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ABSTRACT 

Aurora kinases play an important role in the cell cycle. These enzymes help establish mitotic spindles by directing cen-
trosome duplication and separation and by regulating the spindle assembly checkpoint thereby helping control cytoki-
nesis. An over-expression of aurora kinases has been reported in a variety of human tumors. In this study, we identified 
the expression of aurora-A and aurora-B kinases in canine malignant lymphoid cells. We also evaluated the effects of 
the aurora kinase inhibitor (ZM447439), and found that this inhibitor decreases cell viability, increases DNA content 
change, and leads to apoptosis in canine B- and T-cell lymphoid cell lines. The lymphotoxicity induced by ZM447439 
in these canine lymphoid cell lines suggests that further in vivo evaluation of aurora kinase inhibitors as a potential 
treatment for canine malignant lymphoid tumors is warranted. 
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1. Introduction 

Canine lymphoma, consisting of B and T cell lymphoma, 
is a very heterogeneous disease with both aggressive and 
indolent subtypes. Indolent subtypes of lymphoma have 
been reported in up to 29% of dogs [1]. In general, com- 
plete treatment response is rarely achieved with the in- 
dolent subtypes, but longer survival time has been ob- 
served [1]. Canine diffuse large B-cell lymphoma is typi- 
cally an aggressive and high grade tumor in humans and 
dogs. The most common protocols for B-cell lymphoma 
are CHOP-based, which consist of cyclophosphamide, 
doxorubicin, vincristine and prednisone. Complete re- 
sponse rates range from approximately 80% - 90%, and 
median survival times range from approximately 12 - 14 
months with standard CHOP-based protocols [2,3]. T-cell 
lymphoma has a typically negative prognosis. MOPP 
protocols (Mechlorethamine, vincristine, prednisone, and 
procarbazine) for T-cell lymphoma have been reported to 
produce 189 days of progression-free survival [4]. How- 
ever, even with high initial response rates with the CHOP 
based protocol, the majority of canine lymphoma patients 
die within 14 - 16 months. 

The cell cycle is a highly regulated and complex proc- 
ess and is precisely controlled by numerous enzymes [5]. 
Disruption of this regulation sometimes results in unre- 
strained cell growth, a defining characteristic of all ma- 
lignant tumors. Thus, inhibiting key enzymes which 
promote unchecked cell growth may prove to be a valu- 

able mode of cancer treatment. One of the critical en- 
zyme families involved in the regulation of the cell cycle 
are the aurora kinases.  

Aurora kinases are a family of serine/threonine kinases 
that are evolutionarily highly conserved. The most im- 
portant function of the aurora kinases is to promote mi- 
totic spindle assembly by regulating centrosome duplica- 
tion and separation [6]. Aurora kinases are composed of 
three family members: aurora-A, aurora-B and aurora-C. 
Aurora-A and aurora-B have been extensively studied, 
and the function of these kinases is well understood, but 
little is known about aurora-C [7]. Previous studies have 
shown that aurora-A and aurora-B are overexpressed by a 
variety of tumors, including bladder, breast, colorectal, 
esophageal, glioma, pancreatic and prostate tumors in 
humans [8-13]. Aurora-B is located at chromosome 17 p 
13.1, and localizes at centromeres during prometaphase; 
then relocates to the central spindle and the midbody 
during anaphase and telophase [14,15]. Aurora-B is also 
a part of the chromosome passenger complex, which con- 
tains important factors such as the inner centromere pro- 
teins borealin and survivin, necessary for proper kineto- 
chore-microtubule attachment [16]. 

ZM447439(N-[4-[[6-Methoxy-7-[3-(4-morpholinyl)-  
pr-opoxy]-4-quinazolinyl]amino]phenyl]benzamide) is a 
513.6 Dalton ATP-competitive selective inhibitor of au- 
rora-A and aurora-B, which disturbs chromosomal align- 
ment and cell division, as well as mitotic checkpoints in 
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Hela, A549, MCF-7, and DLD1 cells [17]. Reduction of 
phosphorylated Histone H3 also occurs by inhibiting 
aurora-A and aurora-B [17]. ZM447439 does not inter- 
fere with the activities of regular cell cycles in normal 
cells, and does not affect important regulators such as 
cdc2, cdc25, MAPK (Mitogen-Activated Protein Kinase) 
or cyclin B [18]. Aurora kinases are now an attractive 
target in human cancer therapy, and intensive research 
including preclinical and clinical trials have been report- 
ed [19-23]; however, to our knowledge, scant informa- 
tion exists on the efficacy of aurora kinase inhibition in 
veterinary medicine.  

In this study, we hypothesize that inhibiting aurora 
kinase will increase DNA content, and lead to the death 
of canine malignant lymphoid cells in vitro. The objec- 
tives of this study were to identify the expression of 
aurora kinases in canine B- and T-lymphoid cell lines; to 
evaluate the in vitro cytotoxic effect of an aurora kinase 
inhibitor on these tumor cells; to evaluate the effect of 
aurora kinase inhibition on cell cycle kinetics; and to 
determine the mechanism of cellular death in the canine 
malignant lymphoid cell lines.  

2. Materials and Methods 

2.1. Cell Culture 

Two anaplastic canine lymphoid cell lines (GL-1 and 
EMA), Canine Aortic Endothelial Cells (CnAOEC), and 
the human pancreatic carcinoma cell line (PANC-1) were 
used. The canine lymphoid cell lines were kindly donated 
by Dr. Munekazu Nakaichi and Dr. Takuya Mizuno from 
Yamaguchi University, Yamaguchi city (Japan). CnA- 
OEC and PANC-1 were purchased from Cell Applica- 
tions Inc. (San Diego, CA) and the American Type Cul- 
ture Collection (ATCC, Manassas, VA) respectively. GL- 
1 has a B-cell and EMA has a T-cell immunophenotype. 
The characteristics of the lymphoid cell lines used in this 
study have been partially described [24,25]. GL-1 and 
EMA, were maintained in RPMI-1640 (ATCC, Manassas, 
VA) supplemented with 10% fetal bovine serum (FBS, 
purchased from the ATCC, Manassas, VA) and 2 mM 
L-glutamine (ATCC, Manassas, VA). CnAOEC was 
maintained in Canine Endothelial Cell Growth Medium 
(Cell Application Inc., San Diego, CA). PANC-1 was 
maintained in Dulbecco’s Modified Eagle’s Medium 
(DMEM, ATCC, Manassas, VA) supplemented with 10% 
FBS. All cell cultures were maintained in 5% CO2 at 
37˚C in a humidified incubator, and the same conditions 
were used for the MTT assay, cell-cycle analysis, and 
apoptosis assay. 

2.2. Drug 

ZM447439 (aurora kinase-B inhibitor: Tocris Bioscience, 
Ellisville, MO) was purchased as a powder and stored at 

−20˚C, until the preparation of a stock solution. 
ZM447439 stock solutions (10 mM) were prepared in 
dimethylsulfoxide (DMSO), and stored at −20˚C, until 
use. 

2.3. RNA Preparation 

Total RNA was isolated from GL-1, EMA, and CnAOEC 
cells, using TRIzol Reagent (Invitrogen, Carlsbad, CA). 
Approximately 5 × 106 cells were used. The RNA con-
centration was determined by NanoDrop® ND-1000 (Wil- 
mington, DE). Approximately 1.0 μg/μl of RNA was 
acquired by the kit. Residual genomic DNA was removed 
from total RNA using DNase I (Applied Biosystems, 
Carlsbad, CA). Two micrograms of RNA were used for 
cDNA synthesis using the High Capacity RNA-to-cDNA 
Kit (Applied Biosystems, Carlsbad, CA). The following 
conditions were used for cDNA synthesis: 25˚C for 10 
minutes, 37˚C for 2 hours followed by enzyme inactiva- 
tion at 85˚C for 5 minutes using the GeneAmp® PCR 
System 9700 ( Applied Biosystem, Carlsbad, CA). 

2.4. RT-PCR 

Aurora-A and aurora-B cDNA sequences, from human 
(GeneBank accession: NM_198437.1 and, NM_004217.2, 
respectively) and cow (GeneBank Accession: NM_00103 
8028.1 and NM_183084.2), were aligned and consensus 
primers (Table 1) were designed using the Primer 3 pro- 
gram (http://frodo.wi.mit.edu/primer3/). Canine specific 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 
GeneBank Accession: NM_001003142.1) primers were 
also designed in the same manner. The PCR cycling con- 
ditions were as follows: 5 min at 95˚C, followed by 30 
cycles of 40 s at 95˚C (denaturing), 40 s at 57˚C (anneal- 
ing), and 45 s at 72˚C (extension). PCR amplification of 
aurora-A, aurora-B, and GAPDH, was performed using 
0.5 μl of cDNA, 2 μl of forward and reverse primers, 
20.5 μl of PCR quality sterile water, and 25 μl of PCR 
Master mix (Qiagen Inc., Valencia, CA) in a total volume 
of 50 μl. The primer sets and the size of target amplicons 
are shown in Table 1. Each primer set was designed to 
amplify partial sequences, not full-length. The PCR pro- 
ducts were separated by electrophoresis at 90 V for 30 
minutes on 2% agarose gels with 0.01% of ethidium 
bromide, and then those were analyzed by FluorChem® 
Q (Alpha Innotech, Santa Clara, CA) under UV light. 
The target PCR products of aurora-A and aurora-B were 
sequenced with the 3130 Genetic Analyzer (Applied Bio- 
systems, Carlsbad, CA).  

2.5. Western Blot 

Five × 106 GL-1, EMA, CnAOEC, and PANC-1 cells 
were harvested from T-25 flasks, and lysed with RIPA 
buffer (Santa Cruz Biotechnology, Santa Cruz, CA) ac- 
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Table 1. Primers and PCR amplicon sizes in RT-PCR. 

Target Direction Primer Sequence (5’-3’) Amplicon Size (bp) 

Aurora-A Forward CAGCCATAAACCGGCTCAGA 661 

 Reverse TCTCCTGGAGGATGGAGCAT  

Aurora-B Forward CCTCATGGAGCCGCTCCAAT 428 

 Reverse CCTCCATGATCGTGGCTGTT  

GAPDH Forward TCCATCTTCCAGGAGCGAGA 499 

 Reverse ATACATTGGGGGTGGGGACA  

 
cording to the manufacturer’s protocol. Protein concen- 
tration was determined by the BCA protein assay ac- 
cording to the manufacturer’s protocol (Bio-Rad, Hercu- 
les, CA). Western blot analysis was performed with 10% 
SDS-PAGE. Protein (10 μg) was mixed with a standard 
gel loading buffer. After boiling for 5 minutes, the sam- 
ples were loaded in each lane. The SDS-PAGE gel was 
transferred to nitrocellulose membranes (0.45 um Pro- 
tan®, Whatman International Ltd., Maidstone, Kent, UK) 
by electroblotting at 90 V for 1.5 hour with standard tran- 
sfer buffer. Blots were blocked overnight at 4˚C with 5% 
non-fat dry milk in phosphate-buffered saline (PBS) 
containing 0.2% TWEEN-20. The blots were probed 
with anti-rabbit Glyceraldehyde 3-phosphate dehydroge- 
nase (GAPDH; 1:2000 dilution; monoclonal mouse anti- 
body, Abcam, Cambridge, MA), anti-human aurora-A 
(1:1000 dilution; polyclonal goat antibody, Tocris Biosci- 
ence, Ellisville, MO), and anti-human aurora-B (1:1000 
dilution; polyclonal rabbit antibody, Abcam, Cambridge, 
MA) antibodies at room temperature for 1 hour. Between 
blocking and antibody incubations, the membranes were 
washed with PBS containing 0.2% TWEEN-20. Prior to 
development, membranes were then incubated with an 
appropriate horseradish peroxidase conjugated secondary 
antibody (1:2000 dilution; Santa Cruz Biotechnology, 
Santa Cruz, CA) at room temperature for 1 hour. The 
proteins were visualized using Amersham ECL plus sub- 
strate (GE Healthcare, Buckinghamshire).  

2.6. MTT Assay 

To evaluate the effect of ZM447439 on cell viability, 
MTT assays (Roche Applied Science, Indianapolis, IN) 
were performed following the manufacturer’s instruc- 
tions. Briefly, approximately 3 × 105 GL-1 and 6 × 105 
EMA cells were placed in 96-well plates. Due to the dif- 
ferent cell growth rates, different cell numbers were used. 
The plated cells were counted manually by hemocyto- 
meter. Various concentrations (0.25, 0.5, 2.5, 5, 10, 20, 40 
μM with GL-1 and 1, 2.5, 5, 10, 20, 40, 80 μM with EMA) 
of ZM447439 were placed in each well for 48 hours. Ten 
microliters of MTT labeling reagent was applied to each 

well for 4 hours, and then one hundred microliters of 
solubilization solution were added. The plates were incu- 
bated overnight. The absorbance of the samples at 570 nm 
was then measured by a standard microplate reader. Cell 
viability was calculated as a percentage of the absorbance 
of the treated cells relative to the absorbance of the control 
cells (cell viability % = absorbance of treated cells/absor- 
bance of control). Non-treated cells were incubated with 
vehicle (0.5% of DMSO), and served as controls. Treated 
cells were exposed to both ZM447439 and DMSO since 
DMSO is the solvent. Untreated cells were exposed to 
the high concentration of DMSO (0.5%) and compare to 
the treated cells to control for the effect of DMSO on cell 
viability. Dose response curves were generated, and the 
IC50 was calculated for GL-1 and EMA. The samples 
were run in duplicate and the experiments were repeated 
at least three times.   

2.7. Cell Cycle Analysis 

To assess the effect of aurora kinase inhibitors on the cell 
cycle, cell cycle analysis was performed. The cell cycle 
analysis was performed with propidium iodide (Sigma- 
Aldrich, St. Louis, MO) staining of DNA with the BD 
FACSCalibur (BD Biosciences, San Jose, CA). Appro- 
ximately 1 × 106 GL-1 and EMA cells were cultured in 
48-well plates. ZM447439 used at its IC50 concentration 
was placed in each well for 24 or 48 hours. The treated 
cells were washed twice with PBS, and then resuspended 
in 100 μl of PBS. Ice-cold methanol was added slowly, 
and incubated at 4˚C for 30 minutes, to fix the cells. The 
cells were then washed with PBS, and then resuspended in 
450 μl of PBS, 25 μl of RNAse A (Sigma-Aldrich, St. 
Louis, MO) and 25 μl of propidium iodide and incubated 
for 30 minutes at room temperature in the dark. The stain- 
ed cells were gated and 30,000 events were counted by 
flow cytometry. The data was analyzed and reported as a 
percentage of each cell-cycle phase, which are G1, S and 
G2/M, and the DNA content (2N, 4N, and 8N) was indi-
cated. Untreated cells served as control. This control was 
not treated with 0.5% DMSO. The samples were run in 
duplicate, and the experiments were repeated at least three 
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times.  

2.8. Apoptosis Assay 

To determine a possible mechanism of cell death caused 
by the ZM447439, the Annexin V apoptosis assay (BD 
Biosciences, San Jose, CA) was performed following the 
manufacturer’s instructions.  

For the Annexin V assay, approximately 1 × 106 GL-1 
and EMA cells were cultured in 48-well plates. The IC50 
of ZM447439 was placed in each well for 24 or 48 hours. 
The treated cells were washed twice with cold PBS, and 
then resuspended in 100 μl of binding buffer. Then, 5 μl of 
Annexin V and 5 μl of propidium iodide (PI) were added, 
and incubated for 15 minutes at room temperature in the 
dark. An additional 400 μl of binding buffer was added to 
each tube, and then analyzed by flow cytometry within 1 
hour. Dual staining of Annexin V and PI is considered late 
apoptosis, and Annexin V staining without PI staining is 
considered early apoptosis. PI staining alone was consid- 
ered necrosis. Untreated cells served as a control. This 
control was not treated with 0.5% DMSO. The samples 
were run in duplicate and the experiments were repeated 
at least three times.  

2.9. Statistical Analysis 

All data was analyzed using either Graph Pad Prism ver- 
sion 5 (Graph Pad Prism Software Inc., La Jolla, CA) or 
SAS version 9.3 (SAS Institute Inc., Cary, NC). Graph 
Pad Prism was used to calculate the IC50 for each cell 
line used in the MTT assay and generate graphs. To sum- 
marize the data, the mean and standard deviation (SD) 
were calculated for the MTT, cell cycle assay and Anne- 
xin V assays. For the cell cycle assay, an ANOVA with a 
factorial arrangement of treatments (DNA content, incu- 
bation period, and interaction of DNA content and incu- 
bation period) was used. When overall significance was 
found, post hoc comparisons were conducted with Tuk- 
ey’s test for main effects and with pairwise tests of least 
squares means for interaction effects. To assess each 
group for the Annexin V assay, an ANOVA was perform- 
ed, and then the post hoc Tukey’s test was used for pair- 
wise comparisons of significant overall effects. A p value 
< 0.05 was considered significant.  

3. Results 

3.1. Expression of Aurora Kinase in Malignant 
Lymphoid Cells 

3.1.1. RT-PCR 
The CnAOEC cells served as a positive control. To con- 
firm the expression of aurora kinase-A and -B in canine 
malignant lymphoid cell lines and in CnAOEC cells, 
RT-PCR was performed, (Figure 1) and then the PCR  

products of aurora-A and aurora-B were sequenced (Fig- 
ure 2). The canine aurora-A showed a 90% homology to 
human aurora-A and the canine aurora-B showed a 92% 
homology to human aurora-B. The sequences of aurora-A 
and aurora-B were deposited in GeneBank (Aurora-A; 
KC127668, Aurora-B; KC137547). 

3.1.2. Protein Expression of Aurora Kinases  
To detect aurora-A and aurora-B kinase in normal canine 
cells, as well as malignant human and canine cells, west- 
ern blot analysis was performed on protein extracts from 
PANC-1, CnAOEC, and the canine malignant lymphoid 
cell lines GL-1 and EMA. Aurora-A and aurora-B kinas- 
es were detected in PANC-1, CnAOEC, and canine ma- 
lignant lymphoid cell lines. The expression of aurora-A 
in both canine lymphoid cell lines, GL-1 and EMA, ap- 
peared more intense than in CnAOEC cells but less than 
in PANC-1cells. Alternatively, the expression of aurora-B 
in GL-1 and EMA cell lines appeared much more intense 
than in both the PANC-1 and CnAOEC cells (Figure 3) 
indicating that this aurora kinase was relatively selective 
for canine lymph malignancy. The intensity of expression 
of aurora-A and aurora-B for each cell line in the western 
blots was consistent with the results of RT-PCR.  

3.1.3. Cell Viability with Various Concentrations of 
ZM447439 in GL-1 and EMA Cell Lines 

Cell survival was assessed after 24 hours of incubation 
with ZM 447439 in GL-1 and EMA lymphoid cell lines 
(Figure 4). Dose response curves were generated for 
GL-1 and EMA, and the IC50 was calculated as 4.77 and 
8.03 μM, respectively. These IC50 levels in GL-1 and 
EMA were used for subsequent experiments with the ZM 
447439 inhibitor. A dose-dependent cytotoxicity and cell 
growth inhibition were observed in both GL-1 and EMA 
cells treated with ZM 447439.  
 

 

Figure 1. Results of RT-PCR of GAPDH, aurora-A and au- 
rora-B from CnAOEC, GL-1 and EMA cell lines. Ampli- 
cons in lanes 1, 2, 3 are GAPDH, amplicons in lanes 4, 5, 6 
are aurora-A, and amplicons in lanes 7, 8, 9 are aurora-B. 
CnAOEC and GAPDH serve as positive controls. Expres- 
sion of GAPDH is identical in all samples. Clear bands of 
aurora-A and aurora-B were detected from CnAOEC, GL- 
1 and EMA. Decreased expression of aurora-A and aurora- 
B were noted in CnAOEC compared to GL-1 and EMA. Cn 
represents canine aortic endothelial cells. 
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3.1.4. DNA Content Change with ZM447439 in GL-1 
and EMA 

cell cycle analysis in GL-1 and EMA cells are shown as 
the mean ± SD (Figures 5(G) and (H), Table 2). 

The cellular DNA component was assessed by flow cyto- 
metry after 24 and 48 hours of incubation with the IC50 
of ZM447439 in GL-1 and EMA cells (Figures 5(A)-(F)). 
The DNA content of the GL-1 and EMA cells was pre-
sent in the diploid (2N), tetraploid (4N) and octoploid 
(8N) states. The representative numeric results are shown 
as the mean ± standard deviation (SD). The portion of the 
4N and 8N cells increased after 24 and 48 hours of incu- 
bation with ZM447439 in both GL-1 and EMA cells 
(Figures 5(G) and (H), p < 0.05). Details of the mean 
value of the 2N, 4N and 8N states for the control after 24 
and 48 hours of incubation are shown in Table 2. The 
portion of the 2N DNA content in GL-1 cells decreased 
over the 48 hours of incubation. The portion of the 2N 
DNA in EMA cells, however, was found to increase after 
48 hours of incubation. The details of the mean value of the 

3.1.5. Induced Apoptosis with ZM447439 in GL-1 and 
EMA Cells 

Annexin V Assay. To determine the mechanism of cell 
death with ZM447439, an Annexin V assay was perform- 
ed. Flow cytometric analysis was performed after 24 and 
48 hours of incubation with the IC50 of ZM447439 in 
GL-1 and EMA cells (Figures 6(A)-(F)). The Annexin 
V+/PI− population represents early apoptosis, the Annexin 
V+/PI+ population represents late apoptosis, and PI stain- 
ing alone represents necrosis. A significant increase of 
early apoptosis was seen in EMA cells at 24 hours, and 
both GL-1 and EMA cells at 48 hours (Figures 6(G) and 
(H), p < 0.05). A significant increase of late apoptosis 
was also seen in both GL-1 and EMA cells at 24 and 48 
hours, but the fraction of cells in late apoptosis was 

 

 

Figure 2. Sequence alignment results between human and canine aurora-A and aurora-B. The canine aurora-A showed a 
90% homology to human aurora-A, and the canine aurora-B showed a 92% homology to human aurora-B. Human sequences 
are located on the top and canine sequences are located on the bottom for both aurora-A and aurora-B. Conserved nucleotide 
residues (A), (G), (C) and (T)) are represented as dots, and each number indicates the location of the nucleotide residues from 
the beginning of each sequence. 
 
Table 2. The numeric cell cycle and apoptosis assay results of the impact of ZM447439 on GL-1 and EMA cells. The repre-
sentative numeric results are shown as the mean (%) ± standard deviation (SD). Tables A and B are the results of the cell 
cycle analysis, and Tables C and D are the results of the apoptosis assays. The incubation period with ZM447439 ranges from 
0 (control) to 48 hours. EA represents early apoptosis and LA represents late apoptosis. 

A    B    

GL-1 2N 4N 8N EMA 2N 4N 8N 

Control 98.4% ± 0.6% 1.5% ± 0.6% 0% Control 95.3% ± 2.0% 4.6% ± 2.0% 0% 

24 hours 19.4% ± 7.9% 74.3% ± 2.7% 6.1% ± 5.9% 24 hours 37.5% ± 1.4% 50.6% ± 8.1% 7.2% ± 2.1% 

48 hours 6.0% ± 1.5% 61.4% ± 5.3% 29.4% ± 5.0% 48 hours 56.4% ± 8.9% 22.8% ± 3.4% 16.7% ± 10.0%

C    D    

GL-1 EA LA  EMA EA LA  

Control 4.5% ± 0.2% 3.0% ± 0.7%  Control 9.7% ± 4.1% 9.2% ± 3.7%  

24 hours 8.2% ± 0.9% 6.2% ± 2.5%  24 hours 28.9% ± 3.9% 20.9% ± 3.1%  

48 hours 16.0% ± 4.6% 8.7% ± 2.1%  48 hours 38.6% ± 9.1% 39.9% ± 9.6%    
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Figure 3. Western blot analysis. Proteins from the PANC-1, 
CnAOEC, GL-1 and EMA cells were extracted and sub- 
jected to western blot analysis. The membrane was probed 
with anti-aurora-A, anti- aurora-B and anti-GAPDH. PANC- 
1, CnAOEC, and GAPDH served as controls. The band 
density of GAPDH is relatively identical through all sam- 
ples. Cn represents canine aortic endothelial cells. 
 

 

Figure 4. Cell viability of two canine lymphoid cell lines 
(GL-1 and EMA). GL-1 and EMA cells were cultured for 24 
hours with various concentrations of ZM447439. The mean 
of the 3 experiments ± SD cell viability was measured by 
MTT assay. The absorbance was measured at 570 nm and 
the cell viability was calculated as the mean absorbance of 
the treated cells divided by the mean absorbance of the 
control. The IC50 of the GL-1 and EMA cells was calcu- 
lated as 4.77 and 8.03 μM, respectively. The samples were 
run in duplicate and the experiments were repeated three 
times. 
 
greater in EMA cells than in GL-1 cells. The details of 
the mean value of early and late apoptosis after 24 and 48 
hours of incubation are shown as the mean ± SD for the 
control, GL-1 and EMA cells (Figures 6(G) and (H), Ta- 
ble 2).  

4. Discussion 

Aurora kinases are a very attractive target for antitumor 
therapies because of their central role in the regulation of 
the cell cycle. A number of small-molecule aurora kinase 
inhibitors have recently been developed and intensively 
investigated both experimentally and in numerous clini-
cal trials in human medicine [16,21-23]. However, there 
are no published data showing the effect of aurora kinase 
inhibitors in veterinary medicine at the time of this writ- 
ing. In the present study, we evaluated the effect of 
ZM447439 in the canine lymphoid cell lines GL-1 and  

 

Figure 5. The cell cycle effect of ZM447439 in GL-1 and 
EMA cells. This figure shows the DNA content change in 
GL-1 (A), (B), and (C) and EMA (D), (E), and (F) cells. Fig- 
ures A and D are controls. Figures B and E show results at 
24 hours, and Figures C and F show results at 48 hours 
after incubation with the IC50 of ZM447439. The DNA com- 
ponent was assessed by flow cytometry after 24 and 48 
hours of incubation with ZM447439. 2N, 4N, and 8N indi- 
cate DNA content. The results shown are the mean values of 
the 3 experiments ± SD (G) and (H). The samples were run 
in duplicate and the experiments were repeated at least 
three times. *Values are significantly different (p < 0.05) for 
each control. 
 
EMA. In general, malignant lymphoid diseases, such as 
lymphoma and leukemia, have a short doubling time, 
which is consistent with a high rate of mitosis, indicating 
the involvement of aurora kinases. No published data 
existed regarding the expression of aurora kinase-A 
and/or -B in dogs, so we began by investigating their 
expression in normal canine cells. Both aurora kinase-A 
and aurora kinase-B were successfully detected by RT- 
PCR and western blot in a normal canine cell line (Fig- 
ures 1 and 3). Sequence alignment between human and 
canine aurora-A and aurora-B was performed, and it re- 
vealed that aurora-A has a 90% homology to human au- 
rora-A, and the canine aurora-B has a 92% homology to 
human aurora-B. This homology of aurora-A and aurora- 
B suggests highly conserved genes between humans and 
canine species. RT-PCR band intensities of aurora-A and 
aurora-B were more intense in two malignant canine 
lymphoid cell lines than in normal canine endothelial 
cells, which is consistent with an increased mRNA expres- 
sion of these aurora kinases in malignancy. However, we 
did not quantitate the mRNA expression levels of aurora-A 
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Figure 6. The impact of ZM447439 on GL-1 (A)-(C) and 
EMA (D)-(F)) cells. This figure shows early apoptosis (An- 
nexin V+, PI−) and late apoptosis (Annexin V+, PI+), as de- 
tected by Annexin V and PI staining. Figures A and D are 
controls. Figures B and E show results 24 hours, and C and 
F show results 48 hours after incubation with the IC50 of 
ZM447439. The controls and treated samples were stained 
with Annexin V and PI, and then analyzed by flow cytome- 
try. An increased population of Annexin V and PI stained 
cells were found in both GL-1 and EMA cells after 24 and 
48 hours of incubation with the IC50 of ZM447439. The 
results shown are the mean values of the 3 experiments ± 
SD (G and H). The samples were run in duplicate and the 
experiments were repeated at least three times. *Values are 
significantly different (p < 0.05) for each control. 
 
and -B, and quantitative RT-PCR will be required to bet- 
ter understand the RNA level expression of aurora kinas- 
es in canine malignant lymphoid cells. 

Protein expression of aurora-A and aurora-B was also 
evaluated by western blot. More intense bands of aurora- 
A and aurora-B were noted in the canine malignant lym- 
phoid cell lines, which is a finding similar to the RT-PCR 
results. The aurora-B expression seems to appear greater 
than aurora-A in the lymphoid cell lines and aurora-B 
was more selectively expressed than aurora-A in the ma- 
lignant cells than in the CnAOEC. These data suggest 
that aurora-B might be a more important target in canine 
malignant lymphoid disease. There is evidence in the 
human tumor literature for such tumor-type predomi- 
nance of one aurora kinase sub-type. For example, Eise- 
man et al. have reported that 83% of anaplastic human 
thyroid cancer cases express aurora-A, but only 13% of 
the cases express aurora-B [26]. Other investigators have 
shown that over-expression of aurora kinases might be 
correlated with tumor recurrence, grades, and/or survival 
[27-29]. Since mitotic figure frequency is one of the im-  

portant prognostic factors in histological grades, future 
investigations are necessary to correlate the level of au- 
rora kinase expression with mitotic figures and prognosis 
in canine mast cell tumors and/or soft tissue sarcomas. 
Other groups have suggested that over-expression seems 
not to reflect just malignancy but also tumor grade [30]. 
In general, the malignant tumor cell lines should have 
unique characteristics since those cell lines are selected 
and become immortal during the establishment of the cell 
lines. Although we have shown possible overexpression 
of aurora-A and aurora-B in established malignant lym- 
phoid cell lines, this finding must next be validated in 
clinical tissues.  

We have shown that ZM447439 inhibits cell growth 
and decreases cell viability in a dose dependent manner. 
This observation is very similar to previously reported 
studies using human malignant cell lines [31,32]. When 
the IC50 of the ZM447439 was compared in GL-1 and 
EMA cells, GL-1 (B-cell) was more susceptible than 
EMA (T-cell) (the IC50 of GL-1 and EMA was calculated 
as 4.77 and 8.03 μM, respectively), which might corre- 
late with drug resistance. It is well known that T-cell 
lymphomas are more drug resistant than B-cell lympho- 
mas, and usually T-cell disease also has a poorer progno- 
sis [33]. Since observed drug susceptibility might be 
correlated with drug resistance, it is possible that p-gly- 
coprotein or other drug transporter protein expression 
differs between GL-1 and EMA cells.  

Cell cycle analysis was performed to determine the ef- 
fect of the ZM447439 on the cell cycles of GL-1 and 
EMA cells. Increased tetraploidy and octoploidy (4N and 
8 N content) were seen after 24 and 48 hours of incuba- 
tion with ZM447439 in both the GL-1 and EMA cells. 
These results indicate that cell division is prevented by 
ZM447439. Keen et al. have suggested calling aurora 
kinases “mitotic drivers” instead of mitotic inhibitors 
since these drugs interfere with proper cell division ra- 
ther than interfering with movement into the M phase. 
We observed a more pronounced cell distribution change 
in 2N DNA in GL-1 cells than EMA cells. 

In the present study, we also have shown that cell 
death was induced by ZM447439 in both canine malign- 
nant lymphoid cell lines. Annexin V staining indicated 
significant increases of early apoptosis in EMA cells at 
24 hours, and late apoptosis in both GL-1 and EMA cells 
after 48 hours incubation with ZM447439 (p < 0.05). 
Early and late apoptosis were more obvious in EMA than 
GL-1, which suggests that a cytotoxic effect is dominant 
in EMA while a cytostatic effect is dominant in GL-1 
with a lower concentration of ZM447439. The response 
of EMA cells to ZM447439 observed in this study is 
similar to observations in human aurora kinase studies, 
but the different forms of responses (cytotoxic vs. cyto- 
static) are not typically seen in human aurora kinase stu- 
dies. In general, a cytotoxic effect is the typical observa- 
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tion. However, in mouse model studies, it has been ob- 
served that tumor growth remains stable after the initia- 
tion of aurora kinases, which suggests a cytostatic effect 
by a variety of aurora kinases [34,35]. The different tu- 
mor responses to aurora kinase inhibition might correlate 
with clinical response and prognosis, and will be an im- 
portant subject to assess in clinical trials.  

Our results, although promising, must be interpreted 
with caution. All data in the present study were obtained 
in vitro and must now be validated in vivo or in a clinical 
setting. Secondly, the IC50 reported here is higher than 
previously reported in human cell line studies. Most of 
the previous reports have shown an IC50 in nano-molar 
ranges, not micro-molar ranges [30]. To achieve proper 
drug blood concentration levels without toxicity, it would 
be essential to evaluate the normal tolerable toxicity with 
a mouse model before performing studies with canine 
patients. Adequate cytotoxic/cytostatic effects might be 
achieved with plasma drug concentrations below the IC50 
in vivo due to the humoral immune response, which 
means higher doses may not be necessary in a clinical 
setting. Thirdly, quantitative gene expression determina- 
tion of aurora kinases with qRT-PCR would be a neces- 
sary step to understand better tumor behaviors such as 
progression, drug response, and prognosis in canine ma- 
lignant lymphoid cells. Since our present study indicates 
that ZM447439 was selectively toxic to canine lymphoid 
tumor cells, further preclinical studies are warranted. 
These would include in vivo tumor suppression assays in 
nude mice, oral pharmacokinetics and toxicity testing.  

In conclusion, we have detected the protein expression 
of aurora kinase-A and aurora kinase-B in a normal ca- 
nine cell line and malignant lymphoid cells. Tetraploid 
and octoploid DNA was seen 24 and 48 hours after incu- 
bation with ZM447439. This suggests substantial inter- 
ference with tumor cell division. ZM447439 induced 
apoptotic cell death particularly in EMA cells. These re- 
sults indicate that aurora kinase inhibitors could be a very 
attractive therapeutic agent for malignant canine lym- 
phoid tumors, and provide justification for further in vivo 
study.  
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