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ABSTRACT 
 

Aurora-A kinase is overexpressed in many human cancers and leads to centrosome 

amplification resulting in multipolar spindles, chromosome segregation defects and 

aneuploidy.  Aurora-A belongs to a family of serine/threonine mitotic kinases involved in 

centrosome separation, maturation as well as in bipolar spindle assembly.  In this work, 

we demonstrate that Aurora-A is both amplified and overexpressed in human pancreatic 

cancer cell lines, with a 2-5 fold increase in gene copy number and a 3-4 fold increase in 

protein levels compared to controls. Aurora-A is also amplified and overexpressed in 

pancreatic cancers taken directly from patients.  An immunohistochemistry of tissues 

taken directly from patients demonstrated an overexpression of Aurora-A in 26 of 28 

pancreatic cancers compared to 0 of 18 normal pancreas samples.  Antisense nucleotides 

specifically targeted at Aurora-A arrest the cell cycle in pancreatic cancer cells, 

indicating the potential of Aurora-A as a therapeutic target in pancreatic cancer.  To 

understand the role of Aurora-A at the centrosome, we investigated the mechanism of 

how Aurora-A is targeted to the centrosome. We used deletion fragment analysis of 

Aurora-A to identify a specific region that is required to localize to the centrosome.  We 

also show that subcellular localization of Aurora-A is independent of its intrinisic kinase 

activity and its phosphorylation states. These results show that Aurora-A is targeted to the 

centrosome by a mechanism that does not require its kinase activity and phosphorylation 

of T288 and T287.  Furthermore, the region containing the catalytic domain, 131-333, is 

sufficient to localize Aurora-A to the centrosome.  
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INTRODUCTION   

The mitotic serine/threonine kinases  

In a living cell, the fundamental process of mitosis is to segregate parental 

genomes encoded in sister chromatids into two daughter cells, such that each of them 

inherits one complete copy of the genome.  In addition, each daughter cell must receive 

one centrosome and the equal complements of cytoplasm and organelles. Mitosis is a 

dynamic process that is categorized into five distinct stages, which include prophase, 

prometaphase, metaphase, anaphase and telophase.  The five stages are determined by the 

configuration of mitotic spindle and chromosomes.  Cytokinesis is the process of 

daughter cell separation, which occurs at the end of mitosis and is regulated by proteins 

regulating mitotic progression and exit. 

During G2 phase to prophase transition the interphase microtubule network de-

polymerizes and the centrosomes, which are duplicated, migrate to the opposite poles of 

the nucleus.  At prophase, chromatin condenses and the nuclear envelope breaks down. In 

prometaphase the mitotic microtubules nucleate from opposite poles of the spindle.  

Subsequently, kinetochores capture the plus ends of the microtubules leading to the 

alignment of the chromosomes at the metaphase plate in the center of the mitotic spindle.  

This alignment allows the segregation of two identical sets of chromosomes to the 

spindle poles at anaphase.  The segregation of chromosomes is facilitated by the sliding 

action of polar oriented microtubules.  This dynamic mechanism involves the 

participation and coordination of ATPase driven motors including dynein, kinesin and 
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related proteins [1].  These mitotic events are regulated through reversible 

phosphorylation and dephosphorylation of proteins by protein kinases and protein 

phosphatases ([2].   

The protein kinases required for coordination of mitosis and cytokinesis is 

conserved from yeast to humans.  There are several protein kinase families that play 

distinct roles in different stages of mitosis. The mitotic kinase, Cyclin B-dependent 

kinase (Cdk1) is the founding member of the Cdk family of cell cycle regulators [2].  The 

second family is Polo-like kinases (Plks), they are involved in centrosome maturation, 

activation, and inactivation of Cdk1, and cytokinesis [2].  The third family is named 

NIMA (never in mitosis A) family, implicated in centrosomes duplication and separation.  

The fourth family is called Aurora kinases, active in regulating chromosome segregation 

and cytokinesis [2].  An error in the choreography of the different stages of mitosis leads 

to aneuploidy and genetic instability, fostering cell death and disease.  Here, I will review 

the four different families of protein kinases that regulate the cell cycle and then focus 

more specifically on the Aurora kinases that play key roles in chromosome segregation 

and cytokinesis.  

 

The Cyclins and the Cyclin dependent kinases 

The cell cycle is typically divided into four phases [2].  The periods associated 

with DNA synthesis (S phase) and mitosis (M phase) are separated by gaps of varying 

length called G1 and G2.  The cell cycle progression is composed of protein complexes 

that are activated in an ordered fashion and trigger the initiation of specific events such as 
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DNA replication, nuclear envelope breakdown, spindle formation and chromosome 

segregation [2].  The signaling pathways that regulate cell cycle are primarily associated 

with the G1 phase of the cell cycle. The progression of cell cycle is controlled by 

extracellular signals such as mitogenic growth factors that bind their specific receptors 

and initiate a cascade of events.  These events then culminate in the expression and 

assembly of different kinase holoenzymes composed of a regulatory subunit, called 

Cyclin, and a catalytic subunit name Cyclin dependent kinase (CDK).  These protein 

complexes are formed and activated at specific stages of the cell division and their 

activities are required for progression through S phase and mitosis [2].  

In mammalian cells, different Cyclin/Cdk complexes are formed and activated at 

specific points of the cell cycle.   The first Cyclin/Cdk to be activated after mammalian 

cells are released from a quiescent state is composed of Cyclin D and either Cdk4 or 

Cdk6 depending on the cell type.  Cyclin D is absent in quiescent cells and their 

expression is stimulated by growth factors.  In contrast to other Cyclins, Cyclin D levels 

do not fall abruptly at any point of the cell cycle and only a modest peak of accumulation 

is observed in late G1.  However their expression is dependent on the growth factor 

supply and consequently, if growth factors are removed, Cyclin D levels drop 

immediately, regardless of the stage of the cell cycle.  Cyclin E is synthesized later and 

peaks in late G1 and associates with Cdk2.  Cyclin E levels oscillate periodically and 

after cells have entered S phase, Cyclin E is degraded and Cdk2 associates with Cyclin A.  

Synthesis of Cyclin A is initiated during late G1 and Cyclin A/Cdk2 activity is detected 
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in S phase and is required for DNA replication. Cyclin A also binds to Cdk1 with a peak 

activity in G2 and then is degraded [2].   

Cdk1 and Cyclin B govern the regulation of entry into mitosis [2].   Cdk1 is 

activated by dephosphorylation of threonine 14 and tyrosine 15 in the ATP binding site 

and phosphorylation of threonine 160.  This occurs at the G2/M transition when the 

activity of the dual-specificity phosphatases Cdc25C activates Cdk1 opposing the activity 

of Weel and Myt1 kinases that inhibit Cdk1 [3]. Cdc25C is phosphorylated and activated 

by Cyclin B/Cdk1 forming a positive feedback loop [3].  In turn these enzymes are 

controlled by DNA structure checkpoints, which delay the onset of mitosis in the 

presence of unreplicated or damaged DNA.  Activated Cdk1-Cyclin complexes then 

phosphorylate numerous substrates, for example nuclear lamins, kinesin-related motors 

and other microtubule-binding proteins and condensins, and these events are important 

for nuclear envelope breakdown, centrosome separation, spindle assembly, chromosome 

condensation and chromosome segregation respectively [3].  Cdk1-Cyclin complexes 

contribute to regulate the anaphase-promoting complex/cyclosome (APC/C), the core 

component of the ubiquitin-dependent proteolytic machinery that controls the 

degradation of mitotic kinases in particular inhibitors of anaphase onset (securins) and 

Cyclins[4] .  The inactivation of the Cyclin B/Cdk1 allows the cell to return to interphase. 

Inactivation is achieved by rapid and specific destruction of the mitotic Cyclins at 

specific points in mitosis [4].  An ubiquitin dependent pathway degrades both Cyclin A 

and Cyclin B.  Cyclin A is destroyed earlier (during metaphase) than Cyclin B, which is 

degraded at the metaphase-anaphase transition.  On Cyclin destruction, Cdk1 is 
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inactivated, setting the stage for mitotic exit and Cytokinesis [4].  Cdk1 inactivation also 

allows the reformation of pre-initiation complexes at origins of replication, thereby 

licensing cellular chromatin for the next round of replication .   

 

The cell cycle checkpoints 

As cells undergo mitosis, the presence of surveillance mechanisms, called 

checkpoints in eukaryotic cells ensure proper order and correct execution of cell cycle 

events so that replicated genetic material is distributed evenly between two daughter 

cells.  In simple organisms, such as haploid yeasts, checkpoint controls are vital for 

survival in situations where DNA replication is inhibited or DNA is damaged.  In 

multicellular diploid organisms, such as humans, checkpoint controls are important for 

maintenance of genomic integrity.  In humans, loss of genomic integrity can lead to 

cancer and genetic diseases.  Studies of yeasts have a pioneering role in the discovery and 

analysis of cell cycle and checkpoint controls.  At least three checkpoints have been 

identified in the monitoring of entry into mitosis [5].  These include, the DNA structure 

checkpoint, the spindle assembly checkpoint and the spindle-positioning checkpoint.  The 

DNA structure checkpoint arrests cells at the G2/M transition in response to unreplicated 

DNA or DNA damage.  The spindle assembly checkpoint prevents anaphase onset as 

long as chromosomal kinetochores do not show a correct bipolar attachment.  Finally the 

third checkpoint identified only in yeast, the spindle-positioning checkpoint, links Cdk1 

inactivation and mitotic exit to the proper orientation of the mitotic spindle [5].  Several 

genes play a role in mediating these checkpoints and lead to cell cycle arrest.   
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DNA structure checkpoint 

In presence of DNA damage or unreplicated DNA the DNA structure checkpoint 

inhibits the activity of Cdc25c by Chk1, Chk2 kinases so that the activation of Cdk1-

Cyclin complex is inhibited and cell cycle comes to an arrest.  In fission yeast, the 

checkpoint Rad proteins (Rad1, Rad3, Rad9, Rad17, Rad26 and Hus1) sense DNA that is 

damaged by UV or gamma irradiation, or other agents.  Rad3 phosphorylates the Chk1 

protein kinase when DNA is damaged in G2 phase and transmits the checkpoint signal.  

Chk1 reduces the rate of Cdc2 (Cdk1) dephosphorylation (on Tyr15) by Cdc25 protein.  

Cdc2 is inhibited by phosphorylation by Wee1 and Mik1 (Myt1).  Either kinase is 

sufficient for the repair checkpoint [5].   

 

Spindle assembly checkpoint 

The spindle assembly checkpoint delays sister-chromatid separation until all 

chromosomes are properly aligned on the spindle [6].  This checkpoint monitors the 

attachment of microtubules to kinetochores and or the generation of tension that results 

from bipolar attachment of sister chromatids.  A single lagging chromosome will activate 

the mitotic checkpoint leading to arrest in metaphase and thereby increasing the time 

available for all chromosomes to attach to the mitotic spindle and align at the metaphase 

plate [6].  The same arrest is induced upon treating cells with a spindle inhibitor, such as 

nocodazole or taxol [5].  Studies in yeast have identified six gene products involved in 

this checkpoint, specifically the dual specificity kinase Mps1p, Bublp, and its partner 

Bub3p and the three proteins Mad1p, Mad2p and Mad3p [7]. With the exception of 
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Mps1p these genes are not essential for cell survival but deletion mutants lose 

chromosomes at a higher rate when exposed to low doses of spindle inhibitors.  

Subsequently, homologues of several Mad and Bub proteins have been shown to 

associate preferentially with unattached kinetochores in animal cells [7].  These studies 

also indicate that the spindle assembly checkpoint is not merely activated in response to 

spindle damage, but contributes to the timing of anaphase onset in every cell division.  

 

Spindle positioning checkpoint 

  In all eukaryotic cells, exit from mitosis requires inactivation of Cdk activity.  

Loss of Cdk activity is mediated through destruction of mitotic Cyclins by ubiquitin-

mediated proteolysis and in some cases through accumulation of Cdk inhibitors [8].  

Following Cyclin destruction by APC/C a number of events occur in rapid succession, 

including spindle disassembly and Cytokinesis [8].  This checkpoint links M-phase exit 

to correct spindle orientation. This checkpoint monitors correct orientation of the 

elongating spindle to ensure that cleavage occurs in the right plane and only after 

complete separation of sister chromatids.  Whether this checkpoint operates in organisms 

other than S. cerevisiae is not known [6]. The genes that mediate this checkpoint include 

a collection of genes known as (MEN) mitotic exit network, which act to execute mitotic 

exit once anaphase has been completed.  The MEN genes include CDC15, LTE1, MOB1 

(protein kinase of unknown function), DBF2, the GTPase, TEM1, the phosphatase 

CDC14 and the Polo-related kinase CDC5 [6].   
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The NIMA kinases 

Protein kinases unrelated to the Cdk family that have a role in control of various 

cell cycle events include NIMA family of kinases [2].  NIMA was first identified in 

fungus Aspergillus nidulans as a temperature sensitive mutant that became blocked in G2 

when raised to the restrictive temperature.  The cloning of the gene identified it as a 

serine/threonine kinase with a peak activity at the G2/M transition.  Overexpression of 

NIMA in Aspergillus promotes a premature chromosomes condensation and, when 

expressed from high-level promoters, the premature appearance of mitotic spindles [9].  

Activation of NIMA protein kinase in parallel to Cyclin B/Cdk1 is required for mitosis 

because activated NIMA alone is insufficient to drive cells into mitosis [2].  NIMA is 

also required for the localization of Cyclin B/Cdk1 to the nucleus and spindle pole body 

(in yeast)[2]. 

Human Nek2 is the most closely related vertebrate kinase to NIMA and its protein 

levels and kinase activity are also cell cycle regulated with peak levels in S/G2[10]. 

Overexpression of Nek2 in mammalian cells has no obvious effect on chromatin 

condensation; however, it causes splitting of centrosomes characterized by the separation 

of the centrioles[9, 10].  During mitosis, the separation of centrosomes and the 

establishment of bipolar spindle assembly are processes that are required for equal 

segregation of chromosomes. A catalytically inactive mutant of Nek2 does not induce 

splitting, indicating that this phenotype is dependent on Nek2 kinase activity.  

Localization studies demonstrate that Nek2 is a core component of centrosome 

throughout the cell cycle [10, 11].    Recently, a yeast two-hybrid screening for targets of 
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the Nek2 kinase identified C-Nap1 as a substrate [10, 11]. Immunoelectron microscopy 

showed co-localization of Nek2 and C-Nap1 at the centrioles that comprise the 

centrosome [10, 11].  The current model implies that C-Nap1 is in a bridge structure that 

links the two centrosomes throughout interphase.  Centrosome separation occurs around 

the time of prophase.  In this process, two parental centrioles lose cohesion provide by 

the interconnecting bridge of the C-Nap1.  This requires a chain of events to occur: first, 

Cdk1 phosphorylates and inactivates phosphatases resulting in activation of Nek2 kinase.  

Next, Nek2 kinase phosphorylates C-Nap1 and possible other bridging proteins, making 

them susceptible to ubiquitination and thus proteolysis .  Finally this allows centrosomes 

to part and migrate around the nucleus to opposite poles [10, 11].  

 

The Polo-like kinases 

Polo-like kinases (Plks) are serine/threonine kinases found in many eukaryotes 

and are involved in key roles during mitosis including bipolar spindle formation, 

chromosome segregation and Cytokinesis [2].  Plks were first described in mutants (polo) 

that failed to undergo a normal mitosis in Drosophila and Saccharomyces cerevisiae 

(cdc5) [3].  Plks associate with centrosomes, spindle poles and kinetochores.  In the 

absence of polo function in Drosophila, γ-TuRC (gamma tubulin ring complexes) and 

Asp (Abnormal spindle protein) fail to be recruited to the spindle poles [3]. Similarly, in 

human cells, Plk1 is involved in the recruitment of γ-tubulin during centrosome 

maturation, a process by which centrosome increase their microtubule-nucleation activity 

for spindle formation [3].  Drosophila polo kinase requires the chaperone Hsp90 to 
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maintain its stability at the centrosome [3].  A similar interaction between Plk1 and 

Hsp90 has also been described in human cells.  It is possible that other chaperone protein 

complexes also exist at the centrosome to facilitate the rapid recruitment of protein 

required for its mitotic maturatio [3]. 

The Plks have been implied in regulation of mitotic entry through their 

association with the centrosomes [2].  Recent evidence indicates that the initial activation 

of the Cyclin B/Cdk1 occurs at the centrosome [12, 13] . At the onset of mitosis, Cdc25 

dephosphorylates and activates Cyclin B/Cdk1 complex. Once activated, Cdk1 triggers a 

positive-feedback loop by phosphorylating Cdc25 and inhibiting Wee1/Myt1 thereby 

causing further activation and inhibition respectively.  Plk1 binds to Cdc25 and 

phosphorylates and thereby regulates Cdc25 [12].  The exact consequence of Cdc25 

phosphorylation by Plk is not known. The hypothesis is that Plks maybe are the trigger 

kinases for the activation of Cdk1.  Alternatively, Plks may not be the trigger kinases and 

their activation may depend on prior activation of Cdk1 where Plk1 would function 

primarily in feedback loop.  Plks also phosphorylate Cyclin B1 promoting the nuclear 

accumulation of Cyclin B1 [12] however the functional consequences are not known. 

 

The centrosome  

The centrosome is a vital organelle in animal cells as it directs the nucleation and 

organization of microtubules.  The centrosome is essential during interphase for 

intracellular organelle transport, cell migration and the establishment of cell shape and 
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polarity [14].  Equally important is its role in mitosis where the centrosomes orchestrate 

the formation of the mitotic spindle to ensure equal segregation of the chromosomes [14].  

The centrosome in G1 consists of an organelle comprising three areas: the two 

centrioles, the connection between centrioles (the matrix) and the pericentriolar material 

(PCM) [14]. The centriole is made of nine triplets of microtubules assembled around a 

�cartwheel� of unknown composition to form a cylinder. The two centrioles are different, 

one old �mother� (with appendages) and one young �daughter�. The matrix is composed 

of proteins such as centrin and other unidentified proteins that connect the two centrioles 

in a flexible manner [14]. Centrin is an EF-hand calicium binding protein and consists of 

three isoforms in humans [15].  Depletion of Centrin-2 in HeLa cells by RNAi prevents 

centriole duplication, although cell division continues, resulting in spindle poles with one 

or no centrioles [16] .  Centrioles are not found in all cell types and are absent from 

oocytes of many animal species and from spindle poles of higher plants, fungi, diatoms 

and mixameobae [15].  Thus centrioles are not an absolute requirement for centrosome 

function during M phase [15].     

 Microtubule nucleation is initiated at the PCM and requires the tubulin ring 

complexes (γ-TuRC) [17, 18].  The main subunit of the complex is a tetramer comprising 

two molecules of γ-tubulin and one molecule each of two other proteins known as GCP2 

and GCP3 in mammals [17, 18].  The ring structure is comprised of six or seven 

tetramers capped by four other molecules. In addition to facilitating nucleation of 

microtubules, the γ-TuRC also functions in anaphase, elongation and organization of 

spindles, as well as checkpoint signaling [17, 18]. 
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The composition of the PCM varies along the cell cycle progression with various 

proteins such as the Cyclins, Plks and Aurora kinases coming and leaving this very active 

area [14].  How these proteins are targeted to the centrosome is not known.  The PCM is 

a lattice like structure consisting of members of the coiled-coil pericentrin family, which 

anchor other PCM components.  Pericentrin A binds to the GCP3 protein of the 

mammalian γ-TuRC to form a large cytoplasmic complex [18].  A larger isoform, 

pericentrin B interacts with the centrosomal coiled-coil protein CG-NAP (also known as 

AKAP350 and AKAP450), with which it shares some homology [18].  Both molecules 

bind to GCP2 and/or GCP3 through their amino termini [18].  CG-NAP also associates 

with a number of protein kinases and phosphatases, including Rho-activated protein 

kinase PKN, PKA, PKC-ε and the protein phosphatases PP1 and PP2A [19].  Thus 

pericentrin B and CG-NAP may be able to direct regulatory enzymes to specific 

substrates in the centrosome [19].  

 

The centrosome cycle 

The centrosomes undergo dynamic changes and these changes are regulated 

throughout the cell cycle.  The centrosome cycle can be thought of having four steps: 

centrosome duplication, separation, maturation and segregation. This is integrated with 

the cell cycle so that duplication occurs only once for each round of cell division. 

The centrosome is duplicated only once during cell cycle to give rise to two 

centrosomes that function as the spindle poles in mitosis [14].  This process occurs by 

duplication of the centrioles themselves.  In early G1 phase the two centrioles are 
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oriented in a characteristic orthogonal arrangement.  As cells pass the G1 restriction point 

and commit to DNA replication and cell division, the two centrioles separate a short 

distance from one another and nascent procentrioles form at the proximal end and 

orthogonal to each pre-existing centriole .  Elongation of the centriole occurs throughout 

S phase so that by G2/M, the cell has two pairs of centrioles within the PCM.  The 

presence of only two centrosomes in the cell as it enters mitosis ensures the equal 

segregation of sister chromatids to each daughter cell [14].   

Recently Cyclins have been identified to play a role in centrosome duplication. 

Centrosome duplication continues under experimental conditions in which DNA 

replication is blocked [20].  This suggests that the centrosome cycle and the cell cycle can 

be uncoupled and operate autonomously.  However three independent studies reported 

that Cyclin E/Cdk2 is required for centrosome duplication. In Xenopus embryos treated 

with cyclohexamide (blocked at DNA replication) the centrosomes continue through 

many rounds of duplication [20].  When cyclohexamide-blocked embryos were treated 

with p21, inhibitor of the Cdk2 activity, centrosome duplication was also inhibited [20].  

When embryos were co-injected with Cyclin E and p21, the embryos overcame the 

centrosome duplication inhibition [20].    

Centrosome maturation occurs next as cells enter into prophase.  The maturation 

of centrosome is the recruitment of proteins such as γ-tubulin required in increased 

microtubule nucleation during mitosis [21] .  The recruitment of γ-tubulin to the PCM at 

late prophase occurs by microtubule-dependent and independent mechanisms [22]. The 

microtubule-dependent pathway requires the motor protein dynein [23].  Its association 
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with the multi-subunit complex, dynactin, facilitates the cargo-binding and minus-end-

directed motor activity of dynein [23].  The increase in γ-tubulin to the PCM is also 

facilitated by changes in the role of Ran, a member of the Ras superfamily of GTPases 

[22, 24].  Ran is involved in various stages of the cell cycle. In interphase cells, it shuttles 

back and forth between the nucleus and cytoplasm and is pivotal in nuclear import and 

export [24].  This enables mitotic regulators of centrosome function to remain within the 

nucleus during interphase [24] .  As with other Ras family members, Ran is an inefficient 

GTPase and requires activating factors, in this case Ran-Gap (GTPase-activating protein) 

and Ran-BP1 (a Ran-binding protein) to promote GTP hydrolysis and release of exported 

proteins in the cytoplasm [24].  Imported proteins containing a classical nuclear 

localization signal are translocated through the nuclear pore complex by the 

heterodimeric receptor of importin α and β [24].  Once in the nucleus, the chromatin-

bound nucleotide-exchange factor RCC1 generates a high concentration of Ran-GTP that 

binds importin β to eject importin α and the cargo [24]. The association of RCC1 with 

chromosomes ensures the maintenance of a concentration gradient of Ran-GTP, even 

when the nuclear envelope has broken down at mitosis.  The high concentration of Ran-

GTP around the chromosomes promotes local microtubule nucleation, and several groups 

have shown that an increase in the levels of GTP-bound Ran results in increased 

nucleation of microtubule asters and spindle like structures in Xenopus cell-free extracts 

[24].  

Centrosome separation occurs around the time of prophase.  During centrosome 

separation, the two parental centrioles lose cohesion provided by the interconnecting 
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bridge of the coiled-coil centriole-associated protein, C-Nap1 [15].  This requires a chain 

of events to occur: first, Cdk1 phosphorylates and inactivates a phosphatases resulting in 

activation of Nek2 kinase [10].  Next, Nek2 kinase phosphorylates C-Nap1 and maybe 

other bridging proteins, making them susceptible to ubiquitnation and thus proteolysis.  

Finally this allows centrosomes to part and migrate around to opposite poles [10].  

 

Centrosome amplification and genetic instability 

Defects in centrosome duplication could allow cells to enter the cell cycle 

inappropriately. Abnormalities in centrosome duplication or ectopic assembly of 

microtubule nucleating proteins can lead to multipolar spindles, which may result in 

unequal segregation of chromosomes to the two daughter cells [25].  For example defects 

in the number, structure, and function of centrosome can contribute to centrosome 

amplification often seen in cells and tissues derived from many types of human tumors.  .  

In contrast, centrosomes that fail to duplicate form monopolar spindles, leading to 

inability to segregate chromosomes and mitotic failure [25].  Identifying the regulators of 

centrosome duplication is therefore important in cell cycle research to aid in 

understanding what goes wrong in tumors displaying centrosome defects.  

 

The Aurora kinases  

Aurora kinases are a new family of serine threonine kinases that are involved in 

regulating the cell cycle.  Aurora kinases are involved in centrosome separation and 

maturation as well as in the mitotic processes such as chromosome condensation, spindle 
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dynamics, kinetochore-microtubule interactions, chromosome orientation and cytokinesis 

[2, 26],[27-30]. The first aurora allele was discovered in a genetic screen for Drosophila 

melanogaster mutants that were defective in spindle-pole behavior[27].  Aurora kinase of 

S. cerevisiae, increased in ploidy 1, (Ipl1) was identified in a genetic screen for mutants 

that were defective in chromosome segregation [31].  S. pombe also has a single Aurora 

called Aurora-related kinase (Ark1) which was isolated as a gene that is required for 

sister chromatid segregation [32, 33].   

Metazoans have several Aurora kinases, with two paralogues known in D. 

melanogaster, C. elegans and Xenopus, and three in mammals namely Aurora-A, B and C 

[2, 28]. The yeast genomes S. cerevisiae and S. pombe encode for only one Aurora kinase 

[31, 32].  At least for yeast, it is speculated that the functions of both Aurora-A and B 

seem to be carried out by a unique kinase, Ipl1, suggesting that functions have diverged 

throughout evolution.   In mammals Aurora-A is required for centrosome separation and 

spindle formation while Aurora-B is required for chromosome condensation, 

chromosome orientation, kinetochore-microtubule interactions and cytokinesis [34, 35]. 

Less is known about the function of Aurora-C.   

The three mammalian Aurora paralogues are very similar in sequence, in 

particular, the catalytic domains of Aurora-B and Aurora-C share 81% overall sequence 

homology with Aurora-A, and within the ATP-binding site the three human Aurora 

kinases are almost identical [2, 36]. The structure of the catalytic domain of human 

Aurora-A was recently solved [37, 38].  However, the three Auroras differ in the length 

and sequence of the amino-terminal domain [26, 36].  The N-terminal domains of Aurora-
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A, Aurora-B, and Aurora-C have limited sequence similarity, and it has been proposed 

that they make interactions with other proteins that facilitate relocation of the Aurora 

enzymes from the cytoplasm to the nucleus during mitosis [39, 40]. The catalytic domain 

of Aurora family kinases contains a short C-terminal tail sequence (residues 390-403) that 

contains destruction box (D-box) that is recognized by the Cdh-1 activated form of the 

anaphase promoting complex/cyclosome that targets the protein for proteasome mediated 

proteolysis during the later stages of mitotic exit. [4, 41].  

The three mammalian Aurora kinases are similar in sequence and yet have a very 

distinct localizations and functions.  Aurora-A are associated with the centrosome from S 

phase to mitotic exit [42, 43].  Aurora-A first appears at the centrosome at the time of 

centrosome duplication and continues to associate with the centrosome through cell 

division [42-44]. Aurora-A also associates with spindle poles and microtubules proximal 

to centrosomes during mitosis [34, 45].  Aurora-B kinases form a complex with two other 

proteins, inner centromere protein (INCENP) and survivin and behave as chromosomal 

passenger proteins [13].   Aurora-B is associated with the centromeres during metaphase 

and move to the central spindle in anaphase [13].  Aurora-B kinase complex is also seen 

at the cell cortex where the contractile ring forms in telophase and the chromosomal 

passenger proteins remain associated with the midbody during cytokinesis[13].  Aurora-C 

kinases of which less is known are specifically expressed in the testis and associate with 

centrosome in telophase [46-49].   
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Aurora-A localizes to the centrosomes 

Aurora-A kinase is a centrosome-associated protein and is associated with the 

centrosomes during S and G2 phase of the cell cycle and with the mitotic spindle 

microtubules [34, 45, 50].  The localization of Aurora-A depends on the cell cycle: the 

protein is detected by indirect immunofluorescence only on duplicated centrosomes from 

the end of S phase to the beginning of the G1 phase of the next cycle.  Aurora-A is 

undetectable in the G1/early S phase probably reflecting low levels of the protein or its 

cytoplasmic dispersion at these stages of the cell cycle [50, 51].  During the G2 phase of 

the cell cycle Aurora-A colocalizes with γ-tubulin at the centrosomes and remains 

associated with the centrosomes in mitosis indicating that it is a centrosome protein [51].  

At the electron microscopy level Aurora-A is mainly found around the pericentriolar 

material (PCM) around the centrioles [42].  Photobleaching studies show that there are 

rapidly exchanging pools of centrosome-associated and cytoplasmic Aurora-A [29, 52].  

Live imaging studies using GFP-tagged Aurora-A show that during late G2, the Aurora-

A staining centrosomes move to opposite sides of the nucleus and appear to push inward, 

with the nucleus taking on a dumbbell shape [43].  As the nuclear envelope breaks down 

and the bipolar spindle starts to form, Aurora-A signal increases at the centrosome, 

appears on spindles and remains associated with them through telophase.  The signal then 

quickly fades as the anaphase promoting complex/cyclosome targets the protein for 

proteasome mediated proteolysis during the later stages of mitotic exit [43].   

The three Aurora kinases that show different cellular localization have a 

conserved catalytic domain and a non-catalytic domain different in size and sequence 
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[35].  In the case of Aurora-A, both GFP-tagged domains localize to centrosomes.  

However, the centrosome localization of the N-terminal domain depends on the presence 

of microtubules whereas the C-terminal domain and the full length is independent of 

microtubules [53].  Depolymerization of the microtubules by nocodazole treatment does 

not remove Aurora-A from the centrosome, indicating that its localization can be 

microtubule independent [42, 53].   

Aurora-A is visualized on centrosomes following centrosome duplication and is 

involved in centrosome separation, maturation and spindle assembly. Defects in 

centrosome separation and maturation can lead to the formation of a monopolar spindle, 

inducing abortive mitosis.  Following is the discussion identifying Aurora-A as key 

player in these processes. 

 

Aurora-A in centrosome separation  

First described in Drosophila melanogaster a mutation in aurora showed a 

potential role for the kinase in centrosome separation [27].  The loss of function of 

aurora leads to a failure of the centrosomes to separate and form a bipolar spindle [27].  

This was further supported by electron microscopy analysis of Drosophila S2 cells that 

were treated with double-stranded aurora DNA for RNA interference (RNAi) which 

showed the presence of spindles with no centrioles at one pole and several centrioles at 

the other suggesting that centrosomes failed to separate [54].  In Xenopus egg extracts, 

inhibition of Aurora-A by addition of an inactive recombinant protein kinase leads to 

monopolar spindles.  Some of these monopolar spindles contained two centrosomes 
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which failed to separate [42].  In contrast, during first mitosis in C.elegans, RNAi showed 

normal centrosome duplication and separation [30].  However, in a second study, a live 

cell analysis of Aurora-A RNAi treatment in C. elegans showed that centrosomes first 

separate and then collapse back together leading to monopolar spindle formation [44].   

 In Xenopus, the kinesin-related protein Eg5 is phosphorylated by Aurora-A [34].  

Eg5 has been implicated in centrosome separation [55]  and begins to localize precisely 

between the two duplicated centrosomes surrounded by Aurora-A at the end of S phase 

[34].  There is no direct proof that Aurora-A phosphorylates Eg5 in order to trigger 

centrosome separation, but inhibition of Aurora-A or inhibition of Eg5 leads to a failure 

to separate centrosomes both in Xenopus [42] and in Drosophila [27, 56].  Although 

majority of ipl1 mutant cells in S. cerevisiae show normal mitotic spindle, few cells 

exhibit a monopolar spindle at the restrictive temperature [57]  In yeast, the spindle pole 

bodies (yeast centrsome) separation requires the function of both motor proteins Cin8p 

(Eg5 homologue) and Kip1p [58] 

  

Aurora-A in centrosome maturation 

After duplication and separation, centrosomes undergo a maturation process 

recruiting various proteins that contribute to the structure of the centrosome [59]. These 

proteins ensure centrosome function during mitosis.  In the absence of Aurora-A, 

recruitment of several components of the pericentriolar material including γ-tubulin to the 

centrosome is deficient, and the microtubule mass of spindle is decreased by about 60% 

[29, 44].  In Drosophila cultured cells and mutant embryos, Aurora-A RNAi inhibits 
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recruitment of D-TACC (transforming Acidic Coiled Coil), MSPS (Mini Spindle) and 

centrosomin proteins to the centrosome suggesting that Aurora-A is required for the 

recruitment of these protein on the centrosome [29, 54]. 

 

Aurora-A in spindle assembly 

In the interphase cells, interphase microtubules (asters) are formed from a single 

centrosome.  At the onset of mitosis, interphase microtubules break down and duplicated 

centrosomes nucleate dynamic microtubules that assemble the bipolar spindle [60].  

Inhibition of Aurora-A activity in Xenopus egg extracts that have already assembled such 

spindles leads to a destabilization of the structure [61].  From a bipolar spindle with 

chromosome aligned in the metaphase plate, two rosettes of microtubules surrounded by 

chromosomes are generated.  The whole mechanism seems to correspond to an inhibition 

of a stabilizing factor that link microtubules together [61].  A defect in Eg5 function 

would explain this phenotype, but other spindle stabilizing proteins are also good 

candidates.  The protein D-TACC for instance is a centrosome protein; it associates with 

microtubules and organizes and/or stabilizes centrosome microtubules in early 

Drosophila embryos [54].  D-TACC interacts with mini-spindle (MSPS), a microtubule 

associated protein also required for the integrity of the spindle [54].  Interestingly, in 

Drosophila aurora mutant cells, D-TACC and MSPS proteins are reduced at the poles of 

the mitotic spindle [54].  Furthermore, aurora phosphorylates D-TACC and both proteins 

co-immunoprecipitate [54]. The interaction is conserved in human in which Aurora-A 

interacts with TACC3 [62].  In addition to a mislocalization of proteins, Drosophila 
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aurora mutant shows a reduction in astral microtubules associated with a reduction in the 

spindle length [54]. D-TACC could be considered as a regulatory subunit targeted to the 

centrosome by aurora and MSPS a catalytic subunit, which stabilizes microtubules.  The 

same defects have been observed in C.elegans after elimination of Aurora-A by RNA 

interference [63].  Loss of Aurora-A expression results in assembly of a spindle with few 

and short microtubules [63]. Centrosomes in these embryos also display defects in 

microtubule nucleation activity [63].  

 

Regulation of Aurora-A activity 

Aurora-A kinase activity is required for bipolar spindle assembly [61].  Inhibition 

of Aurora-A activity in Xenopus egg extracts show destabilization of the structure. 

Regulation of Aurora-A activity involves both phosphorylation/dephosphorylation and 

degradation [61].  Phosphorylation of Aurora-A stimulates its intrinsic kinase activity 

[41].  In Xenopus, three phosphorylation sites have been identified by mass spectrometry 

[64] (see page 87 for diagram).    Phosphorylation of Thr295 (Thr288 in human Aurora-

A) in the activation loop is essential for its kinase activity [41]. This residue is in a 

protein kinase A (PKA) consensus motif, and PKA can phosphorylate and activate 

Aurora-A in vitro [41].  However, this site also fits the consensus phosphorylation 

sequence that has been defined for S. cerevisiae Ipl1 (R/K)S(T/S)(I/L/V); [65] and the 

equivalent residue (Thr260) in yeast Aurora has been identified as an 

autophosphorylation site [65].  Ser53 in the amino-terminal A box is phosphorylated 

during M phase and might have a role in the regulation of Aurora-A degradation [64].  
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Although the third phosphorylation site to be identified-Ser349- is not essential for 

catalytic activity, S349D mutants block kinase activation, which indicates a possible 

structural or regulatory role for this modification [64].  The phosphatase PP1 negatively 

regulates the Aurora kinases.  The counteracting effect of PP1, which was first described 

for yeast Ipl1 has also been shown in Xenopus and human cell lines [41, 66-69].    

TPX2 was identified as a regulator of Aurora-A phosphorylation in Xenopus in 

vitro studies [70, 71].  TPX2 binds Aurora-A at the centrosome and targets it to the 

microtubules proximal to the spindle poles [72].  TPX2 also regulates the kinase activity 

of Aurora-A.  TPX2 binds to Aurora-A promoting its phosphorylation by inhibiting 

protein phosphatases 1 (PP1) and stimulating Aurora-A autophosphorylation at Thr295 

essential for kinase activity in Xenopus [70, 71].  Recent crystallographic studies show 

that binding of TPX2 triggers a change in the position of the activation loop of Aurora-A 

so that the protein is in active conformation [73].  While these results help us to 

understand the function of human Aurora-A, it would be of great interests to identify 

precise amino acids on Aurora-A subjected to mitotic phosphorylation and consolidate 

these modifications to spatial regulation of Aurora-A function in mitosis.   

 

Degradation of Aurora-A 

The ubiquitin/proteasome pathway degrades Aurora-A late in mitosis [41]. The 

ubiquitin/proteasome pathway is the major proteolytic system in degradation of proteins.  

The pathway consists of ubiquitin activating enzyme (E1), an ubiquitin conjugating 

enzyme (E2) and an ubiquitin ligase (E3).  The 26S proteasome then degrades the 
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ubiquitinated proteins [8].  The proteasome mediated protein degradation results form 

covalent attachment of ubiquitin (76 amino acid protein) to lysine residues of proteins 

targeted for degradation [8].  The repeated addition of ubiquitin molecules (E3) to the 

substrate leads to the formation of polyubiquitin chains that are recognized by the 26S 

proteasome.  The E3 enzyme for the ubiquitination of mitotic proteins were purified from 

Xenopus egg extracts and called APC/C (anaphase promoting complex/cyclosome) [8]. 

The activity of APC is regulated by cdc20 and cdh1. Aurora-A is degraded by the 

Cdh1/Fizzy-related form of the APC/C, the APC/C with Cdh1/Fizzy-related as a 

substrate recognition subunit [74, 75]. Aurora-A has a silent carboxy-terminal D-box that 

is only functional in the presence of an amino-terminal A Box (also called the D-box-

activating-domain (DAD)) [76].   Phosphorylation of the A-box seems to make the 

Aurora-A resistant to APC/C mediated degradation [41].  Interestingly, the D-box is 

recognized by both the Cdh1/Fizzy-related and Cdc20/Fizzy forms of the APC/C, but 

only the former targets Aurora-A.   

 

Aurora-A overexpression, cancer and centrosome amplification 

Of the three human Auroras (Aurora-A, B and C) that have been identified, 

Aurora-A has been shown to possibly play a role in human cancers. Aurora-A is over-

expressed in many tumor types [36, 77-79] such as colorectal, breast and bladder cancers 

[36, 78].   Aurora-A mRNA expression increases from 4-28 fold in 54% (22/41) of 

primary colorectal tumors [36].  Overexpression also occurs in gastric cancer cell lines as 

well as in 18 of 35 primary gastric cancers [79].  An immunohistochemistry indicates 
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Aurora-A is overexpressed in 94% (31/33) of primary invasive mammary carcinomas 

irrespective of their histopathological types.  Moreover, the Aurora-A staining in these 

cases is found to diffuse in cytoplasm, and not restricted to centrosomes [80].   

Many experiments have shown the requirement of Aurora-A in centrosome 

regulation.  In Drosophila, Aurora-A mutants show several centrosome defects that were 

confirmed by RNA interference [27, 54].  Aurora-A overexpression in cell lines leads to 

centrosome amplification, multipolar spindle and polyploidy [36, 78].  Overexpression of 

wild type Aurora-A or constitutively active mutant (mutation of Threonine 288 residue to 

aspartic acid in the activation loop of the catalytic domain that mimics the 

phosphorylated state and results in a significant increase in the enzymatic activity) in 

Rat1 or NIH3T3 cells leads to a higher number of colonies growing in soft agar in 

contrast to an inactive mutant.  Moreover, Rat1 cells transformed with active Aurora-A 

show tumor growth in nude mice demonstrating that Aurora-A is an oncogene [36]. 

However, the mechanism(s) responsible for mediating the oncogenic activity of Aurora-

A are still unclear.   

While many kinases have been localized to the centrosome, it remains to be 

discovered for most of them what targets a particular protein to the centrosome.  A 

consensus localization sequence common to proteins that reside at the centrosome has not 

been identified.  It is not known how a kinase becomes localized to the centrosome at the 

correct time during the cell cycle. For example, in mammals the mechanism by which 

Aurora-A localizes to the centrosomes is unclear.  It is not known which domains consist 

of localization sequence.  It is also not known whether localization is dependent or 
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independent of the intrinsic kinase activity or whether the phosphorylation states of 

Aurora-A are important for its localization to the centrosome.   

Following experiments in the thesis identify and characterize Aurora-A as 

potential molecular target for drug development in pancreatic cancer. The experiments 

also investigate a mechanism by which Aurora-A is targeted to the centrosomes.  Both 

the characterization of Aurora-A and understanding the mechanism of how the protein 

targets to the centrosomes will help provide more insight into understanding the role of 

Aurora-A in centrosome function and tumorgenesis.   



 

 

35

PRESENT STUDY 
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MATERIALS AND METHODS 

Cell Culture.  AsPC-1, BxPC-3, Capan-1, CFPAC-1, HPAF II, MIA PaCa-2, PANC-1 

and SU.86.86 (human pancreatic tumor cell lines) and NIH3T3 (mouse fibroblast cell 

line) were obtained from ATCC (American Type Culture Collection); Forf (human 

foreskin fibroblast cell line) and MutJ (UACC-462)  (human pancreatic tumor cell line) 

were established from fresh tissues at the Arizona Cancer Center (Courtesy of the tissue 

culture shared service at the Arizona Cancer Center). Human pancreatic tumor cell lines 

were cultured at 37°C in RPMI medium 1640 (Mediatech, Herndon, VA) with 10% fetal 

bovine serum (FBS), 50U/ml Penicillin G sodium, and 50U/ml Streptomycin sulfate 

(Invitrogen, Carlsbad, CA). NIH3T3 cells were cultured in Dulbecco�s modification of 

Eagle�s medium (DMEM, Mediatech) with 10% FBS, 50U/ml Penicillin G sodium, 

50U/ml Streptomycin sulfate. Cells were grown to 80% confluency, and passaged as 

required.  The growth medium was aspirated by vacuum, and the cells were washed with 

1X PBS (Mediatech); sufficient 1X trypsin (Invitrogen) was added to cover the cells, 

incubated at 37ºC for 2 - 3 minutes or until cells detached from the flask surface; trypsin 

was neutralized with an equal volume of culture medium, and the cell numbers were 

determined by haemocytometer.  

 

Transfections. 2.0 X 105 NIH3T3 cells were seeded onto glass coverslips in 6-well plates 

in 2 ml complete growth medium and incubated at 370C and 5% CO2 for 12 hours before 

transfection with plasmid DNA.  When the cell growth reached 50% confluency, 
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transfections were carried out using a total of 1 ug of plasmid DNA and effectene lipid 

based transfection reagent per manufacturers protocol (Qiagen).      

 

Isolation of total RNA.  Total RNA from different cell lines was isolated using RNeasy 

Mini Kit following the manufacturer�s protocol (QIAgen, Valencia, CA).  Briefly, cells 

were trypsinized and collected as a cell pellet by centrifugation at 3,000g for 5 min.  Five 

hundred microliters of buffer RLT (RNeasy Lysis Buffer) was added to the cell pellet and 

gently vortexed to lyse the cells. The samples were homogenized by passing through the 

QIAshredder column.  After mixing 500 µl of 70% ethanol, the lysates were added onto 

the RNeasy mini spin columns and centrifuged for 15 sec at 8,000g.  The spin columns, 

now bound with RNA, were then washed once with 700 µl of buffer RWI and twice with 

500 µl of buffer RPE.   RNA was eluted with 25 µl of RNase-free water from the 

columns and stored at � 80ºC for later use in RT-PCR.   

 

RT-PCR.   The reverse transcription (RT) reactions were carried out using the Omniscript 

RT kit (QIAgen) according to the manufacturer�s protocol.  Each 20µl reaction contained 

1x Omniscript RT Buffer (QIAGen), 500µM each of dCTP, dATP, dGTP and dTTP, 

1µM Oligo dT primer, 1µM random decamer primers, 1unit of Omniscript reverse 

transcriptase, and 2µg of total RNA. The reaction was incubated at 37°C for 60 minutes 

and 92°C for 10 minutes.  Both incubations were carried out in a DNA Engine Peltier 

Thermal Cycler (MJ Research, South San Francisco, CA).  PCR was performed using the 

following protocol: Each 50µl reaction contained 1x PCR Buffer, 50µM each of dCTP, 
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dATP, dGTP and dTTP, 0.5µl β-actin primer pair (Ambion, Austin, TX) 2.5U Taq 

Polymerase (Promega, Madison, WI), 0.5µM of each Aurora-A primer (see below), and 

2µl of the RT reaction.  Primer sequences were as follows: Aurora-A (upstream) 

5�ATTACAGCTAGAGGCATCATG3� and Aurora-A (downstream) 

5�GGCGACAGATTGAAGGGC3�. The reactions were carried out in a DNA Engine 

Peltier Thermal Cycler (MJ Research) using the following program: 94°C, 4 minutes; 

94°C, 1 minute; 60°C, 1 minute; 72°C, 1 minute; for 25 cycles and 72°C, 5 minutes. PCR 

products were resolved on 1% agarose gels and visualized with ethidium bromide. 

 

Real Time PCR. Real time PCR was performed using the following protocol: Each 25 µl 

reaction contained 2X SYBR Green  master mix, 0.25µl β-actin primer pair (Ambion, 

Austin, TX) 0.5µM of each Aurora-A primer (see below), and 0.5µl of the RT reaction.  

Primer sequences were as follows: Aurora-A (upstream) 

5�ATTACAGCTAGAGGCATCATG3� and Aurora-A (downstream) 

5�GGCGACAGATTGAAGGGC3�. The reactions were carried out in a DNA Engine 

Opticon (MJ Research) using the following program: 95°C, 14 minutes; 94°C, 30 

seconds; 58°C, 45 seconds; 72°C, 45 seconds; for 40 cycles. The samples were quantified 

and normalized to β-actin that served as an internal control.  

  

Isolation of genomic DNA.  Genomic DNA was isolated from nine human pancreatic 

cancer cell lines.  The cells were trypsinized and collected as a cell pellet by 
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centrifugation at 3,000g for 5 min.  The supernatant was aspirated, and 600 µl of tail blot 

solution (50mM Tris, pH 8.0, 100mM EDTA, 100mM NaCl and 1% SDS), RNase 

(1ug/ml), Proteinase K solution (10 mg/ml) were added followed by incubation at 55ºC 

for 1 hour. DNA was extracted with an equal volume of phenol/chloroform/isoamyl 

alcohol (25:24:1) by centrifugation for 10 minutes and isopropanol was added to allow 

DNA precipitation. Using a pipette, DNA was removed and dipped into a beaker of 70% 

and 100% EtOH  and air dried and resuspended in 200 µl of TE buffer.  

 

Probe preparation.  The Aurora-A and β-Actin probes used in the Southern blot analysis 

were prepared using the RTS RadPrime DNA Labeling System (Invitrogen). The Aurora-

A PCR fragment subcloned into pCDNA 3.1/V5-His TOPO TA-Cloning vector and a 

plasmid containing the β-Actin were used as a template.  25 ng of template DNA was 

denatured in 45 µl of TE (10mM Tris-HCL, pH 7.5; 1mM EDTA) by heating to 100ºC 

for 5 minutes and immediate cooling on ice.  The denatured template and 5 µl of [32P] 

dCTP (5 µCi/µl) were added to RTS RadPrime DNA Labeling System, and gently mixed. 

The reaction mix was centrifuged for 30 seconds, incubated at 37ºC for 10 minutes, 

followed by stopping the reaction with 5 µl of 0.2 M EDTA.  The labeled probes were 

purified by Micro BioSpin 30 columns (Bio-Rad, Hercules, CA).   

 

Southern blot analysis.  Genomic DNA was digested with Pst1 restriction endonuclease 

at 37ºC overnight.  Ten µg of the digested genomic DNA was subjected to 

electrophoresis on agarose gel, stained with ethidium bromide and visualized by UV light 
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to check DNA loading and migration. The agarose gel was destained in distilled water 

and treated with 0.25M HCl for 30 minutes, 1.5NaCl/0.5M NaOH for 20 minutes twice, 

1.5M NaCl/0.5 M Tris-Cl, pH 7.0 for 20 minutes twice and distilled water for 20 minutes 

twice while shaking at room temperature followed by a capillary transfer onto a Zeta 

probe nylon membrane (Bio Rad Laboratories).  The membrane was rinsed in 2×SSC and 

irradiated using a UV transilluminator at 254 nm wavelength (Stratagene, La Jolla, CA).  

Hybridization with the radiolabeled Aurora-A and β-Actin probes was performed in a 

solution containing 5x Denhardt�s reagent, 6x SSPE pH 7.4, 0.5% SDS, 100 µg/ml 

denatured salmon sperm DNA and 50% formamide at 42°C for overnight.  The 

membrane was then washed once with 1x SSPE and 0.1% SDS at 42°C for 45 minutes 

and twice with 0.1x SSPE and 0.1% SDS at 65°C for 1 hour.   The radioactive signals on 

the membrane were visualized using PhosphorImager and analyzed with the ImageQuant 

software (Amersham Biosciences, Piscataway, NJ).    

 

Western blotting.  Protein extracts from nine different pancreatic cancer cell lines were 

prepared and separated by SDS-PAGE.  The proteins from the gels were transferred to a 

nitrocellulose membrane by tank transfer.  Membrane was blocked in 5% nonfat dry milk 

in Tris-buffered saline and 0.1% Tween-20 (TBST, 100mM Tris, 0.9% NaCl) on an 

orbital shaker for 1 hour at room temperature. The membrane was probed with 1:250 

dilution of a monoclonal antibody against Aurora-A (BD Transduction Labs, San Diego, 

CA) in TBST/0.5% milk and incubated while shaking at room temperature for 1 hour 

followed by 1:1000 dilution of rabbit anti-mouse-HRP secondary antibody (Bio-Rad) in 
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TBST/0.5% milk for 1 hour.  Membranes were washed three times for 5 minutes each in 

TBST, in between each incubation, and antibody-bound proteins were detected with ECL 

detection system (Amersham Biosciences) using Kodak Biomax MR X-ray film.  

 

Cloning Aurora-A cDNA and sequencing.   Homo sapiens coding sequence for Aurora-

A was obtained from GenBank (accession # AF011468).   Reverse transcriptase first-

strand synthesis was carried out from pooled RNA isolated from several pancreatic 

cancer cell lines and PCR was performed with the reverse-transcribed cDNA as a 

template.  The PCR reaction conditions were as follows: 95°C for 5 min; 94°C, 1 min; 

59°C, 1 min and 10 sec; 72°C, 1 min and 30 sec 34 times, 72°C, 1 min and 30 sec. The 

resulting 1233 bp product was gel-purified and subcloned into the pCDNA3.1/V5-His 

TOPO TA-Cloning vector following the manufacturer�s protocol (Invitrogen). The 

insertion direction and sequence of Aurora-A were verified by sequencing and compared 

to the published GenBank sequence (accession # AF011468).  Deletion fragments were 

generated using following primers to the coding region of Aurora-A  

amino acids 1-130 forward primer 5�attacagctagaggcatcatggaccg3�, reverse primer 

5�gcggccagcccactgcctctttt3�; a.a. 131- 403 forward primer 

5�attacagctagaggcatcatgttggaagactttgaaattgg3�, reverse primer 

5�gcggccagactgtttgctagctga3�; a.a. 1-333 forward primer 5�attacagctagaggcatcatggaccg3�, 

reverse primer 5�gcggcctgtgtttgcctcaaaagg3�; a.a.s. 1-266 forward primer 

5�attacagctagaggcatcatggaccg3�, reverse primer 5�gcggcctgatccaagaagtaagttct3�; a.a.s. 

131-333 forward primer 5�attacagctagaggcatcatgttggaagactttgaaattgg3�, reverse primer, 



 

 

42

5�gcggcctgtgtttgcctcaaaagg3�; a.a.�s 131-266, forward primer 

5�attacagctagaggcatcatgttggaagactttgaaattgg3�, reverse primer 

5�gcggcctgatccaagaagtaagttct3�.  The fragments were cloned into the pCDNA3.1/V5-His 

TOPO TA-Cloning vector following the manufacturer�s protocol (Invitrogen) and 

insertion sequence was verified by sequencing. 

 

Tissue microarray based immunohistochemistry.  Core tissue biopsies (diameter 0.6mm, 

height 3-4 mm) were taken from individual �donor� blocks and arrayed into a new 

�recipient� paraffin block (45 x 20 mm) using a tissue microarraying instrument (Beecher 

Instruments, Sun Prairie, WI).  On average, 100 sections were cut from one tumor tissue 

microarray block.  HE-staining for histology verification was performed every 50th 

section cut from the block, to ensure that the histology was consistent from section to 

section.  The 5µm thick sections were deparaffinized in 0.1 M citrate buffer, pH 6.6 and 

1mM EDTA followed by microwaving.  The sections were then stained using an 

automated immunostainer (VMS ES, Ventana Medical Systems) with a rabbit anti-human 

Aurora-A polyclonal antibody followed with biotinylated goat-anti-rabbit antibody 

(Dako) and then with avidin-biotin-peroxidase complex (Dako), each for 30 min at 42ºC.  

After staining, the slide was evaluated and photographed using a light microscope 

equipped with a digital camera.   

 

Antisense experiments. Aurora-A antisense oligonucleotides (Isis Pharmaceuticals, 

Carlsbad, CA) were screened against sequences in the GenBank database to ensure that 
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they only matched Aurora-A kinase sequence. Aurora-A antisense oligonucleotide 

sequence is CTAGATTGAGGGCAGCA, and the scrambled oligonucleotide sequence is  

GTACAGTTATGCGCGGTAGA. 0.5 × 106 Mia Paca-2 cells were seeded in T-25 flasks 

with 5 ml of RPMI medium supplemented with 10% FBS.  Cells were grown to 50% 

confluency, the medium was aspirated, cells were washed with PBS, and 6 µl of 

lipofectamine reagent (Invitrogen) per 1 ml of Opti-MEM medium (Invitrogen) was 

added to T-25 culture flask.  Aurora-A antisense oligonucleotides were added directly to 

T-25 flask at 200 nM concentrations.  Cells were incubated at 37ºC with 5% CO2 and 

harvested for isolation of RNA and protein extraction after 24 hours and 48 hours to 

detect the Aurora-A kinase expression levels by RT-PCR and Western blotting. 

 

Flow cytometry.  0.5 x 106 Mia Paca-2 cells were seeded in T-25 flasks with 5 ml of 

RPMI medium supplemented with 10% heat inactivated FBS to 50% confluency.  The 

cells were treated with Aurora-A antisense oligonucleotides as described in antisense 

experiments and harvested after 24 and 48 hours.  The cells were then washed with PBS, 

and  resuspended in 1 ml of Krishan buffer (0.1% sodium citrate, 02 mg/ml RNase, 

0.3% NP-40), containing 0.05 ug/ml of propidium iodide for incubation at 40C for 30 

minutes.  The cells were subjected to flow analysis using FACSCAN (Becton 

Dickinson). The data was acquired using Soft Cell Quest software and analyzed using 

ModFitLT 2.0 (Verity Software House). 
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Caspase-3 assay.   0.5 x 106 Mia PaCa-2 cells were seeded and cultured to 50% 

confluency.  The medium was aspirated, cells were washed with PBS and 5 ml of Opt-

MEM medium (Gibco/BRL) containing 6 ul of lipofectin reagent (Gibco/BRL) per 1 ml 

of Opti-MEM medium was added to each T-25 culture flask.  Aurora-A antisense 

oligonucleotides were added directly to T-25 flask at 200 nM concentration and 

staurosporine was added directly to flasks at 1uM concentration for incubation at 370C 

for 6 hrs.  The media was then replaced with 5 ml of RPMI medium supplemented with 

10% FBS and harvested at 24 and 48 hrs.  1 x 106 cells were collected for each sample 

and suspend in cell lysis buffer for 10 mins on ice. The cell lysates were centrifuged in a 

microcentrifuge at 14000 rpm for 10 mins at 40C and the supernatant was transferred to 

eppendorf tubes to detect caspase-3 activity using BD ApoAlert Caspase-3 fluorescent 

assay kit (BD Biosciences Clontech).   The samples were read using Wallac Victor2 

Multilabel fluorometer Model 1420-011 (Perkin Elmer) with 405-nm exictation filter and 

500-nm emission filter.  

 

Site directed mutagenesis.   Mutations in Aurora-A  (K162M, T287A, T288A) were 

generated using QuickChange site-directed mutagenesis kit (Stratagene) according to the 

manufactures protocol. Following primers were used in generating the mutants.  T287A 

forward primer 5�cttccaggagggccactctctgtggcaccctggac3�, reverse primer 

5gtccagggtgccacagagagtggccctcctggaag3�; T288A forward primer 

5�cttccaggaggaccgcgctctgtggcaccctggac3�, reverse primer 

5�gtccagggtgccacagagcgcggtcctcctggaag3�; T288AT287A forward primer 
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5�cttccaggagggccgcgctctgtggcaccctggac3�, reverse primer 

5�gtccagggtgccacagagcgcggccctcctggaag3� K162M forward primer 

5�attctggctcttatggtgttatttaaagc3�, reverse primer 5�gctttaaataacaccataagagccagaat3�.  The 

K162M/T287A/T288A mutant was made using T287A/T288A plasmid and the primers 

to K162M mutant.   

 

In vitro transcription/translation.  Aurora-A wild type and deleted constructs were used 

as templates in T7 TNT quick coupled rabbit reticulocyte transcription/translation system 

(Promega) to synthesize V5 tagged Aurora-A labeled with L-[35S] Methionine 

(Amersham Biosciences).  Translation products were immunoprecipitated using mouse 

anti-V5 antibody and verified by SDS-polyacrylamide gel electrophoresis. 

Immunoprecipitations and in vitro kinase assays. 50 ul of Protein G Sepharose beads, in 

a 50% slurry,  (Invitrogen) were preequilibrated by 10X bead volume of lysis buffer 

(50mM Tris-Hcl, pH 7.5, 150mM NaCl, and 1% NP-40) and gentle pelleting by brief 

spinning in a microfuge.   The supernatant was removed and wash was repeated.  20 ug 

of anti-V5 antibody (invitrogen) was added to Protein G beads resuspended in 1ml of 

lysis buffer containing 50mM Tris-Hcl, pH 7.5, 150mM NaCl, and 1% NP-40, 1mM 

Na3VO4, 50mM NaF, 1mM dithiothreitol, 1mM protease inhibitor cocktail (sigma) and 

rotated at 40C for 2 hrs.   The protein G beads bound to the antibody were washed twice 

with lysis buffer and the translation products from in vitro transcription and translation 

was added to the beads in 1 ml of lysis buffer and rotated at 40C overnight. The 

immunocomplex was washed three times with 1ml of lysis buffer.  For kinase assay, anti-
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V5 Aurora-A immunocomplex precipitated was mixed with 15 ul mixture containing 6 

uM ATP, 80uCi (γ32P) ATP (7000 Ci/mmole; Amersham Biosciences) in kinase buffer 

(50mM HEPES, pH 8.0) 600 mM KCl, 0.5% NP-40, (DTT). and incubated at 300C for 45 

min. The reaction was terminated by adding 12 ul of 4X SDS-PAGE sample buffer and 

samples were analyzed by 12% SDS PAGE and autoradiography.  

Immunofluorescence and microscopy.   24 hours post-transfection, cells were rinsed in 

PBS and fixed in absolute methanol, cooled to �20C for 7 minutes and acetone cooled to 

�20C for 1 minute. The coverslips were air dried and labeled with rabbit anti-γ-tubulin, 

1:200 in PBS, (Sigma), mouse anti-V5 1:100 (invitrogen,) mouse anti-IAK, 1:100 (Cell 

Signaling) for 30 minutes in humidified chamber.  The coverslips were washed three 

times in PBS for 5 minutes each.  Mouse-Alexa 488 and rabbit Alexa 568 secondary 

antibodies diluted 1:200 in PBS were applied to cells and incubated in humidified 

chamber for 30 minutes. Following the antibody incubation, cells were rinsed in PBS 

three times for 5 minutes each and rinsed in 100% EtOH. Coverslips were inverted on 

glass slides containing mounting medium vectashield (Vector Laboratories). Cells were 

analyzed using Nikon PCM 2000 confocal microscope (Nikon) and images were captured 

using Complix Simple PCI imaging software. 
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SUMMARY OF RESULTS 

The methods, results, and conclusions of this study are presented in the manuscripts 

appended to this thesis/dissertation.  The following is a summary of the most important 

findings in these papers.  

 

Pancreatic cancer and Aurora-A kinase 

In our lab, we utilized microarray 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 8,000 genes showed frequent and significant 

overexpression (three-fold or higher) in 30 genes [29].  One of these genes encodes the 

mitotic kinase, Aurora-A kinase [29].  I have confirmed the overexpression of Aurora-A  

mRNA and protein product in all nine pancreatic cancer cell lines compared to normal 

pancreas using RT-PCR, Northern and Western blotting [81].  In addition I have shown 

amplification of the Aurora-A gene in a panel of 10 pancreatic cancer cell lines using 

Southern blot analysis, with all 10 cell lines displaying between 2 to 5 fold amplification 

compared to normal diploid fibroblast cells [81].   Using immunohistochemistry on 

paraffin embedded tumor samples, I have also shown that Aurora-A protein levels were 

significantly higher in patients tumors compared to adjacent normal tissue in 92% of the 

30 cases examined [81].  These data indicate that Aurora-A may play a significant role in 

pancreatic tumor biology. A manuscript has been published illustrating these findings and 

identify Aurora-A as a potential target for drug development in human pancreatic cancer 

(See appendix B). 
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I have further validated Aurora-A as a potential target for development of drugs for 

treatment of pancreatic cancer using antisense technology.  I have shown that antisense 

suppression of Aurora-A arrests progression of the cell cycle and that these cells undergo 

apoptosis [81].  These experiments suggest that Aurora-A may be a valuable target for 

treatment of pancreatic cancer, and that Aurora-A inhibitors may be useful therapeutics 

for pancreatic cancer. We are currently in the process of further evaluating these 

possibilities.  Whether or not Aurora-A suppression proves to be a fruitful avenue for 

treatment of pancreatic cancer, further understanding of its normal function and role in 

carcinogenesis is likely to yield important insights into regulation of mitotic processes 

and how these are changed in the process of carcinogenesis. 

 

Targeting Aurora-A kinase to the centrosome  

 Although possible functions of many molecules and their interactions with 

Aurora-A in centrosome assembly and bipolar spindle formation have been elucidated, in 

mammals a mechanism of how Aurora-A is targeted to the centrosome is not clear.   

We first determined the region of Aurora-A that is required for targeting Aurora-A to the 

centrosome. Constructs expressing full length Aurora-A (1-403), amino acids 131-403, 1-

130, 1-333, 1-266, 131-333, and 131-266 deletion fragments fused to a V5 tag were made 

(See appendix A). The deletion fragments were transiently transfected into NIH3T3 cells 

(mouse embryonic fibroblast cells) and assayed for subcellular localization of Aurora-A 

using anti-V5 and anti-Aurora-A antibodies.  Amino acids 131-403, 1-333, 1-266, 131-

333 localize to the centrosome similar to the full-length protein.  However the protein 
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domains containing amino acids 1-130 and 131-266 of human Aurora-A was not 

observed at the centrosomes. These results show that the amino acids 131-333 (the 

catalytic domain) are sufficient for targeting Aurora-A to the centrosomes (See appendix 

A).  Moreover our results show that the N-terminal non-catalytic domain is not essential 

for regulation of Aurora-A in targeting to the centrosome in NIH3T3 cells.  

Since our results suggested that the catalytic domain of Aurora-A was sufficient 

to localize Aurora-A to the centrosome, we wanted to determine if Aurora-A intrinsic 

kinase activity is required in targeting to the centrosome. We made a catalytically 

inactive form of the Aurora-A, K162M and transiently expressed both the wild type 

Aurora-A and K162M mutant in NIH3T3 cells.  These results show that kinase activity is 

not required to target Aurora-A to the centrosome (See appendix A).   

Finally we examined the effects of Aurora-A intrinsic kinase activity and its 

phosphorylation states in targeting to the centrosome.  Aurora-A is autophosphorylated 

on a highly conserved T288 residue in the activation loop of the catalytic domain which 

results in significant increase in it intrinsic kinase activity [36, 66].  Phosphorylation of 

T287 also in the activation loop of the catalytic domain contributes to the enzymatic 

activity [36].  We changed T288 and T287 residues to alanines and made a combination 

of double, T287A/T288A, and a triple, T288A/T287A/K162M, mutants to test for their 

effects on localization of Aurora-A to the centrosomes. We demonstrate that the 

localization of Aurora-A to the centrosome is independent of its phosphorylation states of 

T288 and T287 and its intrinsic kinase activity suggesting that Aurora-A is targeted to 
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centrosome by a mechanism independent of its kinase activity and phosphorylation (See 

appendix A). 

 
In the future, it will be useful to identify binding partners implied in structure role 

of the protein to understand the mechanism of targeting Aurora-A to the centrosome.  

Also it will be useful to identify substrates of Aurora-A to determine how 

phosphorylation of these proteins contributes to coordinate centrosome function, spindle 

function, chromosome segregation and cytokinesis.  This should help us further 

understand how the deregulation of Aurora kinases contributes to the chromosomal 

instability that is typical of most solid human tumors.   
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CONCLUSIONS 

Several studies indicate that Aurora kinases are key regulators of cell division.  

Aurora kinases regulate many events during the cell cycle including centrosome 

separation, centrosome maturation, mitotic spindle assembly, chromosome segregation 

and cytokinesis. The action of these kinases are vital to the cell and the coordination of 

these events must be tightly regulated temporally and spatially to provide each daughter 

cell with a complete copy of the genome. Aurora kinases are newly studied family of cell 

cycle regulators and their molecular mechanisms underlying the regulation of cell 

division are not clearly defined. Although, few substrates and binding partners of Aurora 

kinases have been identified, the mechanism of how these substrates and binding partners 

exactly regulate to coordinate the cell cycle events is not known.  The protein kinases that 

trigger Aurora kinases to drive the cell cycle are not known.  The mechanisms involving 

the recruitment of these kinases to the different structures such as the centrosome, mitotic 

spindle and the kinetochores that undergo dynamic changes during mitosis is not clear.  

Aurora kinases join a group of mitotic kinases including Plks, NIMA and 

Cyclin/Cdks that are involved in G2 to mitosis transition. All of these protein kinases 

localize to the microtubule organizing centers or centrosomes suggesting that this 

organelle is an essential location for regulatory events during the G2/M transition.  The 

regulation of Aurora kinases is reminiscent of the Cyclin/Cdks in that both families of 

protein kinases are regulated by phosphorylation and preoteolysis.  As cells enter mitosis 

Aurora-A and Cyclin/Cdk complex are activated through phosphorylation. When cells 

exit from metaphase Cyclin/Cdk1 and Aurora-A are degraded via APC through an 
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ubiquitin dependent pathway.  Aurora kinases and the Cyclin/Cdks are cell cycle 

regulated. The kinase activities of these proteins peak in G2/M phase of the cell cycle. 

Aurora-A and Cyclin/Cdk1 are both recruited to the centrosome and the mechanism of 

localizing these proteins to the centrosome is not known. Off course the main differences 

between the Aurora kinases and Cyclin/Cdks exist such as, Cyclin/Cdks are holoenzymes 

where Cdks require a regulatory subunit, Cyclin, to form an activated complex.  The 

regulation of Cyclins/Cdks is very different as Cyclin levels oscillate through the cell 

cycle and are degraded by an ubiquitin dependent pathway.  However, it is possible that 

Aurora kinases could cross talk with Cyclin/Cdk complexes to coordinate mitotic events.  

Recently a study showed that Aurora-A might also be required for mitotic entry in human 

cells. The study found that cells depleted for Aurora-A protein kinase by RNAi are 

unable to enter mitosis. Furthermore, these cells were able to synthesize Cyclin B but 

failed to recruit Cyclin B to the centrosome where it is normally found in a complex with 

Cdk1.  In cells where Cyclin B/Cdk1 kinase activity was compromised (using specific 

kinase inhibitors), the initial activation of Aurora-A by phosphorylation persisted but was 

reduced compared to wild-type cells. This suggests that Cyclin B/Cdk1 kinase activity is 

not required for the initial activation of Aurora-A at the centrosomes.  However it is 

possible that Cyclin B/Cdk1 may enhance its recruitment and activation as the cells enter 

mitosis. Aurora-A and Cyclin B/Cdk1 may be cross signaling to coordinate their 

functions during the cell cycle.   
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The overall distribution of Aurora kinases superimposes to that of Plks, raising 

the possibility of cross signaling between the two-kinase families. Aurora-A is associated 

with the centrosome in S and G2/M phases while Aurora-B is mainly located at 

kinetochore of mitotic cells and to the midbody of cytokinetic cells. Aurora-C is located 

to the centrosomes only in telophase. Plks associates with the centrosome in S to G2/M 

and kinetochores in mitosis and midbody of cytokinetic cells during cytokinesis.  The 

roles of Plks and Aurora-A in centrosomal maturation are also similar in that Aurora-A 

and Plks cooperate to recruit additional γ-tubulin ring complexes and microtubule-

associated proteins to assist in mitotic spindle formation.  Plks are recruited to the 

centrosome and is stabilized by Hsp90, resulting in phosphorylation and thus activation 

of Asp, which organizes the spindle poles.  Recruitment of  γ-tubulin and activation of 

Asp permit the nucleation of an increased density of spindle microtubules.  Aurora-A 

promotes the recruitment of D-TACC, which it also phosphorylates.  D-TACC forms 

complexes with the minispindles. Together D-TACC and minispindles promote the 

growth of microtubules at both plus and minus ends.  These studies suggest that both 

Aurora kinases and Plks could interact with similar substrates and binding partners in 

recruiting centrosomal components such  γ-tubulin and D-TACC.   

The mechanisms involving the recruitment of Plks and Aurora kinases to the 

different structures such as the centrosome, mitotic spindle and the kinetochores that 

undergo dynamic changes during mitosis is not clear. It is not known how Plks are 

recruited to the centrosome, although Hsp90 is required to stabilize Plks association with 

the centrosomes.  From the work presented in my thesis Aurora-A does not require its 
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kinase activity or the phosphorylation of Thre288 and Thre287 that contribute to its 

enzymatic activity in recruitment to the centrosome. However the region within the 

catalytic domain, amino acids 131-333 of Aurora-A is sufficient to target the protein to 

the centrosome.  One possibility is that Aurora-A may be recruited to the centrosomes via 

chaperones such as Hsp90.  The region sufficient for targeting Aurora may bind to 

chaperones that then target the protein to the centrosome and stabilize its association with 

the centrosome.  

 An alternative mechanism that recruits Aurora-A to structures such as the 

centrosome could be similar to TPX2 and NuMA via Ran GTP gradient. A link has 

emerged between Aurora-A, its associated phosphatases and the Ran-GTP gradient in 

establishing the mitotic spindle.  During mitosis, chromosomally associated RCC1 

promotes high concentrations of Ran-GTP near chromosomes, causing NuMA and TPX2 

to dissociate from Importin α.  Thus NuMA is transported to the minus ends of 

microtubules by the dynein-dynactin complex.  TPX2 can then form a complex with 

Aurora-A to inhibit the function of its associated protein phosphatases 1(PP1) in a 

microtubule-dependent manner.  This permits the active phosphorylated form of Aurora-

A at the centrosomes to accumulate and phosphorylate its spindle-associated substrates. 

Therefore, the Ran-GTP gradient around condensed chromosomes may also produce an 

Aurora-A gradient that then transports to the minus ends of the microtubules by the 

dynein-dynactin complex. Aurora-A and TPX2 can then interact to direct spindle 

formation. It is possible that Aurora-A has other multiple partners, localized either to the 

centrosome to activate the kinase during mitotic entry, or on the mitotic spindle (TPX2) 
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to activate the kinase on spindle microtubules.  This leads to an interesting idea that 

localized pools of Aurora-A are specifically and locally regulated by various proteins 

from late G2 to metaphase.  Identifying all these activators and substrates, and 

understanding how the Aurora-A kinase cooperates with these proteins and other mitotic 

regulators, is an exciting challenge for the years to come.  

TPX2 is a phosphoprotein that has been found in complex with Aurora-A kinase.  

This association may be essential to target Aurora-A to the centrosome and spindle 

apparatus and to regulate the association of TPX2 with importins.  TPX2 ensures that 

Aurora-A is active by inhibiting its associated phosphatases, PP1, in microtubule-

dependent manner.  Importins-α and β can inhibit TPX2, although this inhibition can be 

overcome by Ran-GTP.  Thus the active kinase is able to phsophorylate its spindle-

associated substrates.   

The recruitment of γ-tubulin to the PCM at late prophase also occurs by 

microtubule-dependent and independent mechanisms. The microtubule-dependent 

pathway requires the motor protein dynein.  The cargo-binding and minus-end-directed 

motor activity of dynein is facilitated by its association with the multi-subunit complex, 

dynactin.  Disruption of the dynactin is pres Dynein-dependent and independent routes to 

loading centrosomal components.  The Y-tubulin ring complex associates with the 

centrosome through both dynein-dependent and independent mechanisms.  Whereas 

dyanctin is at the centrosome during all cell cycle stages, dynein only accumulates there 

during S and G2. The dynein-dynactin complexes transport aggregates of pericentrin, 

centrin and ninein (peri-centriolar satellites) to the centorosome along microtubules. 
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Aurora-A has another previously characterized activator TPX2 (targeting protein 

for Xklp2) TPX2 remains in the nucleus up to mitotic entry, suggesting that it acts as an 

Aurora-A activator after the start of mitosis.  In addition, it has been shown that TPX2 

target Aurora-A to spindle microtubules.  It is possible that Aurora-A has multiple 

partners, localized either to the centrosome to activate the kinase during mitotic entry, or 

on the mitotic spindle (TPX2) to activate the kinase on spindle microtubules.  This leads 

to the interesting idea that localized pools of Aurora-A kinase are specifically and locally 

regulated by various proteins form late G2 to metaphase.  Identifying all these activators 

and substrates, and understanding how the Aurora-A kinase cooperates with these 

proteins and other mitotic regulators, is an exciting challenge for the years to come.  
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Abstract 
 

Aurora-A kinase is overexpressed in many human cancers and leads to 

centrosome amplification resulting in multipolar spindles, chromosome segregation 

defects and aneuploidy.   Aurora-A belongs to a family of serine/threonine mitotic 

kinases involved in centrosome separation, duplication and maturation as well as in 

bipolar spindle assembly.  Aurora-A is localized to the centrosomes of interphase cells 

and to the mitotic spindle however, the mechanism by which Aurora-A localizes to these 

structures is unclear.  We used deletion fragment analysis of Aurora-A to identify a 

specific region that is required to localize to the centrosome.  We also show that 

subcellular localization of Aurora-A to the centrosome is independent of its intrinisic 

kinase activity and its phosphorylation states. These results show that Aurora-A is 

targeted to the centrosome by a mechanism that does not require its kinase activity and 

phosphorylation of T288 and T287.  Furthermore, the region between 131-333 is 

sufficient to localize Aurora-A to the centrosome.  
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Introduction 

In mammals, Aurora kinases comprise of three members, Aurora-A, Aurora-B 

and Aurora-C with one or more highly conserved orthologues in yeasts, flies, worms and 

Xenopus [1].  Aurora-A and B are ubiquitously expressed, with peak activities during late 

G2 and M-phase of the cell cycle [2]. Aurora C is prominently expressed in active 

meiotic cells and in germ cells. [3].  Aurora-A mainly functions in early mitosis and 

Aurora B is important in regulating kinetochore-microtubule interactions, chromosome 

condensation, cytokinesis and spindle-assembly checkpoint [1,4-8]. 

Aurora-A, the focus of this study, is involved in centrosome separation and 

maturation, bipolar spindle assembly and meiotic maturation [5,7,9-14].   Aurora-A is 

overexpressed in many human tumors and cell lines [15-19].  Ectopic expression of 

Aurora-A in Rat1 fibroblasts and mouse NIH3T3 cells in vitro resulted in a transformed 

phenotype and these Aurora-A transformed NIH3T3 cells grow as tumors in nude mice 

[15,18,20].  Also the transformation of near-diploid human breast epithelial cells (MCF-

10) is associated with abnormal centrosome number (amplification) resulting in genomic 

instability [18].  Overexpression of Aurora-A leads to centrosome amplification resulting 

in multipolar spindles, chromosome segregation defects and aneuploidy [20].   

Aurora-A is associated with the centrosomes of the interphase cells and with the 

mitotic spindle [21,22].  Aurora-A is detected in the pericentriolar material (PCM) of 

centrosomes beginning in early S phase and remains associated with centrosomes and the 

mitotic spindle from the prophase through the telophase [10,23,24].  Recent findings 

show a number of proteins interacting with Aurora-A at the centrosome and the spindle 
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microtubules.   TPX2 (Target Protein for Xenopus kinesin-like protein 2) has been 

identified as a physiological interaction partner of Aurora-A kinase and is required for 

targeting Aurora-A to mitotic spindle microtubules but not for targeting to centrosomes 

[25,26].  TPX2 also activates Xenopus Aurora-A kinase by binding and stimulating 

autophosphorylation of Aurora-A on T295A (human Thr288) [22,25,27,28].   

The regulation of centrosomes-associated and cytoplasmic pool of Aurora-A is 

likely to involve additional proteins.  The Drosophila centrosome protein centrosomin 

(CNN) was reported to be required for targeting Aurora-A to the centrosome and vice-

versa [29].  Centrosomin was shown to interact with γ-tubulin ring complexes (γ-TuRCs) 

through its N-terminus and to Drosophila Aurora-A via its C-terminus [29].   However 

whether this mechanism is conserved in other organisms is not clear, as functional 

homologs of Drosophila centrosomin in other species have not been characterized.  

Another protein, Ajuba, implicated in cell adhesion [30,31], was described to activate 

Aurora-A at the centrosome in human cells [32].  It is thought that Ajuba might have a 

function in both cell signaling and spindle formation.  However how Ajuba regulates 

Aurora-A activity requires further study.  Although possible functions of these molecules 

and their interaction with Aurora-A in centrosome assembly and bipolar spindle 

formation have been elucidated, in mammals a mechanism of how Aurora-A is targeted 

to the centrosome is still not clear.   

Structurally, Aurora kinases share a very conserved C-terminal catalytic domain 

and an N-terminal non-catalytic domain that varies in size and sequence (Fig. 1)[33]. The 

N terminal non-catalytic domain of Xenopus pEg2 is 36% identical to human Aurora-A 
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and is sufficient to localize the kinase to the centrosomes in egg extracts [34].  The GFP 

fusions of the either the N-terminal or catalytic domains are targeted to the centrosome in 

Xenopus XL2 cells.  Localization of the N-terminus-GFP fusion to the centrosome is 

microtubule dependent, and overexpression of the N-terminus inhibits bipolar spindle 

assembly in Xenopus egg extracts [34].  This suggests the N-terminus of Aurora-A may 

interact directly with the spindle microtubules or microtubule-associated proteins.  

Localization of both full length and C-terminus-GFP fusion Aurora-A proteins is 

microtubule-independent[34].  Stenoien et. al. showed that the amino acids 130-310 of 

human Aurora-A are necessary for targeting Aurora-A to the centrosome in Hela cells 

while the N-terminal non-catalytic domain is dispensable for targeting to the centrosomes 

[35]. It is possible that differences in the way in which Aurora-A targets the centrosome 

in Xenopus and humans could be accounted for more than one mechanism of targeting.  

In view of the above findings and to further explain a mechanism of targeting 

Aurora-A we used deletion fragment analysis to identify a region that is important in 

targeting Aurora A to the centrosome.  Our study also shows similar findings as Stenoien 

et al., indicating that the N-terminal non-catalytic domain is not essential for regulation of 

Aurora-A in targeting to the centrosome in NIH3T3 cells.  We also examined the effects 

of Aurora-A intrinsic kinase activity and its phosphorylation states in targeting to the 

centrosome.  Aurora-A is autophosphorylated on a highly conserved T288 residue in the 

activation loop of the C-terminal catalytic domain.  Phosphorylation of T288 results in 

significant increase in it intrinsic kinase activity [12,15].  Phosphorylation of T287 also in 

the activation loop of the catalytic domain contributes to the enzymatic activity [15].  We 
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demonstrate that the localization of Aurora A to the centrosome is independent of its 

phosphorylation states of T288 and T287 and its intrinsic kinase activity suggesting that 

Aurora A is targeted to centrosome by a mechanism independent of its kinase activity and 

phosphorylation. 
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Results 

 

Amino acids 131-333 are sufficient to localize Aurora-A to the centrosomes. 

We first determined the region of Aurora-A that is required for targeting Aurora-A to the 

centrosome. Constructs expressing full length Aurora-A (1-403), amino acids 131-403, 1-

130, 1-333, 1-266, 131-333, and 131-266 deletion fragments fused to a V5 tag were made 

(Fig. 1).  The deletion fragments were transiently transfected into NIH3T3 cells (mouse 

embryonic fibroblast cells) and assayed for subcellular localization of Aurora-A using 

anti-V5 and anti-Aurora-A antibodies.  γ-tubulin localizes to the centrosome and served 

as a positive control.  Amino acids 131-403, 1-333, 1-266, 131-333 localize to the 

centrosome similar to the full-length protein (Fig. 2).  However the protein domains 

containing amino acids 1-130 and 131-266 of human Aurora-A was not observed at the 

centrosomes (data not shown).  In vitro transcription/translation was carried out using 35S 

to ensure that the recombinant DNA is translated and expressed.  Protein domains 

containing amino acids, 131-403, 1-333 and 131-333 translated and expressed protein in 

contrast to amino acids 1-130 and 131-266 that showed no detectable levels of protein 

expression (data not shown).  We find these fragments cannot be stably made in in vitro 

transcription/translation reactions nor are they detectable in transiently transfected cells 

and therefore may not be made stably in the NIH3T3 cells. Nevertheless a.a.131-333 can 

localize to the centrosome indicating that the amino terminal 1-130 is dispensable for 

targeting. These results show that the amino acids 131-333 are sufficient for targeting 

Aurora-A to the centrosomes (Fig.2).    
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Subcellular localization of Aurora-A to the centrosome is independent of its intrinsic 

kinase activity.  

Since our results suggested that the catalytic domain of Aurora-A was sufficient to 

localize the protein to the centrosome, we wanted to determine if Aurora-A intrinsic 

kinase activity is required in targeting to the centrosome. We made a catalytically 

inactive form of the Aurora-A, K162M and transiently expressed the wild type Aurora-A 

and K162M mutant in NIH3T3 cells.  Both the wildtype and the K162M proteins show 

localization of Aurora-A to the centrosome (Fig. 3).   We confirmed the enzymatic 

activity of K162M mutant using myelin basic protein (MBP) as a substrate, which 

indicates no detectable enzymatic activity of K162M in contrast to phosphorylation of 

MBP with wild type Aurora-A (Fig. 4).  These results show that kinase activity is not 

required to target Aurora-A to the centrosome. 

 

Phosphorylation of T288 and T287 residues is not required to target Aurora-A to 

the centrosome. 

We wanted to explore the possibility that Aurora-A phosphorylation of T288A may be 

important in Aurora-A targeting to the centrosome.  Previously, it has been shown that 

T288 and T287 residues are phosphorylated in the catalytic domain of Aurora-A and 

contribute to its intrinsic kinase activity. To investigate whether phosphorylation of T288 

and T287 effect the Aurora-A localization to the centrosome we made T288 and T287 to 

alanines by site directed mutagenesis.  Aurora-A mutants, T287A and T288A, were 
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transiently expressed in NIH3T3 cells and tested for subcellular localization of Aurora-A 

by immunofluorescence.  Both the T288A and the T287A mutants localize to the 

centrosome as the wild type Aurora-A (Fig. 5).   

It is possible that each single mutated phosphorylation site may not be sufficient 

to determine if localization of Aurora-A is phosphorylation dependent. A combination of 

double, T287A/T288A, and a triple, T288A/T287A/K162M, mutants were made and 

tested for their effects on localization of Aurora-A to the centrosomes.  

T287A/T288A/K162M was made to determine if both the enzymatic activity of the 

protein and the phosphorylation states of the protein contribute in targeting Aurora-A to 

the centrosome.  Both the T287A/T288A double and the T287A/T288A/K162M triple 

mutants localize to the centrosome as well as the wild type Aurora-A (Fig. 5).  Our 

experiments show that the regulation of Aurora-A in targeting to the centrosome is 

independent of phosphorylation states of T288 and T287 and further show that both the 

enzymatic activity of Aurora-A and phosphorylation states are not important in targeting 

Aurora-A to the centrosome. 
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Discussion 

Although many proteins have been identified at the centrosomes, the processes by 

which proteins are targeted to the centrosome and regulate its function are still unknown.  

Understanding the mechanism by which Aurora-A is targeted to the centrosome may 

provide clues to how Aurora-A may regulate centrosome function and centrosome 

defects seen in cancer.  We explored the mechanism of targeting Aurora-A to the 

centrosome and found that the amino acids 131-333, which include the ATP binding site 

and the kinase catalytic domains, are sufficient for targeting Aurora-A to the 

centrosomes.  In addition our results corroborate with Stenoien et al findings and indicate 

that amino acids 1-130 of human Aurora-A are not necessary for targeting to the 

centrosome.  We also demonstrate that targeting of Aurora-A to the centrosome is not 

regulated by its intrinsic kinase activity and that the localization of Aurora A to the 

centrosome is independent of its phosphorylation states of T288 and T287.   

These results suggests that Aurora A is targeted to centrosome by a mechanism 

independent of its kinase activity and phosphorylation. 

Our results implicate that the catalytic domain consists of a centrosome-binding 

determinant that may interact with its centrosomal binding partner, which could be 

Aurora-A itself, or another specific substrate. One possibility is that amino acids 131-333 

may interact with the endogenous wildtype and form a dimer, which then targets the 

protein to the centrosome.   The amino acids 131-333 could also interact with a specific 

substrate outside the centrosome, which then targets Aurora-A to the centrosome.  An 

alternative possibility is that targeting of Aurora-A to centrosome could be mediated 
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alone by a dimerization- independent mechanism. Aurora-A may be targeted to the 

centrosome without forming a dimer with the wildtype due to the reasons of steric 

hinderance in the catalytic domain.  Another likely possibility is that the 

dephosphorylation of Aurora-A may regulate targeting of Aurora-A.  Aurora-A may bind 

to a small inhibitor protein(s), which inhibits Aurora-A activity that then targets the 

protein to the centrosome. However, in either case, amino acids 131-333 is sufficient for 

substrate dependent or independent mechanism in targeting Aurora-A. We showed that 

T288 and T287 phosphorylation sites are not important in localization to the centrosome.  

It is possible that the existence of other phosphorylation sites remains a formal possibility 

that aid in targeting Aurora-A to the centrosome.  It is possible that other, yet 

undescribed, phosphorylation sites exist that may be important for Aurora-A 

phosphorylation and localization.   

In our study, although we transfected human Aurora-A into NIH3T3 mouse 

fibroblast cell line, the amino-acids 131-333 of mouse and human Aurora-A are nearly 

identical in sequence. This validates the use of murine cells for studying human protein 

function and implies that both species could have a conserved targeting mechanism. On 

the other hand future characterization of more distantly related species of Aurora-A will 

be useful in murine cells such as NIH3T3.  

It is interesting that the catalytic domain, which is necessary for enzymatic 

activity of Aurora-A, also serves a further function as a centrosomal targeting domain.  

The different functions of Aurora-A resides in the ability of the catalytic subunit of 

Aurora-A to associate with different regulatory subunits in vivo that may target Aurora-A 
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to specific subcellular locations, alter its substrate specificity and allow its activity to be 

modified by extracellular signals.  Many important questions still concern the localization 

of Aurora-A to the centrosome.  In Drosophila Aurora-A is required to recruit D-TACC 

(Tranforming Acidic Coiled Coil) and MSPS (Mini Spindle) to the centrosomes [7]. 

Aurora-A also recruits γ-tubulin and centrosomin to the centrosome [36].  Moreover, 

Aurora-A recruitment of centrosomin is not dependent on kinase activity suggesting that 

Aurora-A is playing a structure role [36]. However the proteins that are involved in 

recruiting Aurora-A to the centrosome need to be identified and this can be further 

understood from identification of binding partners implied in structure role of the protein. 

In the future, a much broader spectrum of Aurora-A functions can be expected from the 

identification and analysis of new binding partners and from the continuation of the 

comparative study of Aurora-A proteins in higher animals and lower eukaryotes. 
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Materials and Methods 

Cell Culture.  NIH3T3 (mouse fibroblast cell line) were obtained from ATCC (American 

Type Culture Collection); NIH3T3 cells were cultured in Dulbecco�s modification of 

Eagle�s medium (DMEM, Mediatech) with 10% FBS, 50U/ml Penicillin G sodium, 

50U/ml Streptomycin sulfate. Cells were grown to 80% confluency, and passaged as 

required.  Cells were washed with 1X PBS (Mediatech); sufficient 1X trypsin 

(Invitrogen) was added to cover the cells, incubated at 37ºC for 2 - 3 minutes or until 

cells detached from the flask surface; trypsin was neutralized with an equal volume of 

culture medium, and the cell numbers were determined by haemocytometer.  

 

Transfections. 2.0 X 105 NIH3T3 cells were seeded onto glass coverslips in 6-well plates 

in 2 ml complete growth medium and incubated at 370C and 5% CO2 for 12 hours before 

transfection with plasmid DNA.  When the cell growth reached 50% confluency, 

transfections were carried out using a total of 1 ug of plasmid DNA and effectene lipid 

based transfection reagent per manufacturers protocol (Qiagen).      

 

Cloning Aurora-A cDNA and sequencing.   Homo sapiens coding sequence for Aurora-

A was obtained from GenBank (accession # AF011468).  Reverse transcriptase first-

strand synthesis was carried out from pooled RNA isolated from several pancreatic 

cancer cell lines and PCR was performed with the reverse-transcribed cDNA as a 

template.  The PCR reaction conditions were as follows: 95°C for 5 min; 94°C, 1 min; 
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59°C, 1 min and 10 sec; 72°C, 1 min and 30 sec 34 times, 72°C, 1 min and 30 sec. The 

resulting 1209 bp product was gel-purified and subcloned into the pCDNA3.1/V5-His 

TOPO TA-Cloning vector following the manufacturer�s protocol (Invitrogen). The 

insertion direction and sequence of Aurora-A were verified by sequencing and compared 

to the published GenBank sequence (accession # AF011468).  Deletion fragments were 

generated using following primers to the coding region of Aurora-A  

amino acids 1-130 forward primer 5�attacagctagaggcatcatggaccg3�, reverse primer 

5�gcggccagcccactgcctctttt3�; a.a. 131- 403 forward primer 

5�attacagctagaggcatcatgttggaagactttgaaattgg3�, reverse primer 

5�gcggccagactgtttgctagctga3�; a.a. 1-333 forward primer 5�attacagctagaggcatcatggaccg3�, 

reverse primer 5�gcggcctgtgtttgcctcaaaagg3�; a.a.s. 1-266 forward primer 

5�attacagctagaggcatcatggaccg3�, reverse primer 5�gcggcctgatccaagaagtaagttct3�; a.a.s. 

131-333 forward primer 5�attacagctagaggcatcatgttggaagactttgaaattgg3�, reverse primer, 

5�gcggcctgtgtttgcctcaaaagg3�; a.a.�s 131-266, forward primer 

5�attacagctagaggcatcatgttggaagactttgaaattgg3�, reverse primer 

5�gcggcctgatccaagaagtaagttct3�.  The fragments were cloned into the pCDNA3.1/V5-His 

TOPO TA-Cloning vector following the manufacturer�s protocol (Invitrogen) and 

insertion sequence was verified by sequencing. 

 

Site directed mutagenesis  The mutations in Aurora-A  (K162M, T287A, T288A) were 

generated using QuickChange site-directed mutagenesis kit (Stratagene) according to the 

manufactures protocol. Following primers were used in generating the mutants.  T287A 
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forward primer 5�cttccaggagggccactctctgtggcaccctggac3�, reverse primer 

5gtccagggtgccacagagagtggccctcctggaag3�; T288A forward primer 

5�cttccaggaggaccgcgctctgtggcaccctggac3�, reverse primer 

5�gtccagggtgccacagagcgcggtcctcctggaag3�; T288AT287A forward primer 

5�cttccaggagggccgcgctctgtggcaccctggac3�, reverse primer 

5�gtccagggtgccacagagcgcggccctcctggaag3� K162M forward primer 

5�attctggctcttatggtgttatttaaagc3�, reverse primer 5�gctttaaataacaccataagagccagaat3�.  The 

K162M/T287A/T288A mutant was made using T287A/T288A plasmid and the primers 

to K162M mutant.   

 

In vitro transcription/translation   Aurora-A wild type and deleted constructs were used 

as templates in T7 TNT quick coupled rabbit reticulocyte transcription/translation system 

(Promega) to synthesize V5 tagged Aurora-A labeled with L-[35S] Methionine 

(Amersham Biosciences).  Translation products were immunoprecipitated using mouse 

anti-V5 antibody and verified by SDS-polyacrylamide gel electrophoresis. 

 

Immunoprecipitations and in vitro kinase assays   50 ul of Protein G Sepharose beads, 

in a 50% slurry,  (Invitrogen) were preequilibrated by 10X bead volume of lysis buffer 

(50mM Tris-Hcl, pH 7.5, 150mM NaCl, and 1% NP-40) and gentle pelleting by brief 

spinning in a microfuge.   The supernatant was removed and wash was repeated.  20 ug 

of anti-V5 antibody (invitrogen) was added to Protein G beads resuspended in 1ml of 

lysis buffer containing 50mM Tris-Hcl, pH 7.5, 150mM NaCl, and 1% NP-40, 1mM 
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Na3VO4, 50mM NaF, 1mM dithiothreitol, 1mM protease inhibitor cocktail (sigma) and 

rotated at 40C for 2 hrs.   The protein G beads bound to the antibody were washed twice 

with lysis buffer and the translation products from in vitro transcription and translation 

was added to the beads in 1 ml of lysis buffer and rotated at 40C overnight. The 

immunocomplex was washed three times with 1ml of lysis buffer.  For kinase assay, anti-

V5 Aurora-A immunocomplex precipitated was mixed with 15 ul mixture containing 6 

uM ATP, 80uCi (γ32P) ATP (7000 Ci/mmole; Amersham Biosciences) in kinase buffer 

(50mM HEPES, pH 8.0) 600 mM KCl, 0.5% NP-40, (DTT). and incubated at 300C for 45 

min. The reaction was terminated by adding 12 ul of 4X SDS-PAGE sample buffer and 

samples were analyzed by 12% SDS PAGE and autoradiography.  

 

Immunofluorescence and microscopy   24 hours post-transfection, cells were rinsed in 

PBS and fixed in absolute methanol, cooled to �20C for 7 minutes and acetone cooled to 

�20C for 1 minute. The coverslips were air dried and labeled with rabbit anti-γ-tubulin, 

1:200 in PBS, (Sigma), mouse anti-V5 1:100 (invitrogen,) mouse anti-IAK, 1:100 (Cell 

Signaling) for 30 minutes in humidified chamber.  The coverslips were washed three 

times in PBS for 5 minutes each.  Mouse-Alexa 488 and rabbit Alexa 568 secondary 

antibodies diluted 1:200 in PBS were applied to cells and incubated in humidified 

chamber for 30 minutes. Following the antibody incubation, cells were rinsed in PBS 

three times for 5 minutes each and rinsed in 100% EtOH. Coverslips were inverted on 

glass slides containing mounting medium vectashield (Vector Laboratories). Cells were 
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analyzed using Nikon PCM 2000 confocal microscope (Nikon) and images were captured 

using Complix Simple PCI imaging software. 
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Figure Legends 

 

Figure 1. Schematic diagram of deletion fragments of Aurora-A and sequence 

alignment of the catalytic domain of human Aurora-A, Eg2 and IAK-1 .    

(A) Full-length Aurora-A, amino-acids 1-403 is depicted at the top. Aurora-A consists of 

two domains, an N-terminus non-catalytic domain and a C-terminus catalytic domain.  

The conserved catalytic domain consists of K162 residue that is the ATP binding site of 

the protein.  The T287 and T288 residues are the phosphorylation sites with T288 as also 

the autophosphorylation site that contributes to the kinase activity of Aurora-A 

(B) Sequence alignment of mouse (IAK-1), human (Aurora-A), Xenopus (Eg2) Aurora 

using Gen bank accession nos U80932, AF011468, Swis prot:Q91820 respectively.  

Above is a partial sequence alignment of amino acids 130-336 of human Aurora-A to 

Eg2 and IAK-1 using clustal W.  The line denotes a conserved lysine residue, 

representing a site of the kinase-inactivating mutant. The lines also indicate 

phosphorylation sites T287 and T288 residues, which contribute to the kinase activity of 

Aurora-A. 

 

Figure 2.  Amino acids 131-333 is sufficient to target Aurora-A to the centrosomes. 

(A) Recombinant full length Aurora-A (green) tagged to V5 and detected using anti-V5 

antibody seen on the centrosomes in interphase cells. (B) Anti-γ-tubulin detects γ-tubulin 

(red) on the centrosomes, which serves as a positive control. (C) The merged image 

shows both recombinant full length Aurora-A and γ-tubulin on the centrosomes. (D) The 
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catalytic domain of Aurora-A, amino acids 131-403 is detected using anti-V5 on the 

centrosome. (E) γ-tubulin is detected on the centrosome in cells transfected with 

recombinant Aurora-A.  (F) Amino acids 131-403 and γ-tubulin are both seen on the 

centrosomes. (G) amino acids 1-333 of Aurora-A and (H) γ-tubulin are seen on the 

centrosome. (I) Amino acids 1-333 of Aurora-A and γ-tubulin are both seen on the 

centrosome.  (J) Amino acids 1-266 of Aurora-A and (K) γ-tubulin are seen on the 

centrosome. (L) Amino acids 1-266 and γ-tubulin are both detected on the centrosomes. 

(M) Amino acids 131-333 of Aurora-A (N) γ-tubulin are seen on the centrosome.   

O) Amino acids 131-333 and γ-tubulin are detected on the centrosomes 

 

Figure 3.  Inactive Aurora-A is targeted to the centrosomes.   

(A) Wildtype Aurora-A (green) is seen using anti-V5 antibody on the centrosome in 

interphase cells. (B) Anti-γ-tubulin detects γ-tubulin (red) on the centrosome. (C) The 

merged image shows both wildtype Aurora-A and γ-tubulin on the centrosomes. (D) The 

inactive Aurora-A, K162M, is seen using anti-V5 on the centrosome during interphase. 

(E) γ-tubulin is seen on the centrosome in cells expressing inactive Aurora-A.  (F) Both 

inactive Aurora-A and γ-tubulin are seen on the centrosomes. 

 

Figure 4.  K162M mutant abolishes kinase activity of Aurora-A.  

In vitro transcription/translation reaction products were immunoprecipitated using anti-

V5 and in vitro kinase assay was performed using myelin basic protein as a substrate. 
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There is no detectable phosphorylation of MBP in control lanes 1, 2 or 3 in the absence of 

MBP in the reaction.  Lane 5 shows significant phosphorylation of MBP in presence of 

wildtype Aurora-A when compared to lane 6 that shows minimal phosphorylation in 

presence of K162M.   Lane 4 shows minimal phosphorylation of MBP as seen in lane 6. 

 

Figure 5.  Aurora-A T288A and T287A mutants are targeted to the centrosomes. 

(A) Anti-V5 antibody detects wildtype Aurora-A (green) and (B) Anti-γ-tubulin detects -

γ-tubulin (red) on the centrosome. (C) The merged image shows both the wildtype 

Aurora-A and γ-tubulin on the centrosomes. (D) T288A and (E) γ-tubulin are seen on the 

centrosome in cells expressing T288A mutant.  (F) Both T288A mutant and γ-tubulin are 

seen on the centrosome.  (G) T287A and  (H) γ-tubulin are seen on the centrosome in 

cells expressing T287A mutant. (I) Both T287A and γ-tubulin are seen on the 

centrosome.  (J) Cells expressing T288A/T287 double mutant and  (K) γ-tubulin are seen 

on the centrosome. (L) Both T288A/T287A mutant and γ-tubulin are seen on the 

centrosome.  (M) K162M/T288A/T287A mutant and  (N) γ-tubulin are seen on the 

centrosome in cell expressing K162M/T288A/T287A mutant.  (O) Both 

K162M/T288A/T287Aand γ-tubulin are seen on the centrosomes.   
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Abstract 

Aurora-2 is a serine threonine kinase that associates with the centrosome. Overexpression 

or ectopic expression of Aurora-2 appears to alter centrosome number and function, and 

has been implicated in a variety of human cancers. In this work we demonstrate that 

Aurora-2 is both amplified and overexpressed in human pancreatic cancer cell lines, with 

a 2-5 fold increase in gene copy number and a 3-4 fold increase in protein levels 

compared to controls. Aurora-2 is also amplified and overexpressed in pancreatic cancers 

taken directly from patients.  An immunohistochemistry of tissues taken directly from 

patients demonstrated an overexpression of Aurora-2 in 26 of 28 pancreatic cancers 

compared to 18 normal pancreas samples.  Antisense nucleotides specifically targeted at 

Aurora-2 arrest the cell cycle in pancreatic cancer cells, indicating the potential of 

Aurora-2 as a therapeutic target in pancreatic cancer. 
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Introduction 

Pancreatic cancer is the fourth leading cause of cancer death among both adult men and 

women in the United States. Adenocarcinoma of the pancreas has one of the highest 

mortality rates of all human tumor types and accounts to approximately 5-6% of all 

cancer deaths in the United States (1). Close to 90% of patients diagnosed with pancreas 

cancer will die within the first year following diagnosis. The high mortality rate of 

pancreatic cancers is largely due to difficulty of early detection and diagnosis and lack of 

effective therapies for this disease. Chemotherapy in management of patients with 

advanced pancreatic cancers has been disappointing.  The only recent approved therapy, 

gemcitabine, provides only a moderate increase in survival in patients with advanced 

pancreatic cancer (2).  New therapeutics that specifically target pancreatic cancers are 

obviously needed.   

 

We have previously reported the use of cDNA microarray analysis to discover new 

potential targets that are significantly upregulated in pancreatic cancer cell lines 

compared to normal pancreas cell (3). One of the genes that we identified from that study 

is the serine threonine kinase Aurora-2. Of the 5,289 different genes examined by the 

arrays, 30 showed an expression ratio greater than two standard deviations from the mean 

in at least three of the nine pancreatic cell lines studied. Of those 30 genes, the Aurora-2 

gene was one of the most consistently upregulated genes, showing an average of four-

fold increase in pancreatic cells versus normal pancreas cell.  The overexpression of 



 

 

96

Aurora-2 at the mRNA level in pancreatic cancer cell lines was also confirmed by RT 

PCR and by Northern blot. 

 
The Aurora-2 (STK15, BTAK, Aurora-A, Aik, ARK1) gene encodes a protein that is part 

of a family of three human mitotic serine threonine kinases called Aurora/Ipl1-related 

kinases or AIRKs (4).  AIRKs are a conserved group of proteins that play a role in 

regulation of centrosome maturation and chromosome segregation, with homologues in 

Saccharomyces cerevisiae (5), Caenorhabditis elegans (6), Drosophila (7), and humans 

(8). Of the three human AIRKs (Aurora1, 2 and 3) that have been identified, Aurora-2 

has been shown to possibly play a role in human cancers. Aurora-2 is over-expressed in 

many tumor types and maps to chromosome 20q13, a region which is frequently 

amplified in human tumors (9-12).  The mechanism(s) responsible for mediating the 

oncogenic activity of Aurora-2 are still unclear but are likely due to the role Aurora-2 in 

the regulation of centrosome function. 

 

Centrosomes are the microtubule organizing centers in eukaryotic cells which promote 

the recruitment of mitotic proteins (13, 14).  Centrosomes establish bipolar spindles 

during cell division, which in turn ensure equal segregation of replicated chromosomes to 

the two daughter cells.  Abnormalities in centrosome duplication or ectopic assembly of 

microtubule nucleating proteins can lead to multipolar spindles, which may result in 

unequal segregation of chromosomes to the two daughter cells (15).  In contrast, 

centrosomes that fail to duplicate form monopolar spindles, leading to inability to 

segregate chromosomes and mitotic failure (7).  In addition, cells with abnormal 
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centrosome numbers result in aberrant chromosome segregation and aneuploidy, a 

common feature present in many malignancies including pancreatic cancers (9, 16, 17).   

 
Several studies have shown that Aurora-2 is a centrosome-associated kinase, which has a 

functional role in centrosome maturation and spindle assembly.  Ectopic expression of 

Aurora-2 in mouse NIH3T3 cells leads to transformation in vitro and to the appearance of 

abnormal centrosome numbers (11).  Overexpression of Aurora-2 in near-diploid human 

breast epithelial cells resulted in centrosome abnormalities with induction of aneuploidy 

(10, 11). In addition, the gene encoding Aurora-2 is amplified in many of these tumor 

types, suggesting a mechanism associated with its overexpression (10, 11). 

 
    

In this paper we present evidence that the Aurora-2 gene is amplified in human pancreatic 

cell lines, and that Aurora-2 is overexpressed at the mRNA and protein level in both 

human pancreatic cancer cell lines and in pancreatic cancers taken directly from patients 

compared to normal pancreas cells. Furthermore, we demonstrate that inhibition of 

Aurora-2 expression in pancreatic cancer cell lines leads to cell cycle arrest, suggesting 

Aurora-2 may be of considerable interest as a potential target for drug development.  
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Materials and Methods 

Cell Culture.  AsPC-1, BxPC-3, Capan-1, CFPAC-1, HPAF II, MIA PaCa-2, PANC-1 

and SU.86.86 (human pancreatic tumor cell lines) and NIH3T3 (mouse fibroblast cell 

line) were obtained from ATCC (American Type Culture Collection); Forf (human 

foreskin fibroblast cell line) and MutJ (UACC-462)  (human pancreatic tumor cell line) 

were established from fresh tissues at the Arizona Cancer Center (Courtesy of the tissue 

culture shared service at the Arizona Cancer Center). Human pancreatic tumor cell lines 

were cultured at 37°C in RPMI medium 1640 (Mediatech, Herndon, VA) with 10% fetal 

bovine serum (FBS), 50U/ml Penicillin G sodium, and 50U/ml Streptomycin sulfate 

(Invitrogen, Carlsbad, CA). NIH3T3 cells were cultured in Dulbecco�s modification of 

Eagle�s medium (DMEM, Mediatech) with 10% FBS, 50U/ml Penicillin G sodium, 

50U/ml Streptomycin sulfate. Cells were grown to 80% confluency, and passaged as 

required.  The growth medium was aspirated by vacuum, and the cells were washed with 

1X PBS (Mediatech); sufficient trypsin (Invitrogen) was added to cover the cells, 

incubated at 37ºC for 2 - 3 minutes or until cells detached from the flask surface; trypsin 

was neutralized with an equal volume of culture medium, and the cells were counted 

using a haemocytometer.  

 

Isolation of total RNA.  Total RNA from different cell lines was isolated using RNeasy 

Mini Kit following the manufacturer�s protocol (QIAgen, Valencia, CA).  Briefly, cells 

were trypsinized and collected as a cell pellet by centrifugation at 3,000g for 5 min.  Five 

hundred microliters of buffer RLT (RNeasy Lysis Buffer) was added to the cell pellet and 
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gently vortexed to lyse the cells. The samples were homogenized by passing through the 

QIAshredder column.  After mixing 500 µl of 70% ethanol, the lysates were added onto 

the RNeasy mini spin columns and centrifuged for 15 sec at 8,000g.  The spin columns, 

now bound with RNA, were then washed once with 700 µl of buffer RWI and twice with 

500 µl of buffer RPE.   RNA was eluted with 25 µl of RNase-free water from the 

columns and stored at � 80ºC for later use in RT-PCR.   

 

RT-PCR.   The reverse transcription (RT) reactions were carried out using the Omniscript 

RT kit (QIAgen) according to the manufacturer�s protocol.  Each 20µl reaction contained 

1x Omniscript RT Buffer (QIAGen), 500µM each of dCTP, dATP, dGTP and dTTP, 

1µM Oligo dT primer, 1µM random decamer primers, 1unit of Omniscript reverse 

transcriptase, and 2µg of total RNA. The reaction was incubated at 37°C for 60 minutes 

and 92°C for 10 minutes.  Both incubations were carried out in a DNA Engine Peltier 

Thermal Cycler (MJ Research, South San Francisco, CA).  PCR was performed using the 

following protocol: Each 50µl reaction contained 1x PCR Buffer, 50µM each of dCTP, 

dATP, dGTP and dTTP, 0.5µl β-actin primer pair (Ambion, Austin, TX) 2.5U Taq 

Polymerase (Promega, Madison, WI), 0.5µM of each Aurora-2 primer (see below), and 

2µl of the RT reaction.  Primer sequences were as follows: Aurora-2 (upstream) 

5�ATTACAGCTAGAGGCATCATG3� and Aurora-2 (downstream) 

5�GGCGACAGATTGAAGGGC3�. The reactions were carried out in a DNA Engine 

Peltier Thermal Cycler (MJ Research) using the following program: 94°C, 4 minutes; 
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94°C, 1 minute; 60°C, 1 minute; 72°C, 1 minute; for 25 cycles and 72°C, 5 minutes. PCR 

products were resolved on 1% agarose gels and visualized with ethidium bromide. 

 

Real Time PCR. Real time PCR was performed using the following protocol: Each 25 µl 

reaction contained 2X SYBR Green  master mix, 0.25µl β-actin primer pair (Ambion, 

Austin, TX) 0.5µM of each Aurora-2 primer (see below), and 0.5µl of the RT reaction.  

Primer sequences were as follows: Aurora-2 (upstream) 

5�ATTACAGCTAGAGGCATCATG3� and Aurora-2 (downstream) 

5�GGCGACAGATTGAAGGGC3�. The reactions were carried out in a DNA Engine 

Opticon (MJ Research) using the following program: 95°C, 14 minutes; 94°C, 30 

seconds; 58°C, 45 seconds; 72°C, 45 seconds; for 40 cycles. The samples were quantified 

and normalized to β-actin that served as an internal control.  

  

Isolation of genomic DNA.  Genomic DNA was isolated from nine human pancreatic 

cancer cell lines.  The cells were trypsinized and collected as a cell pellet by 

centrifugation at 3,000g for 5 min.  The supernatant was aspirated, and 600 µl of tail blot 

solution (50mM Tris, pH 8.0, 100mM EDTA, 100mM NaCl and 1% SDS), RNase 

(1ug/ml), Proteinase K solution (10 mg/ml) were added followed by incubation at 55ºC 

for 1 hour. DNA was extracted with an equal volume of phenol/chloroform/isoamyl 

alcohol (25:24:1) by centrifugation for 10 minutes and isopropanol was added to allow 

DNA precipitation. Using a pipette, DNA was removed and dipped into a beaker of 70% 

and 100% EtOH  and air dried and resuspended in 200 µl of TE buffer.  
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Probe preparation.  The Aurora-2 and β-Actin probes used in the Southern blot analysis 

were prepared using the RTS RadPrime DNA Labeling System (Invitrogen). The Aurora-

2 PCR fragment subcloned into pCDNA 3.1/V5-His TOPO TA-Cloning vector and a 

plasmid containing the β-Actin were used as a template.  25 ng of template DNA was 

denatured in 45 µl of TE (10mM Tris-HCL, pH 7.5; 1mM EDTA) by heating to 100ºC 

for 5 minutes and immediate cooling on ice.  The denatured template and 5 µl of [32P] 

dCTP (5 µCi/µl) were added to RTS RadPrime DNA Labeling System, and gently mixed. 

The reaction mix was centrifuged for 30 seconds, incubated at 37ºC for 10 minutes, 

followed by stopping the reaction with 5 µl of 0.2 M EDTA.  The labeled probes were 

purified by Micro BioSpin 30 columns (Bio-Rad, Hercules, CA).   

 

Southern blot analysis.  Genomic DNA was digested with Pst1 restriction endonuclease 

at 37ºC overnight.  Ten µg of the digested genomic DNA was subjected to 

electrophoresis on agarose gel, stained with ethidium bromide and visualized by UV light 

to check DNA loading and migration. The agarose gel was destained in distilled water 

and treated with 0.25M HCl for 30 minutes, 1.5NaCl/0.5M NaOH for 20 minutes twice, 

1.5M NaCl/0.5 M Tris-Cl, pH 7.0 for 20 minutes twice and distilled water for 20 minutes 

twice while shaking at room temperature followed by a capillary transfer onto a Zeta 

probe nylon membrane (Bio Rad Laboratories).  The membrane was rinsed in 2×SSC and 

irradiated using a UV transilluminator at 254 nm wavelength (Stratagene, La Jolla, CA).  

Hybridization with the radiolabeled Aurora-2 and β-Actin probes was performed in a 
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solution containing 5x Denhardt�s reagent, 6x SSPE pH 7.4, 0.5% SDS, 100 µg/ml 

denatured salmon sperm DNA and 50% formamide at 42°C for overnight.  The 

membrane was then washed once with 1x SSPE and 0.1% SDS at 42°C for 45 minutes 

and twice with 0.1x SSPE and 0.1% SDS at 65°C for 1 hour.   The radioactive signals on 

the membrane were visualized using PhosphorImager and analyzed with the ImageQuant 

software (Amersham Biosciences, Piscataway, NJ).    

 

Western blotting.  Protein extracts from nine different pancreatic cancer cell lines were 

prepared and separated by SDS-PAGE.  The proteins from the gels were transferred to a 

nitrocellulose membrane by tank transfer.  Membrane was blocked in 5% nonfat dry milk 

in Tris-buffered saline and 0.1% Tween-20 (TBST, 100mM Tris, 0.9% NaCl) on an 

orbital shaker for 1 hour at room temperature. The membrane was probed with 1:250 

dilution of a monoclonal antibody against Aurora-2 (BD Transduction Labs, San Diego, 

CA) in TBST/0.5% milk and incubated while shaking at room temperature for 1 hour 

followed by 1:1000 dilution of rabbit anti-mouse-HRP secondary antibody (Bio-Rad) in 

TBST/0.5% milk for 1 hour.  Membranes were washed three times for 5 minutes each in 

TBST, in between each incubation, and antibody-bound proteins were detected with ECL 

detection system (Amersham Biosciences) using Kodak Biomax MR X-ray film.  

 

Cloning Aurora-2 cDNA and sequencing.   Homo sapiens coding sequence for Aurora-2 

was obtained from GenBank (accession # NM_00360).  Reverse transcriptase first-strand 

synthesis was carried out from pooled RNA isolated from several pancreatic cancer cell 
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lines and PCR was performed with the reverse-transcribed cDNA as a template.  The 

PCR reaction conditions were as follows: 95°C for 5 min; 94°C, 1 min; 59°C, 1 min and 

10 sec; 72°C, 1 min and 30 sec 34 times, 72°C, 1 min and 30 sec. The resulting 1233 bp 

product was gel-purified and subcloned into the pCDNA3.1/V5-His TOPO TA-Cloning 

vector following the manufacturer�s protocol (Invitrogen). The insertion direction and 

sequence of Aurora-2 were verified by sequencing.   

 

Tissue microarray based immunohistochemistry.  Core tissue biopsies (diameter 0.6mm, 

height 3-4 mm) were taken from individual �donor� blocks and arrayed into a new 

�recipient� paraffin block (45 x 20 mm) using a tissue microarraying instrument (Beecher 

Instruments, Sun Prairie, WI).  On average, 100 sections were cut from one tumor tissue 

microarray block.  HE-staining for histology verification was performed every 50th 

section cut from the block, to ensure that the histology was consistent from section to 

section.  The 5µm thick sections were deparaffinized in 0.1 M citrate buffer, pH 6.6 and 

1mM EDTA followed by microwaving.  The sections were then stained using an 

automated immunostainer (VMS ES, Ventana Medical Systems) with a rabbit anti-human 

Aurora-2 polyclonal antibody followed with biotinylated goat-anti-rabbit antibody 

(Dako) and then with avidin-biotin-peroxidase complex (Dako), each for 30 min at 42ºC.  

After staining, the slide was evaluated and photographed using a light microscope 

equipped with a digital camera.   

 



 

 

104

Antisense experiments.  Aurora-2 antisense oligonucleotides (Isis Pharmaceuticals, 

Carlsbad, CA) were screened against sequences in the GenBank database to ensure that 

they only matched Aurora-2 kinase sequence. Aurora-2 antisense oligonucleotide 

sequence is CTAGATTGAGGGCAGCA, and the scrambled oligonucleotide sequence is  

GTACAGTTATGCGCGGTAGA. 0.5 × 106 Mia Paca-2 cells were seeded in T-25 flasks 

with 5 ml of RPMI medium supplemented with 10% FBS.  Cells were grown to 50% 

confluency, the medium was aspirated, cells were washed with PBS, and 6 µl of 

lipofectamine reagent (Invitrogen) per 1 ml of Opti-MEM medium (Invitrogen) was 

added to T-25 culture flask.  Aurora-2 antisense oligonucleotides were added directly to 

T-25 flask at 200 nM concentrations.  Cells were incubated at 37ºC with 5% CO2 and 

harvested for isolation of RNA and protein extraction after 24 hours and 48 hours to 

detect the Aurora-2 kinase expression levels by RT-PCR and Western blotting. 

 

Flow cytometry.  0.5 x 106 Mia Paca-2 cells were seeded in T-25 flasks with 5 ml of 

RPMI medium supplemented with 10% heat inactivated FBS to 50% confluency.  The 

cells were treated with Aurora-2 antisense oligonucleotides as described in antisense 

experiments and harvested after 24 and 48 hours.  The cells were then washed with PBS, 

and  resuspended in 1 ml of Krishan buffer (0.1% sodium citrate, 02 mg/ml RNase, 

0.3% NP-40), containing 0.05 ug/ml of propidium iodide for incubation at 40C for 30 

minutes.  The cells were subjected to flow analysis using FACSCAN (Becton 

Dickinson). The data was acquired using Soft Cell Quest software and analyzed using 

ModFitLT 2.0 (Verity Software House). 
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Caspase-3 assay.   0.5 x 106 Mia PaCa-2 cells were seeded and cultured to 50% 

confluency.  The medium was aspirated, cells were washed with PBS and 5 ml of Opt-

MEM medium (Gibco/BRL)  containing 6 ul of lipofectin reagent (Gibco/BRL) per 1 ml 

of Opti-MEM medium was added to each T-25 culture flask.  Aurora-2 antisense 

oligonucleotides were added directly to T-25 flask at 200 nM concentration and 

staurosporine was added directly to flasks at 1uM concentration for incubation at 370C 

for 6 hrs.  The media was then replaced with 5 ml of RPMI medium supplemented with 

10% FBS and harvested at 24 and 48 hrs.  1 x 106 cells were collected for each sample 

and suspend in cell lysis buffer for 10 mins on ice. The cell lysates were centrifuged in a 

microcentrifuge at 14000 rpm for 10 mins at 40C and the supernatant was transferred to 

eppendorf tubes to detect caspase-3 activity using BD ApoAlert Caspase-3 fluorescent 

assay kit (BD Biosciences Clontech).   The samples were read using Wallac Victor2 

Multilabel fluorometer Model 1420-011 (Perkin Elmer) with 405-nm exictation filter and 

500-nm emission filter.  
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Results 

The Aurora-2 gene is amplified in pancreatic cancer cell lines  

Aurora-2 gene copy number increases have been reported in colorectal, breast and gastric 

cancers (10, 12).  The Aurora-2 gene has been mapped to chromosome 20q, a region 

which is frequently amplified in pancreatic cancer (10, 18).  To examine whether the 

Aurora-2 gene is amplified in pancreatic cancers, Southern blot analysis was performed 

in nine human pancreatic cell lines.  These cell lines showed 2-5 fold amplification of 

Aurora-2 compared to normal diploid foreskin fibroblast cells (data not shown).   

 

Aurora-2 is overexpressed in Aurora-2 pancreatic cancer cell lines 

We previously demonstrated that Aurora-2 mRNA was overexpressed in pancreatic 

cancer cell lines, with an average of a fourfold increase compared to normal pancreas 

(19). To determine if this mRNA increase was matched by overexpression of protein, we 

carried out a western blot analysis on nine human pancreatic cancer cell lines using a 

polyclonal anti-Aurora-2 antibody (Cell Signaling Technology, Beverly, MA).  Western 

blot demonstrated a 3-4 fold increase level of Aurora-2 protein in all nine pancreatic 

cancer lines compared to the normal foreskin fibroblast cells (Figure 1).   

 
Aurora-2 is overexpressed in patients with pancreatic cancer 
 
To determine if Aurora-2 is overexpressed in pancreatic cancer patient samples, we 

examined Aurora-2 mRNA and protein levels in tumor tissues using real time PCR and 

immunohistochemistry, respectively.  As demonstrated in Figure 2, of the 9 patient 

samples studied by real time PCR, 5 (56%) showed increased mRNA level comparing to 
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the normal pancreas tissue (N).   To investigate Aurora-2 protein levels in multiple tissue 

samples we established a tissue microarray that contains core sections from 28 pancreatic 

adenocarcinomas and 18 sections from normal pancreas.  The sections were stained with 

a polyclonal rabbit anti-Aurora-2 antibody (Cell Signaling) using an automated 

immunostaining station.  The staining intensities were scored from 0 (no staining) to 4+ 

(the strongest staining) (Figure 3).   Twenty-six out of the 28 adenocarcinomas (93%) had 

2-plus or higher staining of Aurora-2 protein whereas all of the 18 normal cases were 

graded as negative or one-plus above background. The stain was diffused throughout the 

cytoplasm. These results confirmed that Aurora-2 is highly upregulated in pancreatic 

cancer and presents a potential molecular target for drug development. 

 
Validation of Aurora-2 as a potential target for drug development 
 
Time and dose effects of Aurora-2 antisense oligonucleotides.  

To study the effects of Aurora-2 inhibition on pancreatic cancer cell growth, we used an 

antisense approach to inhibit the expression of Aurora-2.  Aurora-2 antisense 

oligonucleotides (obtained from Isis Pharmaceuticals, Carlsbad, CA) were screened 

against sequences in the GenBank database to ensure a unique match with Aurora-2 

sequence.  A scrambled oligonucleotide was also synthesized to serve as a control.  The 

ability of the antisense to inhibit the expression of Aurora-2 was verified by RT-PCR.  A 

human pancreatic tumor cell line (Mia Paca-2) was treated with antisense Aurora-2 to 

determine the optimal dose at which Aurora-2 expression was inhibited.  Antisense 

treated cells showed a significant inhibition of Aurora-2 expression at 200 nm 

concentration when compared to the scrambled oligonucleotide (Figure 4A).  A time 
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course study was also performed to determine the effect of Aurora-2 antisense. Mia Paca-

2 cells treated with antisense and scrambled oligonucleotides for 6, 24, 48 and 72 hours 

indicated inhibition of Aurora-2 expression 6 hours post transfection. (Figure 4B).   

 

Inhibition of Aurora-2 induces cell cycle arrest and apoptosis. 

We predicted that inhibition of Aurora-2 expression with antisense oligonucleotides 

would result in cell cycle arrest in the G2/M phase and may lead to cell death.  Treatment 

with Aurora-2 antisense resulted in complete suppression of Aurora-2 protein expression 

(Figure 5A).   Following the treatment with Aurora-2 antisense oligonucleotide, the cells 

were analyzed by flow cytometry to determine the cell cycle distribution (Figure 5B). In 

controls, the percentage of cells in G2/M was 8% at 24 hours and 16% at 48 hours, while 

in antisense treated cells, it was 23% and 32%, respectively.  Furthermore, we performed 

Caspase-3 assay to see if the inhibition of Aurora-2 expression caused cells to undergo 

apoptosis (Figure 6).  Treatment with Aurora-2 antisense resulted in an induction of 

caspase-3 activity.  In the untreated, the cells undergo apoptosis at normal levels inducing 

caspase-3 activity at 24 hrs and at 48 hrs.  In the scrambled antisense treated controls 

there was a 9% induction in caspase-3 activity at 24 hrs and a 80% induction in caspase-3 

activity at 48 hrs compared to the untreated cells.  However in the antisense treated cells 

there was 20% increase in caspase-3 activity at 24 hrs and 90% at 48 hrs compared to the 

scrambled antisense controls. These results indicate a significant increase in caspase-3 

activity in the antisense treated pancreatic cancer cell line compared to both the 

scrambled antisense and the untreated control cells.  The control cells treated with 
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lipofectin only did not result in an increase of caspase-3 activity compared to the 

untreated cells (data not shown).   However we failed to detect a significant increase in 

apoptosis in antisense Aurora-2 treated cells using annexin V and TUNEL assays.  
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Discussion 

In this study, we investigated whether Aurora-2 is upregulated in pancreatic cancer cell 

lines and pancreatic cancers taken directly from patients. Using western blotting, we 

demonstrated a three- to four-fold increase in Aurora-2 expression in 9 human pancreatic 

cell lines. Real time PCR and immunohistochemistry showed there are significant 

increases in Aurora-2 in human pancreatic cancer tissues as well. We also showed, using 

southern blot analysis, that the Aurora-2 gene is amplified two- to five-fold in pancreatic 

cancer cell lines. The data with overexpression of Aurora-2 along with amplification of 

the gene are reminiscent of the situation with Her2/neu where both amplification and 

increased expression were noted in some breast cancers taken directly from patients (20).  

Of course a very successful drug development program to develop a therapeutic agent 

against breast cancer followed that finding (21, 22).   

 

Our data in pancreatic cancers is consistent with reports showing overexpression of 

Aurora-2 in human colon, breast, ovarian, cervical, prostate, neuroblastoma, and pancreas 

cancer cell lines  as well as overexpression and amplification of Aurora-2 in colon, 

breast, gastric, bladder and pancreatic cancers taken directly from patients (9, 11, 12, 19, 

23-25).  Previous immunofluorescence studies in colon and breast cancers revealed 

centrosomal localization of Aurora-2 during mitosis, while we observed diffuse 

cytoplasmic staining in tumors taken directly from patients.  Thus it is possible that 

Aurora-2 overexpression is indicative of the pathological states of cancer cells.   
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We have demonstrated that antisense suppression of Aurora-2 arrests progression of the 

cell cycle and the cells may undergo apoptosis, indicating that Aurora-2 may be a 

valuable target for treatment of pancreatic cancer, and that Aurora-2 inhibitors may be 

useful therapeutics for pancreatic cancer. We are currently in the process of further 

evaluating these possibilities.  Whether or not Aurora-2 suppression proves to be a 

fruitful avenue for treatment of pancreatic cancer, further understanding of its normal 

function and role in carcinogenesis is likely to yield important insights into regulation of 

mitotic processes and how these are changed in the process of carcinogenesis. 
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Fig. 1. Protein expression of Aurora-2 kinase in pancreatic cancer cell lines.   

Western blot analysis indicates an upregulation of 3-4 fold of Aurora-2 in nine different 

pancreatic cancer cell lines [AsPC-1, BxPC-3, Capan-1, CFPAC-1, HPAFII, Mia Paca-2, 

Mutj, Panc-1, SU.86.86,] in comparison to normal diploid foreskin fibroblast cells (Forf).  

β-actin served as an internal control.  

Fig. 2.  Aurora-2 kinase expression in pancreatic patient tumors.  

Real-Time PCR of pancreatic patient tumor samples indicate an upregulation of Aurora-2 

mRNA expression in samples 1, 4, 6, 8 and 9 taken directly from patients compared to 

normal pancreas tissue (N).  Normalized ratio is obtained from pancreatic tumor tissue 

versus normal tissue. 

Fig. 3. Immunohistochemistry of pancreatic tissue array.  

A. An array of paraffin embedded pancreatic tumor samples.  B. A specific pancreatic 

tumor sample at higher magnification from the array indicates a high level of Aurora-2 

protein expression. 

Fig. 4. Inhibition of Aurora-2 using antisense oligonucleotides.   

A.  RT-PCR of a human pancreatic tumor cell line (Mia Paca-2) treated with antisense 

Aurora-2 at 25, 50, 100, 200 and 400 nm concentrations.  Antisense treated cells indicate 

a significant inhibition of Aurora-2 expression at 200 nm concentration compared to the 

scrambled oligonucleotides (Figure 4A).  B.  RT-PCR of time course study of MiaPaca 
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cells treated with Aurora-2 antisense indicate inhibition of Aurora-2 expression as early 

as 6 hrs.   

Fig. 5.  Inhibiting Aurora-2 arrests cell cycle. 

A.  Time dependent study showing Western blot analysis of protein extracts from 

pancreatic cell line, Mia Paca-2, treated with antisense oligonucleotides show inhibition 

of Aurora-2 expression at 24 and 48 hours.  B.  Following inhibition of Aurora-2 

expression using antisense oligonucleotides the flow analysis indicates a fraction of cells 

in sub G1 phase of the cell cycle in the antisense treated cells compared to the untreated 

control indication of cells undergoing apoptosis.  

 
Fig. 6. Inhibiting Aurora-2 expression induces Caspase-3 activation. 
 

Mia PaCa-2 cells treated with Aurora-2 antisense show an induction of caspase-3 activity 

at 24 hrs and at 48 hrs. The untreated cells indicate a baseline of caspase-3 activity at 

100% at 24 and at 48 hrs.  The antisense scrambled (AS Scramble) indicates an increase 

in caspase-3 activity at 24 hrs (9%) and 48 hrs (80%) compared to the untreated control 

cells.  However, the antisense treated cells show a significant increase in apoptosis 

compared to the untreated and the antisense scrambled controls. The antisense treated 

cells (AS Treated) indicate a 20% increase in caspase-3 activity at 24 hrs and 90% 

increase at 48 hrs compared to the scrambled antisense controls. 
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FIG. 2. 
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FIG. 3 
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FIG. 4. 
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FIG. 6. 

 

 

 


