the Pdx-1-Aurora A transgene.  The 

founders were bred with negative littermates to generate four additional transgene 
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positive mice making a total of seven positive mice (Figure 6.1).  Littermates negative for 

the transgene were retained as controls for the study.  At birth and throughout 

development, all mice (transgene positive and negative) were normal in weight and 

appearance.  All mice were euthanized at the same time when the founder mice were 

approximately 11 months old and their younger offspring about 7 months.  Gross 

examination of pancreas tissue at the time of harvesting showed no major abnormalities 

between positive and negative groups.  Pancreases were white and firm. 

 To confirm expression from the Pdx-1-Aurora A transgene, RT-PCR was 

performed on RNA isolated from frozen pancreas tissue.  Primers for PCR were designed 

and used to detect transgenic human Aurora A expression and not the transcripts of the 

mouse homologue of Aurora A (ARK-1/IAK1).  mRNAs for the Aurora A transgene 

were detected in all transgenic mice and not in negative mice (Figure 6.2).  Mouse β-

actin was detected in all samples.  Pdx-1-Aurora A-specific primers were used to detect 

plasmid or DNA contamination and this was not found in any of the samples.  Taken 

together, these results confirm the expression of the Aurora A transgene. 

 Microscopic evaluation revealed the majority of the pancreas tissues from the 

Pdx-1-Aurora A transgenic mice were relatively normal, with most tissue being acinar 

cells arranged in acini-surrounding centroacinar cells which fenestrate into ducts (Figure 

6.3A).  Most ducts were normal with a few having a thicker stromal layer around their 

epithelium.  Islets were observed periodically imbedded around the parachyma.  A few 

samples appeared to have a slightly higher frequency and/or size of islets of Langerhans, 

perhaps a product of mild hyperplasia (Figure 6.3B-D).  A subtle change was observed in 
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Figure 6.1.  Pdx-1-Aurora A Transgenic Mice Genotyping. 
PCR analysis on genomic DNA isolated from tail biopsy to identify transgenic mice.  
Mice 1-2 were not Pdx-1-Aurora A transgene positive and were used as controls for this 
study.  Mice 3-9 were positive for the transgene. 
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Figure 6.2.  Transgene mRNA Expression. 
RT-PCR analysis of Aurora A expression using RNA isolated from transgenic mouse 
pancreatic tissues.  As indicated, the top band represents transgene Aurora A amplified 
message, but not endogenouse mouse Aurora A (ARK-1/IAK1).  The middle band 
represents mouse β-actin amplified message.  The bottom band represents direct 
amplification of the Pdx-1-Aurora A transgene, but not expressed message from the 
transgene.  Lanes 1-2, nontransgenic mice; Lanes 3-9, Pdx-1-Aurora A positive mice; 
Lane 10, negative control; Lane 11, Pdx-1-Aurora A plasmid. 
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Figure 6.3.  Pdx-1-Aurora A Transgenic Mouse Pancreatic Lesions. 
(A) Mouse 5 had mostly normal pancreatic tissue.  (B-D) Mild islet cell hyperplasia was 
evident in most of the transgenic mice.  (E) A very mild focal acinar hypertrophy was 
observed in mouse 6.  (F-H) Focal lymphocytic infiltration around the islet-ductal 
interface.  (I) Odd fibrous lesion near an islet-ductal interface. 
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many samples in the area where small ducts, blood vessels and islets were proximal to 

each other (called an islet-ductal interface).  There appeared to be some mild dysplasia 

with occasional loss of stromal tissue surrounding the neighboring islets.  In some cases, 

islets cells and epithelial cells (probably from ducts) overlapped with each other.  In 

normal mouse pancreas, there were very distinct separations between islet and ductal 

cells, where a thin layer of cells provided a barrier for the islets. 

The most prominent lesion observed in at least two separate samples of Pdx-1-

Aurora A mice was the presence of lymphocytic infiltration in and around the islet ductal 

interface (Figure 6.3F-H).  It is not clear if this was a general immune response, though 

all other tissue in these samples were void of any lymphocytic infiltration.  The presence 

of this infiltration surrounding the islet ductal interface appears to confirm the more 

subtle difference where the architecture of these structures was mildly altered.  Perhaps 

the immune response was a result of aberrant cell-cell interactions between islet and 

epithelial cells.  It is important to note that the vast majority of parenchymal 

mesenchymal cells in the pancreas of Pdx-1-Aurora A transgenic mice appeared 

relatively normal.  The apparent influx of lymphocytes in a few islet ductal interfaces is 

probably indicative of altered cellular and molecular properties in these focal areas. 

 

III.  Discusssion 

 

 My findings demonstrate that Aurora A kinase overexpression can potentially 

initiate the development of mild abnormalities in the pancreas of adult mice; however, 



 146 

neither preinvasive ductal neoplasia nor fully metastatic adenocarcinomas were observed.  

The majority of the pancreas tissues were normal and the observed anomalies were 

present only at low frequencies.  Interestingly, most of the unusual lesions could be a 

consequence of hyperplasia, which is a likely result of Aurora A kinase overexpression. 

 As with most studies, these results raised more questions than answered.  

Although I feel confident that Aurora A overexpression is not sufficient to drive pancreas 

tumorigenesis in my model, this conclusion may only be valid for the promoter and the 

genetic background of the mice used in this study.  Although expression from the Pdx-1 

promoter is pancreas-specific, it is not specific to a single cell type within the pancreas.  

During organogenesis, Pdx-1 is widely expressed in all cells differentiating toward the 

exocrine and endocrine components of the pancreas.  In adult pancreas, Pdx-1 expression 

is predominately restricted to the insulin-producing islet β-cells and a subset of 

somatostatin-producing islet δ-cells but is almost undetectable in other pancreatic cell 

types (83, 84).  The observed islet cell hyperplasia is consistent with this expression 

pattern.  Except for the few examples described above, acinar and ductal epithelial cells 

in the transgenic mice did not show significant abnormalities and it is in these cells that 

human pancreatic neoplasms most likely originate (85).  Therefore, it would be 

interesting to target Aurora A overexpression using another strategy such as the well-

characterized acinar cell-specific elastase (Ela) enhancer/promoter (74). 

 Although switching to a different promoter may well alter the results, it still may 

not be enough to induce aggressive pancreatic adenocarcinomas in an Aurora A 

transgenic mouse model.  This speculation is based on two similar attempts to 
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transgenically target the overexpression of Aurora A to a specific tissue.  First, Cre-loxP-

controlled overexpression of Aurora A to mouse mammary tissue did not yield mammary 

tumors (82), although mitotic abnormalities and hyperplasia were reported in the study.  

Secondly, MMTV-controlled overexpression of Aurora A did not reproducibly induce the 

development of mouse mammary tumors (my observation).  One MMTV-Aurora A 

transgenic mouse developed a mammary tumor at seven months of age (Figure 6.4).  

However, I was unable to repeat that result in other mice including some approaching the 

age of 12 months, suggesting it was a spontaneous tumor arising from any number of 

factors. 

 Recent studies have revealed a direct relationship between Aurora A and p53.  

One report concluded that p53 interacts with Aurora A and suppresses the oncogenic 

activity of Aurora A, such as centrosome amplification and cellular transformation (86).  

These data may partially explain why Aurora A overexpression was insufficient in 

inducing tumor formation.  However, a separate study reported an Aurora A-induced 

degradation of p53 suggesting that Aurora A overexpression can stifle the tumor 

suppressing function of p53 (87).  Although these reports appear to be contradictory, an 

interesting relationship between Aurora A and p53 does likely exist and exciting findings 

may result from crossing an Aurora A transgenic mouse with a p53 knockout mouse. 

 An activating mutation of the Kras oncogene is the most frequent genetic 

alteration associated with pancreatic cancer, having been identified in up to 90% of all 

pancreatic adenocarcinomcas (85, 88).  Therefore, another interesting study would be to 

cross an Aurora A transgenic line with a KrasD12G transgenic line.  Furthermore, crossing 
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Figure 6.4.  Mammary Tumor in MMTV-Aurora A Transgenic Mouse. 
One transgenic mouse developed a tumor at the posterior end of her mammary pad.  This 
results was not able to be reproduced in other MMTV-Aurora A transgenic mice. 
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the transgenic mice into p16 knockout, DPC4 knockout or any number of other genetic 

backgrounds may yield interesting results.  The bottom line is that even though Aurora A 

overexpression was insufficient in inducing cancer development in my models, it may 

play an important role in tumorigenesis when combined with additional genetic 

alterations. 
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CHAPTER VII 

 

CONCLUSIONS 

 

I.  Summary of Project 

 

With the research completed for this project, I found compelling evidence that 

Aurora A and Aurora B kinases are promising therapeutic targets for the treatment of 

pancreatic cancer.  Furthermore, I have shown that small molecule inhibitors of the 

Aurora kinases can be developed.  Finally, in an attempt to develop an Aurora kinase-

driven transgenic mouse model for pancreatic cancer tumorigenesis, I specifically 

targeted the overexpression of Aurora A kinase to mouse pancreatic tissue.  Although this 

attempt did not yield metastatic adenocarcinomas in the mouse pancreas, I was able to 

characterize subtle pancreatic ductal lesions.  The most promising outcomes resulting 

from this project are (a) the excitement created around the Aurora kinases as therapeutic 

targets and (b) the licensing of a novel class of small molecule Aurora kinase inhibitors to 

a pharmaceutical company for further development. 

The initial observation that Aurora A kinase is overexpressed in pancreatic cancer 

cell lines and in pancreatic tumors taken directly from patients, led me to consider the 

following questions: (a) Is Aurora B overexpressed in pancreatic adenocarcinomas and if 

so, what relationship does its expression have with Aurora A?  (b) How do the biological 

consequences of Aurora A and Aurora B inhibition differ and does one make a more 
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rational therapeutic target?  (c) Can small molecules be designed or identified to inhibit 

the Aurora kinases and be further developed for clinical use?  (d) Is the overexpression of 

oncogenic Aurora A sufficient to drive pancreatic tumorigenesis in a transgenic mouse 

model? 

 

a. Is Aurora B Overexpressed in Pancreatic Adenocarcinomas and If So, 

What Relationship Does It Have with Aurora A? 

 

In order to quantitatively understand the relationship between the expression 

levels of Aurora A and Aurora B, I used quantitative real-time RT-PCR to determine the 

expression levels of these kinases across a panel of pancreatic cancer cell lines.  

Consistent with a relatively obscure notion that the expression of Aurora A and Aurora B 

mirror each other (53), I found that Aurora B was likewise overexpressed in pancreatic 

cancer cell lines and that its expression appeared to rise and fall in parallel with Aurora A 

expression.  To probe this observation further, I performed additional microarray 

experiments in order to verify the expression levels of Aurora A and Aurora B and to 

analyze their expression in context with other genes.  In so doing, I showed that the 

mirrored expression of Aurora A and Aurora B, as speculated by some, is not due to a 

special regulatory relationship shared specifically between the two proteins because the 

same expression pattern was observed with many mitosis-associated genes.  Aurora C 

was not overexpressed in the pancreatic cancer cell lines and showed no correlation with 

Aurora A or Aurora B expression levels. 
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The overexpression of Aurora A and Aurora B in pancreatic cancer cell lines was 

also analyzed at the protein level.  Interestingly, the correlation between mRNA and 

protein expression was very low.  This was most evident with the AsPC-1 cell line, 

which, for example, showed a down-regulation of Aurora A and Aurora B at the mRNA 

level yet an up-regulation of both kinases at the protein level.  Although the molecular 

mechanisms controlling these differences were not further pursued, it is interesting to 

note that gene regulatory mechanisms managing the expression of Aurora A and Aurora 

B are likely complex consisting of multiple levels of control. 

To bring more clinical significance to these findings, I evaluated the expression of 

Aurora A and Aurora B in pancreatic tumors taken directly from patients.  This study 

revealed that both kinases are overexpressed in clinical samples, although to a lesser 

extent than in cell lines cultured in flasks.  However, I concluded from these studies that 

there is a selective pressure for the overexpression of Aurora A and Aurora B in many 

pancreatic adenocarcinomas.  This suggests that some cancer cells possess a strong 

dependence on the expression and function of Aurora A and Aurora B kinases that non-

transformed cells lack and that this dependence could potentially be exploited by target-

based cancer therapy. 

 

b. How Do the Biological Consequences of Aurora A and Aurora B 

Inhibition Differ and Does One Make a More Rational Therapeutic 

Target? 
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Although Aurora A and Aurora B are very similar in amino acid sequence, the 

biological consequences of inhibiting one or the other are quite different.  Inhibiting the 

expression of Aurora A kinase using antisense oligonucleotides results in a sustainable 

cell cycle arrest at the G2/M phase and a rapid induction of apoptosis in cancer cells.  

Conversely, Aurora B inhibition results in an unsustained G2/M arrest that eventually 

results in polyploid cells or a G1-like arrest depending on the genetic background of the 

treated cells.  Additionally, Aurora B inhibition results in a gradual induction of 

apoptosis.  These results were validated in three cancer cell lines and compared to results 

in a non-transformed cell line.  Interestingly, the non-transformed cell line underwent cell 

cycle arrest following antisense treatment; however, apoptosis was not detected.  These 

results suggest that cancer cells may be more susceptible to an Aurora kinase-targeted 

therapy and that limited toxicity may be experienced in non-cancerous cells. 

It is believed that a small molecule Aurora kinase inhibitor would have similar 

potency against Aurora A and Aurora B.  In order to simulate this possibility, I treated 

cells simultaneously with Aurora A-specific and Aurora B-specific antisense 

oligonucleotides.  I found no additive or synergistic effect in targeting both kinases, in 

fact, inhibiting both kinases dimished some of the potential antitumor effects of inhibiting 

a single Aurora kinase.  Furthermore, the inhibition of both Aurora kinases produced a 

phenotype very similar to the inhibiton of Aurora B alone, although the changes in gene 

expression profiles between the two treatments were very dissimilar. 

From this portion of the project, I conclude that the inhibition of Aurora A and/or 

Aurora B both produce biological consequences that may be clinically useful.  For 
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example, both inhibit the proliferation of cancer cells albeit by different mechanisms.  

Secondly, although some have suggested no need to distinguish between an Aurora B-

specific inhibitor and a dual Aurora kinase inhibitor, I feel that small differences in 

biological fingerprint resulting from these two approaches should be considered and may 

alter the clinical outcome of a therapy designed to function one way or the other. 

Finally, I feel there may be advantages of designing and developing an Aurora A-

specific inhibitor.  As stated, the inhibition of Aurora A results in a sustained mitotic 

arrest that ultimately ends with mitotic catastrophe and rapid apoptosis.  Alternatively, 

Aurora B and/or a dual Aurora kinase-targeted therapy induce genomic instability by 

allowing a cell to exit from mitosis without proper distribution of its genetic material.  

Although this does inhibit the proliferation of cells, it results in an accumulation of cells 

with abnormal genomes and only in a gradual induction of apoptosis.  Therefore, if there 

is an advantage or at least a significant difference in targeting Aurora A the question 

remains as to how this can be done.  One approach would be to involve clever medicinal 

chemistry and structural biology to tailor an ATP-competitive inhibitor with significant 

selectivity towards Aurora A, although this strategy may prove to be very difficult.  

Therefore, I hypothesize that the biological consequences of treatment with an Aurora A-

specific antisense oligonucleotide could be phenocopied by rationally targeting allosteric 

sites on Aurora A including those involved in mediating protein-protein interactions. 
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c. Can Small Molecules Be Designed or Identified to Inhibit the Aurora 

Kinases and Be Further Developed for Clinical Use? 

 

Using structure-based and fragment-based approaches in combination with 

computational methods, I have developed a novel class of ATP-competitive Aurora 

kinase inhibitors built around a substituted tricyclic pyrimidine scaffold.  The most potent 

compound from this series (MP235) shows a binding affinity similar to other Aurora 

kinase inhibitors currently at various stages of development by other groups including 

one in clinical trial.  MP235 has also shown good selectivity towards the Aurora kinases.  

The real challenge with this series of inhibitors has been to improve its cellular and in 

vivo activity.  Indeed, although MP235 is a nanomolar inhibitor of Aurora A kinase, this 

activity is not seen in cell-based assays until concentrations approaching 100 µM are 

achieved.  However, based on its binding affinity we licensed the lead compound to a 

pharmaceutical company who has undergone an extensive lead optimization effort to 

improve the cellular and in vivo activity of this compound. 

 

d. Is the Overexpression of Oncogenic Aurora A Sufficient to Drive 

Pancreatic Tumorigenesis in a Transgenic Mouse Model? 

 

Due to the lack of an effective mouse model capable of recapitulating the 

progression of pancreatic cancer and due to the potential role of Aurora A kinase 

overexpression in inducing genomic instability and tumorigenesis, I was encouraged to 
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target the overexpression of Aurora A kinase to the pancreas in a mouse transgenic 

model.  However, in the genetic background of the mice used in this study I was unable 

to induce the development of pancreatic adenomcarcinomas.  I did observe mild ductal 

abnormalities, which may play a role in the development of pre-neoplastic lesions; 

however, I was unable to establish this link.  The conclusion I have drawn from this study 

is that Aurora A overexpression alone is not sufficient to induce pancreatic tumorigenesis 

in this transgenic model.  However, it does not rule out the possibility that Aurora A 

overexpression may induce metastatic pancreatic adenocarcinomas in different genetic 

backgrounds, such as those harboring p53, p16 or k-Ras mutations. 

 

II.  Current Status of MP235 (Compound 11) Development 

 

 Although Montigen Pharmaceuticals has been able to make moderate 

improvements in the cellular activity of this chemical series, success has not been met in 

terms of identifying an optimized analogue that could be a candidate for clinical 

development.  For this reason, some efforts have been recently shifted from this chemical 

series to other ones with a more promising future.  However, Montigen Pharmaceuticals 

has recently partnered with a drug formulation company to use a unique, proprietary 

prodrug technology that conjugates compound 11 (or an analogue thereof) to a bio-

molecule that gets actively transported into cells.  Personal communication with 

Montigen Pharmaceuticals revealed that preliminary studies showed >50-fold increase in 

cellular activity over compound 11. 
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Application filed to the U.S. Patent and Trademark Office on March 10, 2004, 
International Patent Application No. 60/451,488, 60/453,380 and 60/486,231. 
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Hepatocyte growth factor (HGF/SF) induces changes in pancreatic cancer cell gene 
expression consistent with a role in the activation of cell migration 
 
S.L. Warner, H. Han, D.J. Bearss and D.D. Von Hoff.  Proceedings of American 
Association for Cancer Research Vol. 43, April 2002.  San Francisco, CA. 
 
The hepatocyte growth factor/scatter factor (HGF/SF) plays in important regulatory role 
in cell motility, morphogenesis and proliferation.  Both HGF/SF and its receptor, c-Met 
have been shown to contribute to the processes of tumorigenesis and cancer invasion.  
Adenocarcinomas of the pancreas are highly locally invasive, which contributes to its 
poor prognosis.  To determine whether HGF/SF and c-Met play roles in regulating the 
invasiveness of pancreatic cancer cells, we examined their expression levels in a panel of 
12 cell lines.  The expression of HGF/SF was absent in all cell lines and c-Met was 
expressed at varying levels in 11 of 12 cell lines.  These results suggest that pancreatic 
cancer cells respond to HGF/SF signaling through a paracrine-signaling pathway.  To test 
the responsiveness of these cells to HGF/SF, we performed transwell migration assays 
using CFPAC-1 (c-Met positive) and MIA PaCa-2 (c-Met negative) cells.  Media 
containing HGF/SF had greater than a three-fold effect on CFPAC-1 migration, while 
MIA PaCa-2 cells were not significantly affected.  To better understand the mechanisms 
behind the HGF/SF-mediated response, we performed cDNA microarray analysis on 
these cells treated with HGF/SF.  We identified 22 genes specifically up-regulated in 
CFPAC-1 cells following treatment with HGF/SF.  These genes represent potential 
mediators of HGF/SF signaling and include k-ras, ROCK1, Lyn, TRAF5 and ARNO, all 
of which have been shown to play roles in cell motility and migration.  In addition, 
HGF/SF treated CFPAC-1 cells showed significant down-regulation of 42 genes.  
Interestingly, several of the down-regulated genes are known negative regulators of cell 
migration, such as APC and the tight junction protein, ZO-1.  These data provide 
important new insight into the cell response downstream of HGF/SF and c-Met and may 
provide new targets for drug development in pancreatic and other tumors. 
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Targeting a protein tyrosine phosphatase, PRL-1, for the treatment of pancreatic 
cancer. 
 
S.L. Warner, H. Han, R.M. Munoz, A.L. Farnsworth, H. Vankayalapati, D. Mahadevan, 
D.D. Von Hoff and D.J. Bearss.  European Journal of Cancer, Vol. 38, Supplement 7, 
November 2002.  AACR-NCI-EORTC, Frankfurt, Germany. 
 
Pancreas cancer is the fourth leading cause of cancer death among adults in the United 
States and has the worst prognosis of any type of cancer.  We used cDNA expression 
array analysis to identify new targets for pancreatic cancer drug development. 
Comparison of gene expression profiles from 9 pancreatic cancer cell lines and normal 
pancreas cells for over 5,000 genes showed frequent (5 out of the 9 cell lines) and 
significant overexpression (three-fold or higher) of 30 genes.  One of these genes encodes 
the protein tyrosine phosphatase type IVA, member 1 (PRL-1).  PRL-1 is an immediate-
early gene in regenerating liver and is also expressed in mitogen-stimulated fibroblasts.  
The expression of PRL-1 is associated with cell proliferation and differentiation due to its 
ability to regulate the protein tyrosine phosphorylation and dephosphorylation of 
substrates that remain unknown.  RT-PCR and northern blotting confirmed 
overexpression of the PRL-1 gene in 9 pancreatic cancer cell lines compared to normal 
pancreas.  To further validate PRL-1 as a molecular target, we used antisense 
oligonucleotides to inhibit the expression of PRL-1 in pancreatic cancer cells and 
analyzed the effects on cell proliferation and apoptosis. The human PRL-1 sequence 
(residues 1-173) was used as a probe to search a non-redundant database of sequences 
using PSI-BLAST.  Top ranked sequences were the known structures of human SHP-2 
tyrosine phosphatase (2SHP) and a family of C. elegans phosphatases.  Analysis of PRL-
1 sequence using 3-D structure prediction programs confirmed the similarity with 2SHP 
and several other tyrosine phosphatases including the lipid phosphatase domain of PTEN.  
The sequence identity and similarity between PRL-1 and 2SHP is 23% and 40% and that 
between the other human tyrosine phosphatases is 40% and 55% respectively.  Using this 
structural information we constructed a homology model with the software INSIGHT II.  
The PRL-1 model indicated a conserved hydrophobic core, but a changed specificity 
pocket without any major distortion of the active site.  Docking studies were performed 
utilizing two bis-(paraphosphonophenyl) methane, which occupied the active pocket with 
a low binding energy.  The homology model shows the presence of a unique unoccupied 
cavity within the PRL-1 binding pocket, which will be explored using 3-D database 
searches and identified novel inhibitors will be tested for enzyme inhibition. 
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Aurora-2 kinase inhibition induces changes in pancreatic cancer cell gene 
expression consistent with growth arrest and the induction of apoptosis. 
 
S.L. Warner, C. Gawad, H. Han and D.D. Von Hoff.  Clinical Cancer Research, Vol. 9, 
Supplement 16, November 2003. AACR-NCI-EORTC, Boston, MA. 
 
Aurora-2 is a serine/threonine kinase that regulates centrosome maturation and mitotic 
spindle formation.  The overexpression of Aurora-2 kinase is thought to contribute to 
chromosome instability and aneuploidy often observed in cancer cells.  We previously 
reported that Aurora-2 is overexpressed in pancreatic cancer cells lines and in a 
significant amount of primary pancreas tumors taken from patients.  Using an antisense 
approach, we have also shown that Aurora-2 kinase inhibited cells arrest at the G2/M 
transition of the cell cycle and undergo cell death.  The molecular mechanisms 
controlling these biological consequences of Aurora-2 inhibition are not fully understood.  
Therefore, in order to identify potential molecular pathways involved in growth arrest 
and apoptosis following Aurora-2 inhibition, we analyzed the gene expression profiles of 
Aurora-2 inhibited pancreatic cancer cells using cDNA miroarray.  Cells were treated 
with either an Aurora-2-specific antisense oligonucleotide or small molecule Aurora-2 
kinase inhibitors.  The gene expression profiles of these treated cells were compared to 
control-treated cells.  We identified 22 genes specifically upregulated in MIA PaCa-2 
cells after 48 hours of treatment.  These genes represent potential mediators of cell cycle 
progression and apoptosis, including pituitary tumor-transforming-1, -2 and –3, protein 
regulator of cytokinesis 1, p19 and cdc25C.  In addition, Aurora-2 inhibited cells show 
significant downregulation of 125 genes.  Interestingly, several of the down regulated 
genes are known regulators of cell cycle progression and cell death, such as EGFR 
pathway substrate 15, glioblastoma amplified sequence, thioredoxin reductase 1 and 
TGF-b1-induced anti-apoptotic factor 1.  These data provide important insight into the 
cellular mechanisms responsible for the biological consequences of Aurora-2 kinase 
inhibition in pancreatic cancer cells.  This work also provided possible new targets for 
drug development in pancreatic cancer and other tumor types.  In addition, it provides 
insight into possible genes or gene products that may be utilized as surrogate markers for 
the effects of Aurora-2 kinase inhibition in clinical trials of these agents. 
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Characterization of a novel class of Aurora-2 kinase inhibitors. 
 
S. Bashyam, S.L. Warner, H. Vankayalapati, D.J. Bearss, D. Mahadevan, H. Han, L.H. 
Hurley and D.D. Von Hoff.  Clinical Cancer Research, Vol. 9, Supplement 16, November 
2003. AACR-NCI-EORTC, Boston, MA. 
 
Aurora-2 is a serine/threonine kinase that regulates centrosome separation in preparation 
for mitotic spindle formation and chromosome separation.  It has been shown to be 
oncogenic and is overexpressed is several solid tumor types, including breast, ovary, 
prostate, pancreas and colorectal cancers.  Aurora-2 has been reported to be an attractive 
target for anti-cancer drug development.  To identify small molecule inhibitors of 
Aurora-2 kinase, we undertook a structure-based design approach that uses three-
dimensional structural models of Aurora-2 and molecular docking simulations of novel 
chemical entities.  Based on these computational methods, a new generation of inhibitors 
derived from quinazoline and pyrimidine-based tricyclic scaffolds were synthesized and 
evaluated for Aurora-2 kinase inhibitory activity.  We initially evaluated the inhibitory 
activity of these compounds at a concentration of 20µM against recombinant Aurora-2 
kinase using a luciferase-based in vitro kinase assay.  The compounds that showed 
significant inhibitory activity at this concentration were further tested to determine IC50 
values.  From the results of the in vitro kinase assay, we have identified several 
structurally related compounds that inhibit Aurora-2 kinase at sub-micromolar 
(IC50<1µM) concentrations.  These Aurora-2 kinase inhibitors were also tested against a 
panel of other serine/threonine kinases and tyrosine kinases to evaluate their selectivity 
for Aurora-2 kinase.  Additionally, the activities of these compounds were determined 
against two pancreatic cancer cell lines.  Aurora-2 kinase specific inhibitors caused a 
dramatic arrest of the cell cycle at the G2/M transition and induced pancreatic cancer 
cells to undergo apoptosis. 
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Targeting the Aurora kinases for the treatment of pancreatic cancer. 
 
S.L. Warner, S. Bashyam, H. Vankayalapati, D.J. Bearss, H. Han, L.H. Hurley and D.D. 
Von Hoff.  Keystone Symposium on Protein Kinases and Cancer, February 2004.  Tahoe 
City, CA. 
 
Pancreas cancer is the fourth leading cause of cancer death in the United States and has 
the worst prognosis of any type of cancer.  Current therapies are largely ineffective; 
therefore new strategies for the treatment of patients with pancreatic cancer are needed.  
We have recently shown that the mitotic kinase, Aurora A (Aurora-2, BTAK, STK15) is 
specifically up-regulated in pancreatic cancer cell lines and in tumors taken directly from 
patients.  To further validate Aurora A as a molecular target, we used antisense 
oligonucleotides to studying the effects of Aurora A inhibition in pancreatic cancer cells.  
Treatment with antisense oligonucleotides to Aurora A resulted in arrest of cell growth in 
the G2/M phase of the cell cycle and increased apoptosis. These results confirm that 
Aurora A plays a role in cell cycle progression and that it is a potential therapeutic target 
for pancreatic cancer. To identify Aurora A kinase inhibitors we have employed a 
structure-based approach to rationally design small molecules to potentially interfere with 
the activity of the Aurora kinases.  This effort has produced a new generation of 
inhibitors derived from quinazoline and pyrimidine-based tricyclic scaffolds that have 
been chemically synthesized and biochemically evaluated for Aurora A kinase inhibitory 
activity.  In an in vitro kinase assay, we have further demonstrated that several of these 
compounds could inhibit Aurora A kinase at sub-micromolar (IC50 <1µM) 
concentrations.  By evaluating the inhibitory activity of these compounds against a panel 
of serine/threonine and tyrosine kinases, we have shown that these inhibitors have 
significant specificity towards the Aurora kinases.  Additionally, the activities of these 
compounds were evaluated in cell proliferation assays against pancreatic cancer cell lines 
(Mia PaCa-2 and Panc-1), showing that these inhibitors cause a dramatic arrest of the cell 
cycle at the G2/M transition and induce cell death. 
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The validation of Aurora A and Aurora B as molecular targets for the treatment of 
pancreatic cancer. 
 
S.L. Warner, P.J. Gray, E. Koller, L.H. Hurley, D.D. Von Hoff and H. Han.  Lustgarten 
Foundation Pancreatic Cancer Meeting, June 2004.  San Francisco, CA. 
 
Recent data from ATP-competitive inhibitors of the Aurora kinases have shown that the 
cellular phenotype following treatment with these compounds is more consistent with 
Aurora B inhibition rather than Aurora A.  This finding has led to increased excitement as 
to which target, Aurora A or B, is the better target for therapeutic intervention.  
Previously, we have shown that Aurora A is overexpressed in pancreatic cancer and by 
using an antisense approach, we have shown that it is a promising molecular target for the 
treatment of pancreatic cancer.  To further validate both kinases as molecular targets, we 
have continued to use antisense oligonucleotides to study the effects of Aurora inhibition 
in pancreatic cancer cells.  Treatment with antisense oligonucleotides to Aurora A 
resulted in arrest of cell growth in the G2/M phase of the cell cycle and increased 
apoptosis. Additionally, treatment with antisense oligonucleotides to Aurora B resulted in 
abnormal cell division as characterized by an accumulation of cells with ≥4N DNA 
content.  In combination, treatment with Aurora A and B antisense oligonucleotides 
resulted in cellular consequences consistent with inhibiting both kinases.  We conclude 
that a small molecule Aurora kinase inhibitor will likely be most effective when it 
exhibits activity against both kinases.  Additionally, we are conducting microarray 
experiments on antisense-treated cells to determine differences in gene expression 
profiles from untreated samples.  These results obtained in pancreatic cancer cells will be 
compared to results obtained in a non-tumorigenic ductal epithelial pancreas cell line, to 
determine if an Aurora inhibitor would have preferential activity in Aurora A and B 
overexpressing tumor cells.  These results further validate Aurora A and B as molecular 
targets, however potential differences in the biological consequences of inhibiting 
expression (antisense) and inhibiting activity (small molecule) should be considered.  
(Supported by NIH Grant CA 95031-01) 
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Targeting the Aurora kinases for the treatment of pancreatic cancer. 
 
S.L. Warner, S. Bashyam, H. Vankayalapati, D.J. Bearss, H. Han, D.D. Von Hoff and 
L.H. Hurley.  Gordon Research Conference on Medicinal Chemistry, August 2004.  New 
London, NH. 
 
Aurora-A is a serine/threonine kinase that regulates centrosome separation in preparation 
for mitotic spindle formation and chromosome separation.  It has been shown to be 
oncogenic and is overexpressed in several solid tumor types, including breast, ovary, 
prostate, pancreas and colorectal cancers.  Aurora-A and Aurora-B have been reported to 
be attractive targets for anti-cancer drug development. To further validate the Aurora 
kinases as molecular targets, we used antisense oligonucleotides to study the effects of 
Aurora inhibition in pancreatic cancer cells.  Treatment with antisense oligonucleotides to 
Aurora-A resulted in arrest of cell growth in the G2/M phase of the cell cycle and 
increased apoptosis. Additionally, treatment with antisense oligonucleotides to Aurora-B 
resulted in abnormal cell division as characterized by cells with ≥4N DNA content.  
These results confirm that the Aurora kinases play essential roles in cell cycle 
progression and are potential therapeutic targets for pancreatic cancer.   To identify small 
molecule inhibitors of the Aurora kinases, we undertook a structure-based design 
approach that used three-dimensional structural models of the Aurora kinases and 
molecular docking simulations of novel chemical entities.  Based on these computational 
methods, a new generation of inhibitors derived from quinazoline and pyrimidine-based 
tricyclic scaffolds were synthesized and evaluated for Aurora-A kinase inhibitory 
activity. Using an in vitro kinase assay, we have identified several structurally related 
compounds that inhibit Aurora-A kinase at sub-micromolar (IC50 <1µM) concentrations.  
These Aurora-A kinase inhibitors were also tested against a panel of other kinases to 
evaluate their selectivity for the Aurora kinases. Additionally, the activities of these 
compounds were evaluated in cell proliferation assays against pancreatic cancer cell lines 
(Mia PaCa-2 and Panc-1), showing that these inhibitors cause a dramatic arrest of the cell 
cycle at the G2/M transition and induce cell death. 
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Development of a new series of tricyclic pyrimido-indole inhibitors targeting Aurora 
kinases. 
 
S.L. Warner, H. Vankayalapati, S. Bashyam, C. Grand, H. Han, D.D. Von Hoff, L.H. 
Hurley and D.J. Bearss,  European Journal of Cancer, Vol. 2, No. 8, September 2004. 
AACR-NCI-EORTC, Geneva, Switzerland. 
 
The Aurora kinase family of proteins are serine/threonine kinases that regulate the 
processes of centrosome separation and duplication in preparation for mitotic spindle 
formation and chromosome separation.  Aurora-A is overexpressed in several solid tumor 
types, including breast, ovary, prostate, pancreas and colorectal cancers and its 
overexpression is thought to contribute to tumor progression by increasing genomic 
instability and altering cell cycle checkpoints.  Because of its role in the process of 
tumorigenesis, Aurora-A has been reported to be an attractive target for anti-cancer drug 
development.  We have initiated a drug development program to identify specific 
inhibitors of Aurora kinase activity. This program is based on a combination of rational 
design, synthesis and screening. We have developed a novel series of potent and selective 
ATP-competitive Aurora kinase inhibitors utilizing tricyclic pyrimido-indole core, which 
is structurally distinct from other reported kinase inhibitors. Such tricyclic compounds 
modeled into the ATP-binding site of Aurora kinase in such a way that the tricyclic 
pyrimidine ring orients into the hydrophobic adenine-binding site to form backbone H-
bonds with the E211, Y212 and A213 residues of the hinge region. Several leads from 
this series have emerged from SAR studies around 4, 6 and 7th position of pyrimido-
indole moiety. A lead compound from this series, MP-235, has been shown to inhibit the 
Aurora kinases at nanomolar concentrations (IC50

 = 90nM).  This lead has been further 
modified to identify analogues with more potent activity and greater selectivity towards 
the Aurora kinases. Cell growth studies in the human pancreatic cell lines MiaPaCa-2 and 
Panc-1 as well as other cancer cell lines show that these novel Aurora kinase inhibitors 
can result in antiproliferative effects in tumor cells. (Supported by NIH Grant CA 95031-
01) 
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The comparison of Aurora A and Aurora B as therapeutic targets using antisense 
oligonucleotides. 
 
S.L. Warner, R.M. Muñoz, E. Koller, L.H. Hurley, D.D. Von Hoff and H. Han. 
Proceedings of American Association for Cancer Research, April 2005.  Anaheim, CA. 
 
Emerging small molecule Aurora kinase inhibitors produce a cellular phenotype that is 
more consistent with Aurora B inhibition rather than Aurora A (Ditchfield et. al., J Cell 
Biol 2003, 161, 267-280; Harrington et. al. Nat Med 2004, 10, 262-267).  This finding has 
led to increased excitement as to which is the better target for therapeutic intervention.  
To further validate both kinases as molecular targets and to compare differences in the 
therapeutic effects of inhibiting each target, we used antisense oligonucleotides to study 
the effects of Aurora inhibition in pancreatic cancer cells.  Treatment with antisense 
oligonucleotides to Aurora A resulted in arrest of cell growth in the G2/M phase of the 
cell cycle and in the induction of apoptosis.  Treatment with antisense oligonucleotides to 
Aurora B resulted in abnormal cell division as characterized by an accumulation of cells 
with ≥4N DNA content.  In combination, treatment with Aurora A and B antisense 
oligonucleotides resulted in cellular consequences more consistent with inhibiting Aurora 
B alone with respect to cell cycle arrest, polyploidy and apoptosis.  In addition, these 
experiments were performed using a non-tumorigenic ductal epithelial pancreas cell line, 
to determine if an Aurora inhibitor would have preferential activity in Aurora A and B 
overexpressing tumor cells.  Interestingly, these cells responded to Aurora inhibition by 
arresting growth, however, apoptosis was not detected.  Additionally, we conducted 
microarray experiments on antisense-treated cells to determine differences in gene 
expression profiles from untreated samples and compared these results to gene expression 
changes in cells treated with small molecule Aurora kinase inhibitors.  Finally, the 
efficacy of antisense oligonucleotides was evaluated in a mouse xenograft tumor model.  
The results showed a 42% and 36% reduction in tumor size in the animals treated with 
Aurora A or B antisense oligonucleotides, respectively, compared to those treated with a 
scrambled oligonucleotide.  These results further validate Aurora A and B as molecular 
targets, however potential differences in the biological consequences of inhibiting 
expression (antisense) and inhibiting activity (small molecule) should be considered. 
(Supported by NIH Grant CA 95031-01) 
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APPENDIX B 

 

PERMISSION TO USE COPYRIGHTED MATERIAL 

 

Reproduced with permission from: 

 

S.L. Warner, H. Han, D.J. Bearss and D.D. Von Hoff.  Targeting Aurora-2 kinase in 

cancer.  Molecular Cancer Therapeutics, 2:589–595, 2003.  Copyright © American 

Association for Cancer Research, http://mct.aacrjournals.org/ 
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