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Abstract
ENMD-2076 is an aurora kinase inhibitor that also has multi-target tyrosine kinase inhibitor

properties. In this study, the mRNA and the protein expression of aurora-A and aurora-B were

evaluated in three canine mast cell tumour cell lines. Dose-dependent cytotoxicity was seen in the

cells treated, and it affected the cell cycle with cells in the G2/M phase being selectively killed. The

cells were also evaluated for radiosensitivity with/without ENMD-2076, and radiosensitization was

seen after 3 Gy and 6 Gy exposures with ENMD-2076 for 48 h. Protein expression of caspase-3 was

gradually increased, and the expression intensity was highest at 24 h post irradiation in cells without

ENMD-2076 treatment, which indicates that radiation exposure with ENMD-2076-induced cell death

faster than radiation treatment alone. Our study results suggest the potential usefulness of treating

canine mast cell tumours with aurora kinase inhibitors alone or in conjunction with radiation therapy.
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Introduction

Canine mast cell tumours are the most common

cutaneous malignant tumours in dogs.1 While

histological grades, I, II and III provide useful

information regarding a patient’s prognosis,2,3

inter-observer variations have been reported,4 as

well as the observation that grade II tumours,

which represent the majority of canine mast cell

tumours, have varied outcomes. Other factors such

as mitotic index, Ki67, nucleolar organizing regions

(AgNOR), and/or c-KIT expression also have

been reported to correlate with prognosis.1,5–7

Treatment options depend on staging, but in

general surgery and radiation therapy are very

effective.1,8–10 It has been reported that for even

one loco-regional lymph node metastasis with an

incompletely excised mast cell tumour in dogs,

definitive radiation therapy for both primary

surgically excised and metastatic lymph node

sites still can provide long-term disease control

and a disease-free survival time of 1240 days.10

Chemotherapy is recommended if the patient has

either systemic disease, a grade II mast cell tumour

with negative histological prognostic factors, or

a grade III mast cell tumour.11–13 However, no

clear evidence of prolonging survival time has been

reported yet. The most commonly used chemother-

apy drugs for mast cell tumours are CCNU and

vinblastine.1,13,14 Targeted therapy also has been

attempted for canine mast cell tumours because

this tumour expresses c-kit and contains a mutated

constitutively activated form.15,16 The c-kit recep-

tor is a one of a family of tyrosine kinase receptors

that regulate cell signal transduction, cell survival,

cell proliferation, and differentiation.17 Tyrosine

kinase inhibitors have been reported to be radiosen-

sitizers in humans. Some of the most well-known

radiosensitizing agents are epidermal growth factor

receptor (EGFR) inhibitors.18 It has been reported

that the presence of EGFR inhibitors enhances

DNA damage, which could lead to lethal damages.19

Since tyrosine kinase inhibitors are starting to be

Correspondence address:
K. Shiomitsu
Department of Veterinary
Clinical Sciences, Cancer
Treatment Unit
Louisiana State University
Baton Rouge, LA, USA
e-mail:
keijiros@lsu.edu;
kshiomitsu@gmail.com

© 2013 John Wiley & Sons Ltd 13



14 K. Shiomitsu et al.

used intensively in veterinary medicine,16,20,21 it

is very important to investigate their potential use

as radiosensitizing agents. Another justification of

investigating radiosensitizing agents would be that,

although radiation therapy alone for gross mast cell

tumours in dogs has a favourable response duration

(reported as 12 months),21 using a radiosensitizing

agent for non-surgical canine mast cell tumours

might result in a longer tumour control and

survival time over radiation therapy alone.

Aurora kinases are serine/threonine kinases that

regulate the cell cycle and mitotic spindle assembly

by centrosome duplication and separation.22 There

are three types of aurora kinases: aurora-A, aurora-

B and aurora-C. Aurora-A and aurora-B have

been investigated in human medicine. Aurora-

A and aurora-B are expressed in most normal

cells, but the localization and the timing of the

activation of aurora-A and aurora-B are different

during the cell cycle within normal cells. Aurora-A

is ubiquitously expressed and regulates cell cycle

events occurring from late S-phase through the

M-phase.23 Aurora-B localizes to the centromere

during the early stages of mitosis, and then after

anaphase begins, Aurora-B relocates gradually to

the midzone and persists throughout cytokinesis.22

Overexpression of the protein and mRNA of both

aurora-A and aurora-B has been documented in

multiple human tumours.22 We recently confirmed

both the protein and mRNA expression of aurora-

A and aurora-B in normal canine endothelial cells

and canine malignant lymphoid cell lines in our

laboratory.24 We have reported that canine aurora-

A has a 90% homology to human aurora-A, and

canine aurora-B has a 92% homology to human

aurora-B by performing sequence alignment.24

This result indicates that these genes are highly

conserved between humans and canine species.

ENMD-2076 is a novel, orally bioavailable, aurora

kinase inhibitor that also targets various tyrosine

kinases such as Flt-3 (FMS-like tyrosine kinase-

3), Src (Sarcoma), VEGFR-2 (Vascular endothelial

growth factor receptor-2) and FGR1 (Fibroblast

growth factor receptor-1).25

In this study, we evaluate the protein and mRNA

expression of aurora-A and aurora-B in the canine

mast cell tumours cell lines (CoMS, CM-MC1 and

VI-MC1). We also investigate the cell survival, the

drug’s effect on the cell cycle, and the enhancement

of radiosensitivity with aurora kinase inhibitors.

Our hypothesis is that ENMD-2076 enhances

radiosensitivity and leads to cell death through

apoptosis for canine mast cell tumour cells in vitro.

Materials and methods

Cell culture

Three malignant canine mast cell tumour cell

lines, CoMS, CM-MC1 and VI-MC1, were used

in this study, and all three cell lines have been

previously characterized.26–28 CoMS originated

from a mucosal mast cell tumour in a dog.26

CM-MC1 and VI-MC1 originated from visceral

mast cell tumours in dogs.27,28 All three canine

mast cell tumours were kindly donated by Dr

Nakagawa from Tokyo University, Tokyo (Japan)

and Dr Kadosawa from Rakuno Gakuen University,

Hokkaido (Japan). All three cell lines were

maintained in RPMI-1640 [American Type Cell

Culture Collection (ATCC), Manassas, VA, USA)

supplemented with 10% foetal bovine serum (FBS,

ATCC) and 2 mM L-glutamine (ATCC). All cells

were maintained in 5% CO2 at 37 ◦C in a humidified

incubator. The same incubation conditions were

used for the MTT and cell cycle assays.

Drug

ENMD-2076 (aurora kinase and multi-targeted

tyrosine kinase inhibitor, Selleck chemicals, Hous-

ton, TX, USA) was purchased as a powder. ENMD-

2076 was dissolved in dimethyl sulfoxide (DMSO)

as a 10 mM stock solution and stored at −20 ◦C.

RNA preparation

RNA was extracted from malignant canine mast cell

tumour cells (CoMS, CM-MC1, VI-MC1) using the

RNeasy Mini Kit (Qiagen, Valencia, CA, USA) fol-

lowing the manufacturer’s protocol. The cells were

counted manually with a haemocytometer, and

5 × 106 cells were used. Approximately 500 ng μL−1

of RNA was collected and the concentration of

the RNA was measured by NanoDrop® ND-1000

(Wilmington, DE, USA). The total RNA was

treated with TURBO DNA-free™ to remove

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27
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contaminating residual genomic DNA. For cDNA

synthesis, the High Capacity RNA-to-cDNA Kit

(Applied Biosystems, Carlsbad, CA, USA) was used

following the manufacturer’s protocol. Briefly,

10× reverse transcription (RT) buffer, 25× dNTP

mix, 10× RT random primers, MultiScribe reverse

transcriptase, Nuclease-free H2O, and 20 μL of

total RNA were mixed gently in a total volume

of 40 μL in a PCR tube, and then incubated in

a GeneAmp® PCR System 9700 thermocycler

(Applied Biosystems) under the following condi-

tions: 25 ◦C for 10 min, 37 ◦C for 2 h followed by

enzyme inactivation at 85 ◦C for 5 min.

Reverse transcription-polymerase chain
reaction (RT-PCR)

Canine-specific aurora-A and aurora-B cDNA

sequences were determined by our group

previously.24 The cDNA gene sequence of

canine-specific aurora-A (GeneBank Accession:

KC127668), canine-specific aurora-B (GeneBank

Accession: KC137547), and canine-specific

GAPDH (GeneBank Accession: NM_001003142.1)

were used to generate primers using the Primer

3 program (http://frodo.wi.mit.edu/primer3/).

The primers of aurora-A, aurora-B and GAPDH

are as follows; aurora-A (forward/reverse

sequences/amplicon size; CAGCCATAAACCGGC

TCAGA/TCTCCTGGAGGATGGAGCAT/661 bp),

aurora-B (CCTCATGGAGCCGCTCCAAT/CCTC

CATGATCGTGGCTGTT/ 428 bp) and GAPDH (T

CCATCTTCCAGGAGCGAGA/ATACATTGGGG

GTGGGGACA/499 bp). The PCR conditions were

95 ◦C for the initial denaturation, followed by

30 cycles of 45 s at 95 ◦C (denaturing), 45 s at

57 ◦C (annealing) and 60 s at 72 ◦C (extension),

then maintained at 4 ◦C. The PCR was performed

with 0.5 μL of cDNA, 2 μL each of forward and

reverse primers, 20.5 μL of nuclease-free H2O

and 25 μL of PCR master mix (Qiagen) in a

total volume of 50 μL. The PCR was performed

with the same thermocycler that was used for the

cDNA synthesis. The amplified PCR products were

separated by electrophoresis on 2% agarose gels

with 0.01% ethidium bromide, and then analysed

by FluorChem® Q (Alpha Innotech, Santa Clara,

CA, USA) under UV light.

Irradiation

The irradiation source in these experiments was a

6 MV x-ray beam produced by a linear accelerator

(Clinac 600C, Varian Medical Systems, Palo Alto,

CA, USA) at a dose rate of 2.5 Gy min−1 at

the Cancer Treatment Unit of the Department

of Veterinary Clinical Sciences, Louisiana State

University. Beam dosimetry is part of routine

maintenance. Cell culture flasks were irradiated at a

100 cm source-to-surface distance with a 1.5 cm of

tissue equivalent bolus material to obtain maximum

dose at the level of bottom of the flasks. The flasks

were irradiated with a single dose of either 3 Gy

or 6 Gy with a 6 MV x-ray beam at 180◦ of gantry

of the linac. Doses at the bottom of flasks were

determined using standard formulas from dose

output calibrated at a 100 cm source-to-surface

protocol following the American Association of

Physicists in Medicine (AAPM) TG-51 protocol.

Western blot

Protein expression of aurora-A and aurora-B in
canine mast cell tumours cell lines

To assess the protein expression of aurora-A and

aurora-B in canine mast cell tumours, 2 × 107

CoMS, CM-MC1 and VI-MC1 cells were harvested

from T-75 flasks, washed twice with phosphate-

buffered saline (PBS, ATCC), and lysed with RIPA

buffer (Santa Cruz Biotechnology, Santa Cruz, CA,

USA) according to the manufacturer’s protocol.

Briefly, the harvested cells were lysed with the RIPA

buffer containing 10 μL of phenylmethylsulfonyl

fluoride (PMSF), 10 μL of sodium orthovandate

and 10 μL of protease inhibitor cocktail per milliter

of buffer for 30 min on ice. The lysed cells were

then disrupted with a 21-gauge needle, incubated

another 30 min, and then centrifuged at 10 000 ×
g for 10 min at 4 ◦C. Protein concentrations were

determined by the BCA protein assay according to

the manufacturer’s protocol (Pierce Biotechnology,

Rockford, IL, USA). Western blot analysis was

performed with 16% sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE).

The samples were mixed with a gel-loading buffer,

heated at 95 ◦C for 5 min, and then 20 μg of protein

was loaded into each lane of the SDS-PAGE gel.

The SDS-PAGE gel was transferred to nitrocellulose

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27
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membranes by electroblotting. Five percent non-fat

dry milk in PBS with 0.2% TWEEN-20 was used to

block the blots. The blots were probed with anti-

rabbit Glyceraldehyde 3-phosphate dehydrogenase

(GAPDH; 1:2000 dilution; monoclonal mouse

antibody, Abcam, Cambridge, MA, USA), anti-

human aurora-A (1:1000 dilution; polyclonal

goat antibody, Tocris Bioscience, Ellisville, MO,

USA) and anti-human aurora-B (1:1000 dilution;

polyclonal rabbit antibody, Abcam) antibodies at

room temperature for 1 h. The membranes were

then incubated with the appropriate horseradish

peroxidase conjugated secondary antibody (1:2000

dilution; Santa Cruz Biotechnology) for 1 h. The

proteins were visualized using Amersham ECL plus

substrate (GE Healthcare, Buckinghamshire, UK).

To detect caspase-3 expression for evaluation of

apoptosis, canine mast cell tumour cell lines were

irradiated with/without ENMD-2076, harvested

and lysed as described above, but harvested at

different time points (control, 0.5, 6 and 24 h).

Briefly, CoMS and VI-MC1 cells were seeded into T-

75 flasks, and then 5 mL of this culture, containing

1 × 107 cells, was allocated to 10 T-25 flasks.

One flask served as a control (no radiation or

drug), and was treated with 0.01% DMSO. The

remaining flasks were exposed to 3 Gy of radiation

using the 6 MV linac. Three had no drug, three

were treated with the IC10 of ENMD-2076 and

three were treated with the IC50 of ENMD-2076.

The cells were harvested after 0.5, 6 and 24 h

of incubation. The protein concentrations were

determined as before, blots were made, and the blots

were probed with anti-human caspase-3 (1:1000

dilution; polyclonal rabbit antibody, Cell Signaling

Technology, Danvers, MA, USA), incubated at 4 ◦C

overnight with shaking. The blots were visualized

in the same manner as described above.

MTT assay

The cytotoxicity of ENMD-2076 was evaluated by

MTT assay (Roche Applied Science, Indianapolis,

IN, USA) following the manufacturer’s protocol.

Briefly, 5 × 104 cells of CoMS, CM-MC1 and

VI-MC1 were counted manually with a haemocy-

tometer, and seeded in 96 well plates. The plated

cells were incubated with various concentrations of

ENMD-2076 for 48 h. The ENMD-2076 concentra-

tions ranged from 0 to up to 5 μM (0 nM, 25 nM, 50

nM, 100 nM, 250 nM, 500 nM, 1 μM, 2.5 μM and

5 μM). Ten microliters of MTT labelling reagent

was applied to each well, incubated for 4 h, and

then 100 μL of solubilization solution were added.

The plates were incubated at least 18 h or until

complete solubilization of purple formazan crystal,

and then the absorbance at 570 nm was measured

on a 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/absorbance of control). Non-ENMD-2076

treated cells were incubated only with vehicle

(0.01% DMSO), and served as controls. Cell

survival fraction curves were generated, and the

IC10 and IC50 were calculated for CoMS, CM-MC1

and VI-MC1 using Graph Pad Prism version 5

(Graph Pad Prism Software, La Jolla, CA, USA).

The samples were run in duplicate and the

experiments were repeated at least three times.

In addition, to evaluate the concurrent effect of

ENMD-2076 and radiation exposure, MTT assays

were performed using the same protocol described

above. Only CoMS and VI-MC1 cell lines were used

for this experiment because the effect of ENMD-

2076 on the cell cycle was not obvious in CM-MC1

cells, so this cell line was not used. CoMS and VI-

MC1 were grown in T-75 flasks, and then treated

with no-drug (treated only with 0.01% DMSO),

IC10, or IC50 of ENMD-2076 with 0 Gy, 3 Gy or 6 Gy

of radiation using 6 MV x-rays. After treatment, 5 ×
104 cells were plated in 96 well plates, and were incu-

bated for 48 h. Again, the survival fraction (SF) was

calculated. The samples were run in duplicate and

the experiments were repeated at least three times.

Cell cycle analysis

To evaluate the effect of ENMD-2076 on the cell

cycle phases in canine mast cell tumours, cell cycle

analysis was performed. Briefly, 2 × 105 CoMS,

CM-MC1 and VI-MC1 cells were cultured in 48-

well plates. The IC10 and IC50 of ENMD-2076

was added to each well and incubated for 48 h.

The treated cells were washed twice with cold-

PBS and then resuspended in 100 μL of cold-PBS.

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27
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Ice-cold methanol was added slowly and mixed

well, then incubated at 4 ◦C for 30 min. The cells

were then washed with cold-PBS and resuspended

in 450 μL of PBS containing 25 μL Lf RNAse A

(Sigma-Aldrich, St. Louis, MO, USA) and 25 μL

of propidium iodide and incubated for 30 min at

room temperature in the dark. The stained cells

were gated and counted by flow cytometry (BD

Biosciences, San Jose, CA, USA). The data was

analysed using Verity Modfit LT software (Verity

Software House, Topsham, ME, USA) and reported

as a percentage of each cell-cycle phase, which are

G1, S and G2/M. Untreated cells served as controls,

and were treated with 0.01% DMSO. The samples

were kept in the dark, and analysed within 3 h. The

samples were run in duplicate, and the experiments

were repeated at least three times.

Statistical and data analysis

For the MTT and cell cycle assay, the data were

reported as the mean and standard deviation (SD).

The Shapiro–Wilk test was used to analyse the

normal distribution of the MTT assay, cell cycle

assay and the MTT assay SF after radiation and

ENMD-2076 treatments. To compare outcome in

group, analysis of variance (ANOVA) was used,

and then post hoc comparisons were conducted

with Tukey’s test for pairwise comparisons of

significant overall effects. A P value < 0.05 was

considered significant. The collected cell SFs and

their propagated standard errors (1σ ) were plotted

versus dose (D) and fit to the Linear Quadratic

(LQ) hypothesis:

SF = exp
(−αD − βD2

)
(1)

where α and β are fitting parameters related to the

dual radiation action theory. For cross-comparison

purpose, the sensitization enhancement ratio was

utilized at the 50% cell survival level (SER50). The

SER50 is defined as the ratio of doses required to

reach 50% cell inactivation in each of the mast cell

tumour cell lines without ENMD-2076 treatment to

those treated with the IC10 and IC50 of ENMD-2076.

The SER50 values were determined for CoMS and

VI-MC1 cells. All data was analysed using either

Graph Pad Prism version 5 (Graph Pad Prism

Software) or SPSS version 18 (IBM, Armonk, NY,

USA). Graph Pad Prism was used to calculate the

IC10 and IC50 for each cell line.

Results

Expression of aurora kinase in malignant
canine mast cells

Reverse transcription-polymerase chain reaction
(RT-PCR)

RT-PCR was performed to detect the expression

of aurora-A and aurora-B in canine mast cell

tumours. The expression of the mRNA of aurora-A

and aurora-B was detected in all canine mast cell

tumour cell lines (CoMS, CM-MC1 and VI-MC1;

Fig. 1). The intensity of the GAPDH bands was

the same throughout all three cell lines and served

as a positive control. Both aurora-A and aurora-B

were identified and sequenced from normal canine

aortic endothelial cells (CnAOECs) in a previous

study24 and they also served as a positive control

(Data not shown here). RNA extracted from each

canine mast cell tumour cell line was used as a

template in negative control reactions. No bands

were detected from the negative control (Data not

shown here).

Protein expression of aurora kinases

To evaluate the protein expression of aurora-A

and aurora-B kinase in canine malignant mast cell

tumours, western blot analysis was performed on

protein extracts from CoMS, CM-MC1 and VI-

MC1 cells. The protein expression of aurora-A

and aurora-B kinase was detected in all canine

mast cell tumour cell lines (CoMS, CM-MC1

and VI-MC1; Fig. 2). Cross reactivity between

aurora-A and aurora-B antibodies was seen in all

three cell lines. The molecular weights of aurora-

A and aurora-B are 48 and 39KD, respectively.

GAPDH served as a loading control, and the

intensity of the bands of GAPDH in all three mast

cell tumour cell lines are identical. The protein

expression of aurora-A and aurora-B kinase from

normal canine aortic endothelial cells (CnAOECs)

was identified in a previous study,24 and it also

served as a positive control in the same manner

as the RT-PCR.

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27
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Figure 1. Results of RT-PCR of GAPDH, aurora-A and aurora-B from canine malignant mast cell tumour cell lines (CoMS,
CM-MC1 and VI-MC1). GAPDH served as the positive control. Amplicons 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. Bands of the size of aurora-A and aurora-B were clearly
detected from all canine mast cell tumour cell lines (CoMS, CM-MC1 and VI-MC1). MW, Co, CM and VI represent
molecular weight, CoMS, CM-MC1 and VI-MC1, respectively. The size of amplicons for each target gene is identical to the
size predicted from the primers.

Cell viability with ENMD-2076 in canine
malignant mast cell tumour cells (CoMS,
CM-MC1, and VI-MC1)

The cytotoxic effect of ENMD-2076 was evaluated

by MTT assay after 48 h of incubation with a variety

of concentrations of ENMD-2076 in the canine

malignant mast cell tumour cell lines (CoMS,

CM-MC1 and VI-MC1; Fig. 3). The IC10 (10%

decrease of cell viability) and IC50 (50% decrease

of cell viability) of ENMD-2076 were calculated.

The IC10 and IC50 for CoMS are 117 and 360

nM, respectively. The IC10 and IC50 for CM-MC1

are 17.5 and 404 nM, respectively. The IC10 and

IC50 for VI-MC1 are 291 and 539 nM, respectively.

The cytotoxic effect of ENMD-2076 was observed

as dose-dependent. These three canine mast cell

tumours cell lines are susceptible to ENMD-2076

even though some variation of response was seen

among those cell lines.

Cell cycle analysis and DNA content change with

ENMD-2076 in canine malignant mast cell tumour

cells (CoMS, CM-MC1 and VI-MC1)

We evaluated the effect of ENMD-2076 on the

cell cycle phases of mast cell tumours cells because

aurora kinases are involved with the regulation of

the cell cycle. The cell cycle analysis was evaluated

Figure 2. The protein expression of aurora-A and aurora-B kinase in canine mast cell tumour cell lines (CoMS, CM-MC1
and VI-MC1). Canine aortic endothelial cells served as a positive control. The aurora-A and aurora-B kinases were detected
in all three canine malignant mast cell tumour cell lines. There is cross reactivity between the aurora-A and aurora-B
antibodies. The protein size of aurora-A, aurora-B and GAPDH are approximately 48, 39 and 37 KD, respectively. GAPDH
was used as a loading control, and the intensity of bands of GAPDH in all three mast cell tumour cell lines are identical. Cn,
ARK-A and ARK-B represent canine aortic endothelial cells, aurora-A kinase and aurora-B kinase, respectively.

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27
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Figure 3. Cytotoxic effect and cell viability of the canine malignant mast cell tumour cell lines (CoMS, CM-MC1 and
VI-MC1). CoMS, CM-MC1, VI-MC1 were cultured with various concentrations of ENMD-2076 for 48 h. The IC10 and IC50

for CoMS are 117 and 360 nM, respectively. The IC10 and IC50 for CM-MC1 are 17.5 nM and 404 nM, respectively. The IC10

and IC50 for VI-MC1 are 291 nM and 539 nM, respectively. The cytotoxic effect of ENMD-2076 was observed to be dose
dependent. The three canine mast cell tumour cell lines are susceptible to ENMD-2076 even though some variation of the
responses was seen among the cell lines. The mean ± 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 samples were run in duplicate and the experiments were repeated three times. *Values are
significantly different (p < 0.05) for each control.

by flow cytometry after 48 h of incubation with the

IC10 and IC50 of ENMD-2076 in canine malignant

mast cell tumour cell lines (CoMS, CM-MC1 and

VI-MC1). The percentage of G1, S and G2/M

phases was represented as the mean ± SD, then

the bar graphs were generated (Figs. 4A–C). The

most affected cell cycle phases were the S and

G2/M phases in CoMS, and VI-MC1 cells, and a

significant effect was seen after 48 h of incubation

with the IC50 (P < 0.05). The CoMS and VI-MC1

cells in the G2/M phase incubated with the IC50 for

48 h were selectively killed. The DNA content of the

CoMS, CM-MC1 and VI-MC1 cells were present

in the diploid (2 N), and tetraploid (4 N) state, and

a histogram of cell cycle phases was generated (Fig.

4D). A dramatic decrease of the DNA content of

the 4 N cells is obvious in the G2/M phase when

incubated with the IC50 for 48 h in CoMS and VI-

MC1 cells. The comparison was performed between

treated and non-treated cells within each phase in

each cell line.

Enhancement of radiosensitivity with
ENMD-2076 in CoMS and VI-MC1

We evaluated the potential radiosensitizing effect of

ENMD-2076 on canine mast cell tumours. CoMS

and VI-MC1 were selected because the effect on

the cell cycle distribution in CM-MC1 cells is less

than with the CoMS and VI-MC1 cells. The cells

were irradiated using a 6 MV linac at the dose rate

of 2.5 Gy min−1 with 3 Gy and 6 Gy with/without

the IC10 or the IC50 of ENMD-2076, and then

incubated for 48 h in 96-well plates. Figs 5A,B show

the radiation response of CoMS and VI-MC1 cells

with and without treatment using ENMD-2076 at

levels IC10 and IC50. The LQ curve fits have root

mean square (RMS) and chi-squared values of zero

in all cases, except for IC50. For CoMS with IC50 the

RMS and chi-squared values are 1.7E-8 and 5.6E-

10, respectively, which indicate a very good fit. For

VI-MC1 with IC50 RMS = 3.9E-2 and χ2 = 1.52.

Sensitization enhancement values from these fits at

50% survival for CoMS cells are 1.4 and 2.3 with

IC10 and IC50, respectively. In the case of VI-MC1

cells, SER50 (IC10) = 2.1 and SER50 (IC50) = 2.8.

These results indicate significant radiosensitizing

effects.

Induced apoptosis with ENMD-2076 in CoMS
and VI-MC1

Caspase-3 expression

To evaluate caspase-3 expression and the mecha-

nism of cell death induced by ENMD-2076, western

blot analysis was performed in the same manner

described above, but harvested at different time

points (control, 0.5, 6 and 24 h; Fig. 6). Minimum

detection of caspase-3 was seen at 0.5 h. However,

the intensity of the caspase-3 bands gradually

increased, and maximum intensity of expression

was observed at the final 24-h time point following

the 3 Gy exposure in the presence of ENMD-2076.

The maximum expression of caspase-3 in cells that

were not treated with the drug was also observed

at the 24-h time point. Moreover, in the cells that

received the maximum dose of ENMD-2076 (IC50),

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27
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Figure 4. The cell cycle effect of ENMD-2076 in CoMS, CM-MC1, and VI-MC1 cells. The cell cycle analysis was evaluated
by flow cytometry after 48 hours of incubation with the IC10 and IC50 of ENMD-2076. The percentage of G1, S, and G2/M
phases were calculated as the mean ± standard deviation (SD), and then bar graphs were generated. The bar graphs show the
percentage of cells in each cell cycle phase within each cell line (A, B and C). An obvious decrease was seen in the S and G2/M
phases in CoMS and VI-MC1 cells incubated with the IC50 of ENMD-2076. The histogram of the cell cycle shows the change
of DNA content in CoMS, CM-MC1, and VI-MC1 cells. The arrows point out the dramatic distribution change of the
diploid (2N), and tetraploid (4N) cells (D). The comparison was done between the control and either the IC10 or IC50 of
each group. 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. CC and Cnt are abbreviations for the cell cycle and control.

there was lower expression of caspase-3 after 24 h

of incubation than with the IC10 of ENMD-2076.

In other words, the expression of caspase-3 in the

cells treated with the IC50 of ENMD-2076 peaked

before 24 h. All taken together, the results indicate

that apoptosis was induced earlier than 24 h with

3 Gy radiation exposure in the presence of the IC50

of ENMD-2076.
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Figure 5. Cell survival curves for CoMS and VI-MC1 cells after irradiation by 6 MV x-rays. Error bars are ±1σ uncertainty.
Treatment with ENMD-2076 enhances the radiation sensitivity of the canine malignant mast cell tumour cell lines CoMS (A)
and VI-MC1 (5B). CoMS and VI-MC1 were irradiated with 3 Gy and 6 Gy in the presence of either the IC10 or IC50 of
ENMD-2076, and then incubated for 48 h. The survival fraction (SF) was fitted with linear-quadratic curves on the survival
data for CoMS and VI-MC1. 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. Goodness of fit: CoMS: root mean square (RMS) and χ2 values
are zero except for IC50 where RMS = 1.7E-8 and χ2 = 5.6E-10. VI-MC1: RMS and χ2 values are zero except for IC50 where
RMS = 3.9E-2 and χ2 = 1.52.

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27



22 K. Shiomitsu et al.

Figure 6. The caspase-3 expression at 24 h after 3 Gy exposure with concurrent treatment either with/without the IC10 or
IC50 of ENMD-2076. The caspase-3 activity was evaluated at different time points (control, 0.5, 6 and 24 h). GAPDH was
used as a loading control, and the intensity of bands of GAPDH in the CoMS and VI-MC1 cells are identical. The protein size
of cleaved caspase-3, caspase-3, and GAPDH are approximately 19, 30 and 37 KD, respectively. GAP, Csp-3, CL-Csp-3, Cnt
and ND indicate GAPDH, Caspase-3, cleaved caspase-3, Control, and Non-drug, respectively.

Discussion

One of the main functions of aurora kinases is

mitotic spindle formation and cell separation.22

Due to the fact that aurora kinases are involved with

cell cycle regulation, targeting the aurora kinases

in cancer therapy would be a promising approach.

Scant information exists regarding aurora kinases in

veterinary medicine,24,29 but our group has shown

the existence of mRNA and protein expression of

aurora kinases in both normal canine endothelial

cells and malignant canine lymphoid cells.24 Our

group has also shown that the aurora-A and aurora-

B genes are highly conserved between humans and

dogs. We have started to evaluate the mRNA and

protein expression of aurora-A and aurora-B in

canine malignant mast cell tumours. The expres-

sion of mRNA (Fig. 1) and protein expression

(Fig. 2) of aurora-A and aurora-B were clearly

detected by RT-PCR and western blots. In humans,

over-expression of aurora-A and/or aurora-B has

been suggested as prognostic markers in some types

of malignant tumours.30–33 Quantification of the

mRNA between malignant tumours, and investi-

gating its relationship to the treatment response

and/or prognosis would be a useful next step.

We also evaluated the cytotoxic effect of ENMD-

2076 in canine mast cell tumours. All three cell lines

used in this study are susceptible to ENMD-2076

(Fig. 3). More importantly, the IC50 for CoMS,

CM-MC1 and VI-MC1 ranges from 360 to 539 nM;

which is much lower than in a previous study using

malignant canine lymphoid cells.24 This indicates

that ENMD-2076 is effective on canine mast cell

tumours. The common side effects of ENMD-2076

in humans have been reported in phase I clinical

trials as hypertension, nausea, vomiting, fatigue

and/or diarrhoea. The severity of these side effects

appears to be dose-dependent,34 therefore, using

less of the drug may avoid these unfavourable

side effects. The response curves with ENMD-

2076 in canine malignant mast cell tumours are

very similar to those reported in human studies

using small molecules, which have very narrow

therapeutic windows and steep dose-response

curves.35,36 Clinically, it might be a challenge to find

the optimum dose of small molecule drugs because

patients exhibit a variation of tumour sensitivity

to the drug relative to normal tissues. Toceranib

phosphate (Palladia, SU11654) has been approved

for the treatment of canine mast cell tumours, and

it is beginning to be widely used to treat a variety of

tumours in dogs.16,20,21 The current recommended

dose of toceranib phosphate is 3.25 mg kg−1,

every other day (three times/week), and with

this dosage, optimum plasma concentrations of

40 ng mL−1 were attained.37 However, in actual

clinical situations, we still see some unacceptable
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side effects even with the recommended dosage,

and it is not rare to be forced use a lower dose of

toceranib phosphate in veterinary medicine, which

may also be a less effective dose.

The histograms of cell cycle analysis allow us to

evaluate any change of the distribution of cell cycle

phases by ENMD-2076 (Fig. 4D). The majority

of aurora kinases induce polyploidy (increase to

4 N and/or 8 N) and apoptosis.38,39 Wang et al.40

showed the change of cell cycle phase distribution

and increased polyploidy with ENMD-2076 using

human multiple myeloma cells. However, in this

study, we did not observe the same response in two

canine mast cell tumour cell lines (CoMS and VI-

MC1). In the cell cycle analysis, the G2/M phases

were selectively depleted with ENMD-2076 after a

48-h incubation, which indicates that the cells in

the G2/M phase of two canine malignant mast cell

tumour cell lines were selectively killed by ENMD-

2076, and/or the cells did not move into G2/M. It

is unknown why no accumulations of 4 N or 8 N

cells were seen with the canine mast cell tumour

cells as is seen with other aurora kinases. Most

of the Wang study was conducted using human

cell lines, and therefore different results may be

observed in the canine cells and with a different

tumour type. ENMD-2076 is a multi-target aurora

kinase inhibitor, which also can inhibit the activity

of tyrosine kinases and/or their receptors. The

multiple target mechanisms might explain why the

ENMD-2076 did not cause polyploidy. It also did

not appear that there was a sub G1 accumulation of

cells even with evidence of undergoing apoptosis.

It is known that sub G1 accumulation would be

seen if apoptosis is present due to condensation of

chromatin.41 However, G1 accumulation could be

obscured or invisible due to various reasons, such as

DNA loss due to the washing process, the generation

of bleb, debris, and necrotic cells.41,42 Because there

is the potential failure to detect a discreet peak of

chromatin condensation, assessing apoptosis using

G1 sub accumulation by flow cytometry analysis

would not always be ideal. Because apoptosis

pathways are extremely complicated processes, it

has been suggested that multiple assays would best

assess apoptosis pathways.

Using small molecules as radiation-sensitizers is

currently getting a lot of attention in veterinary

medicine. EGFR inhibitors are some of the best

known of the small molecules, and have been inves-

tigated as potential radiosensitizers for head and

neck tumours in human medicine. Many phase II

clinical trials of chemoradiation treatment in the

presence of cetuximab have been conducted, and

most of the results are encouraging moving to a

higher stage of clinical trial due to the improvement

of clinical responses and tumour control duration

even with an increased incidence of acceptable

acute toxicity.43–45 Multi-institutional clinical tri-

als of canine nasal adenocarcinoma using radiation

therapy and Palladia (tyrosine kinase inhibitors)

are being conducted by the Veterinary Radiation

Therapy Oncology Group(VRTOG). We evaluated

the effect of ENMD-2076 with concurrent radiation

exposure to 6 MV therapy x-rays and observed a

radiosensitizing effect in CoMS, and VI-MC1 cells.

The LQ fits of the IC50 data in both CoMS and

VI-MC1 cells show the lack of a shoulder region in

the survival curves (Figs 5A,B), indicating that at

this level the effect of ENMD-2076 aurora kinase

inhibitor is significant. In the case of VI-MC1,

the LQ model shows a nearly pure exponential

decrease even at the IC10 level, which suggests

that this cell line is more sensitive to radiation at

this level of ENMD-2076 compared to CoMS. In

this study, the evaluation of the shoulder region

was hindered by the low number of dose points.

In the case of VI-MC1, the SF of IC50 at 6 Gy

exhibits a pseudo-radiation hardening, which is

due to overkill, and it is not well reproduced by

the LQ curve. However, this is not the case with

the CoMS line, which also shows a pure expo-

nential decrease with the IC50 without a shoulder.

Because of the general similarities between the two

sets of survival curves and because of the evidently

higher sensitization in VI-MC1, it is likely that

the current LQ fit correctly predicts the lack of a

shoulder in the VI-MC1 IC50. To further evaluate

the degree of sensitization, the sensitivity enhance-

ment ratio was evaluated at the 50% SF (SER50)

using the fitted LQ models. The 50% endpoint was

selected because the assessment at this degree of

cell inactivation did not require extrapolation. Sig-

nificant radiosensitization was seen with the IC10

and the IC50 in both CoMS and VI-MC1 cells (Figs

5A,B). In CoMS cells treated with the IC10, the

© 2013 John Wiley & Sons Ltd, Veterinary and Comparative Oncology, 14, 1, 13–27



24 K. Shiomitsu et al.

SER50 = 1.4, whereas when treated with the IC50,

the SER50 = 2.3. A much greater radiosensitizing

effect was seen in the VI-MC1 cells, where the

SER50 (IC10) = 2.1, while the SER50 (IC50) = 2.8.

Our results are consistent with various sensitization

enhancement experiments conducted with mam-

malian cells. For example, using the chemical agent

iododeoxyuridine (IUdR) in conjunction with 4

MV clinical beams has been shown to yield SER10

values ranging from 1.5 to 2.6 depending on the

tissue IUdR concentration and on the uptake by

the DNA.46 Our data show a comparatively higher

sensitization because in our case it is the SER50 that

has similar values. Because of the divergent nature

of the survival curves, the SER is higher at lower

SFs. The IC10 of ENMD-2076 can decrease cell

survival 30% without a concurrent 3 Gy radiation

treatment in VI-MC1 cells, which suggests that an

even lower dose of small molecules might be able to

cause a similar response in a clinical setting. When

using toceranib phosphate as a radiation sensitizer

in veterinary medicine, there exists the possibility

of life threatening side effects (such as gastroin-

testinal bleeding and/or perforation). The ability to

lower the dose to acquire a raidosensitizing effect

allows the clinician to more easily use the drug

without worrying about causing life-threatening

side effects. Using a lower dose of toceranib phos-

phate may result in T-regulatory cell suppression,

immunomodulatory effects, and anigiogenesis inhi-

bition, which could lead to a superior tumour

control rate and/or longer survival time.47–49

Caspase-3 expression was also evaluated to

investigate the mechanism and timing of cell

death with ENMD-2076 treatment concurrent

with radiation exposure. Caspase-3 expression was

highest after 24 h of incubation without ENMD-

2076 after a 3 Gy exposure (Fig. 6). Owing to the

radiosensitizing effects of ENMD-2076 treatment

with radiation exposure seen in CoMS and VI-MC1

cells, the results indicate that the cell death was

induced before 24 h. The expression of caspase-3

in both CoMS and VI-MC1 cells at control and

after 0.5 h is low. The intensity of expression gets

stronger at 6 h and reaches a maximum at 24 h.

The stronger expression of caspase-3 at 6 hours in

VI-MC1 cells in the presence of ENMD-2076 rather

than at 6 h with radiation treatment alone indicates

that ENMD-2076 accelerates cell death through

apoptosis earlier than with radiation alone.

There are some limitations to this study. We

have not investigated the actual mechanism of

radiosensitivity with ENMD-2076. It would be

useful to know how the ENMD-2076 enhances

the radiosensitivity of canine mast cell tumours.

Because we do not know the importance of the

expression of aurora-A and aurora-B regarding the

tumour activity, treatment response, and prognosis,

it would be ideal to quantitate the mRNA expression

level with quantitative RT-PCR. This is an in vitro

study; the results of this study might not be seen

in an in vivo study. To better assess the shoulder

region of the survival curve, multiple radiation

exposures at low doses will be required. However,

when comparing the two cell lines, we feel that

our general conclusion with respect to the lack of

pronounced shoulder at the IC50 is likely accurate.

No other definitive conclusions pertaining to the

shoulder of the survival curve can be drawn. In

this current experiment, the more sensitive cell line

was a visceral mast cell tumour, which is likely a

more aggressive variant and generally not treatable

with radiation therapy given the location. Also two

of the three cell lines were of visceral origin and

the third was of mucosal origin. These may behave

differently than cutaneous mast cell tumours.

In conclusion, we have detected mRNA and pro-

tein expression of aurora-A and aurora-B in canine

mast cell tumour cells lines. We also observed a

dose-dependent cytotoxic effect by ENMD-2076.

The cell cycle distribution and DNA content

changes were seen particularly in CoMS and

VI-MC1 cells. The ENMD-2076 caused a radiosen-

sitizing effect in the tested cells yielding sensitization

enhancement ratios at 50% survival ranging from

1.4 to 2.8, with VI-MC1 cells being much more sen-

sitive than CoMS. These results suggest the general

potential for treating canine mast cell tumours with

aurora kinase inhibitors, and specifically warrant

further in vitro and in vivo studies using ENMD-

2076 treatment in conjunction with radiotherapy.
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