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ABSTRACT

Pancreatic cancer is a devastating disease with a high mortality rate. Treatment of this
malignancy remains a big challenge in oncology, and none of the currently available
chemotherapeutic agents has a remarkable impact on improving patient survival. Conse-
quently, it is important to explore new targets and find effective drugs for the management
of this disease. Here we report that inhibition of the mitotic kinesin Eg5 by a pharmaco-
logical compound effectively prevents the proliferation of pancreatic cancer cells by halting
mitotic progression, resulting in robust apoptosis. The mitotic arrestinduced by this agentis
attributed to its interference with spindle formation and activation of the spindle check-
point. Impairment of the spindle checkpoint significantly compromises both mitotic arrest
and apoptosis induced by the Eg5 inhibitor, suggesting the importance of the spindle
checkpoint in monitoring Eg5 inhibitor sensitivity. Furthermore, treatment of nude mice
bearing tumor xenografts of human pancreatic cancer results in pronounced tumor regres-
sion by triggering apoptosis. These data thus indicate Eg5 as a potential target for pancreatic
cancer treatment.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

[2,3]. Treatment options for this disease are very limited.
Systemic chemotherapy has not been quite successful,

Pancreatic cancer is the fourth leading cause of cancer death
in the world. The median survival is less than a year, and the 5-
year survival rate is less than 5%, the lowest among all major
cancers [1]. Pancreatic cancer is usually diagnosed at the
advanced stage due to its insidious progression and rapid
dissemination to other organs [2,3]. By the time symptoms
appear, the majority of patients present with locally advanced
or metastatic disease that is surgically inoperable. Even for
patients who have undergone curative resection, most of them
will recur within 2 years of surgical operation and will die of
this malignancy. The devastating feature of pancreatic cancer
is primarily due to its resistance to conventional chemother-
apeutic agents in addition to its enormous aggressive biology
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although the use of gemcitabine, the standard drug for
advanced pancreatic cancer, results in modest clinical benefit
in a subset of patients [4].

There has been a worldwide effort in the past few years to
evaluate the effect of many other chemotherapeutics in
combination with gemcitabine for the treatment of pancreatic
cancer [5]. Unfortunately, the combinations fail to significantly
improve the symptoms and do not show an obvious survival
benefit compared with gemcitabine alone [4]. Thus, there is an
urgent need to identify efficacious drugs, especially for the
majority of patients who suffer from locally advanced or
metastatic disease, for which no curative therapies exist to
date. In the present study, dimethylenastron, a specific
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inhibitor of the mitotic kinesin Eg5 [6], was found to effectively
inhibit the proliferation of pancreatic cancer cells by blocking
cell-cycle progression at mitosis, leading to apoptotic cell
death. The spindle checkpoint, which functions to ensure
accurate chromosome segregation in mitosis [7,8], was found
to regulate the Eg5 inhibitor sensitivity in pancreatic cancer
cells. In addition, the Eg5 inhibitor exhibited potent activity in
mice bearing tumor xenografts of human pancreatic cancer.
These results suggest that Eg5 may be an effective target for
chemotherapeutic management of pancreatic cancer.

2. Materials and methods
2.1. Materials

7,7-Dimethyl-4-(3-hydroxyphenyl)-5-oxo0-3,4,5,6,7,8-hexahy-

droquinazolin-2(1H)-thione (known as dimethylenastron) was
prepared as described [6]. In brief, 3-hydroxybenzaldehyde, 5,5-
dimethyl-1,3-cyclohexanedione, and thiourea were mixed with
polyphosphate ester in a glass beaker and irradiated in a micro-
wave oven. Ethanol and water were then added to the mixture,
and the solid was dissolved in an ultrasonic bath. The resulting
solution was poured into stirred ice-cold water. The precipi-
tated crude product was filtered off and dried in vacuum. The
product was subsequently purified by flash-chromatography
(purity >95%). HR22C16 and monastrol were purchased from
EMD Chemicals (Gibbstown, NJ, US). Taxol, doxorubicin,
sulforhodamine B, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT), 4’-6-diamidino-2-phenylindole
(DAPI), propidium iodide, and a mouse monoclonal antibody
against a-tubulin were from Sigma-Aldrich (St. Louis, MO, US).
Rabbit polyclonal antibodies against Mad2 and BubR1 were
obtained from Abcam. Horseradish peroxidase-conjugated
anti-rabbit and anti-mouse secondary antibodies were pur-
chased from Amersham Biosciences. Fluorescein-conjugated
anti-mouse and rhodamine-conjugated anti-rabbit secondary
antibodies were from Jackson ImmunoResearch Laboratories.

2.2. Cells and adenoviruses

EPP85, BxPC3, CFPAC1, and AsPC1 human pancreatic cancer
cells and RPMI8226 human multiple myeloma cells were
cultured in RPMI 1640 medium supplemented with 2 mM -
glutamine and 10% fetal bovine serum at 37 °C in a humidified
atmosphere with 5% CO,. Adenoviruses encoding Mad2,
BubR1, and dominant-negative Mad2 and BubR1 were pre-
pared and amplified in low passage human embryonic kidney
293 cells as described previously [9,10]. Adenovirus titers were
determined with an adenovirus titer kit (BD Biosciences).

2.3.  Small interfering RNAs (siRNAs)

Mad2, BubR1, and luciferase siRNAs (21-nucleotide duplexes)
were designed to target Mad2 sequence 5-ACCTTTACTC-
GAGTGCAGA-3', BubR1 sequence 5'-CAATACTCTTCAGCAGC-
AG-3, and luciferase sequence 5'-CGTACGCGGAATACTTCGA-
3/, respectively. The siRNAs were synthesized by Dharmacon
and transfected to cells with the lipofectamine 2000 reagent
following the manufacturer’s instruction (Invitrogen).

2.4. In vitro cell proliferation assay

Cells grown in 96-well plates were treated with gradient
concentrations of dimethylenastron for 48 h. Sulforhodamine
B and MTT assays were then performed as described
previously [11]. The percentage of cell proliferation as a
function of drug concentration was plotted to determine ICso,
which stands for the drug concentration needed to prevent
cell proliferation by 50%.

2.5.  Flow cytometry

Flow cytometric evaluation of cellular DNA content was
performed as described [12]. Briefly, 2 x 10° cells were
collected, washed twice with ice-cold phosphate-buffered
saline (PBS), and fixed in 70% ethanol for 24 h. Cells were
washed again with PBS and incubated with propidium iodide
(20 pg/ml)/RNaseA (20 wg/ml) in PBS for 30 min in the dark.
Samples were analyzed on a BD FACSCalibur flow cytometer.

2.6. Fluorescence microscopy

To visualize microtubules, cells grown on glass coverslips
were fixed with cold (—20 °C) methanol for 5 min and then
washed with PBS for 5 min. Nonspecific sites were blocked by
incubating with 2% BSA in PBS for 15 min. Cells were incubated
with mouse monoclonal anti-a-tubulin antibody for 2h and
then fluorescein-conjugated anti-mouse secondary antibody
for 1 h, followed by staining with DAPI for 5 min as described
[13]. Coverslips were mounted with 90% glycerol in PBS and
examined with an Olympus fluorescence microscope. To
visualize the spindle checkpoint proteins Mad2, Bubl, and
BubR1, cells grown on glass coverslips were fixed with 1%
paraformaldehyde/PBS for 20 min at room temperature.
Coverslips were then washed with PBS for 5 min, permeabi-
lized with 0.2% Triton X-100/PBS for 2 min, and washed for
another 5min with PBS before they were processed for
incubation with primary and secondary antibodies, stained
with DAPI, and examined microscopically.

2.7.  Western blot analysis

Proteins were resolved by polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes
(Millipore). The membranes were blocked in Tris-buffered
saline containing 0.2% Tween 20 and 5% fat-free dry milk and
incubated first with primary antibodies and then with horse-
radish peroxidase-conjugated secondary antibodies. Specific
proteins were visualized with enhanced chemiluminescence
detection reagent according to the manufacturer’s instruc-
tions (Pierce Biotechnology).

2.8. MPM2 antibody staining

Cells (2 x 10° were collected and fixed with 70% ethanol. Cells
were then treated with the blocking solution (PBS containing
0.2%, w/v saponin and 0.2% BSA) for 1 h, followed by incubation
with the MPM2 mouse monoclonal antibody (Upstate Technol-
ogy) in the blocking solution for 1 h. Cells were then incubated
with Alexa 488-conjugated anti-mouse secondary antibody
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(Molecular Probes) for 1 h, and the percentage of MPM2-positive
cells was quantified by flow cytometry.

2.9.  Annexin V staining

The annexin V staining assay was performed by using the
annexin V apoptosis detection kit following the manufac-
turer’s protocol (Pharmingen). Briefly, cells were washed with
PBS and then resuspended in the binding buffer (10 mM
HEPES, pH 7.4, 140 mM NaCl, 2.5 mM CaCl,). Cells were
incubated with fluorescein-conjugated annexin V for 15 min
at room temperature in the dark. The binding buffer was then
added and cells were analyzed by flow cytometry.

2.10.  Measurement of caspase-3 activity

Cells were incubated with 0.4 or 1 uM dimethylenastron or
vehicle control for 0, 24, 48, or 72 h. Caspase-3 activity was
examined by measuring the luminescence resulting from the
cleavage of Z-DEVD-aminoluciferin (Promega). The lumines-
centsignal, whichis directly proportional to thelevel of caspase-
3 activity, was measured with a luminescence plate reader.
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2.11.  Animal experiment

Eight-week-old female BALB/c athymic (nu/nu) nude mice
were injected subcutaneously with 2 x 10° EPP85 cells per
mouse. Treatment was initiated 8 days later when tumors
were palpable and measurable (about 100 mm?). Three axes of
tumors were measured every 2 days with vernier calipers, and
tumor volume was calculated as 1/2 x length x width? in
mm?. Tumor-bearing mice were randomly grouped (8 mice/
group) and were treated intravenously with 10, 20, or 40 mg/kg
dimethylenastron or equal volume of vehicle. Body weight
was monitored every 2 days. At the end of experiment, tumors
were formalin-fixed and paraffin-embedded.

2.12.  Terminal deoxynucleotidyltransferase-mediated
dUTP nick-end labeling (TUNEL) staining of tumor sections

For TUNEL staining of paraffin-embedded tumor sections,
tumors were dewaxed at 60 °C for 15 min, washed in xylene,
and then rehydrated through a graded series of ethanol and
distilled water. The resulting sections were incubated with
proteinase K for 20 min, incubated with the blocking solution
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Fig. 1 - Inhibition of Eg5 activity prevents the proliferation of human pancreatic cancer cells. (A) EPP85, BxPC3, CFPAC1, and
AsPC1 pancreatic cancer cells and RPMI8226 multiple myeloma cells were treated with varying concentrations of
dimethylenastron (DIMEN), HR22C16, or monastrol for 48 h, and the drug concentrations needed for 50% inhibition of cell
proliferation (ICs, values) were then determined by sulforhodamine B-based in vitro cell proliferation assay. The values and
error bars shown in the graph represent the averages and standard deviations, respectively, of three independent
experiments. (B) Phase contrast images of EPP85 cells treated with 0.4 pM dimethylenastron for 0, 24, or 48 h.
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(0.3% H,0, in methanol) for 30 min, and then incubated in the
permeabilization solution (0.1% Triton X-100/0.1% sodium
citrate) on ice for 2 min. The slides were incubated with TUNEL
reaction mixture (Molecular Probes) for 1h at 37°C in a
humidified chamber, incubated with streptavidin-horseradish
peroxidase solution for 30 min, and then incubated with 3,3'-
diaminobenzidine solution for 10 min.

3. Results

3.1. Inhibition of Eg5 activity prevents the proliferation of
human pancreatic cancer cells

Inhibitors of the mitotic kinesin Eg5 represent a new generation
of anti-cancer agents currently undergoing clinical evaluation
[14]. To examine the therapeutic potential of targeting Eg5 in
pancreatic cancer, EPP85, BxPC3, CFPAC1, and AsPC1 human
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pancreatic cancer cells were treated with gradient concentra-
tions of the Eg5 inhibitors dimethylenastron, HR22C16, and
monastrol. The extent of cell proliferation was measured by
sulforhodamine B staining assay, which is based on the
stoichiometric binding of the sulforhodamine B dye to all
cellular protein components [15]. The ICs, values, which stand
for the drug concentrations needed for 50% inhibition of cell
proliferation, were then determined. RPMI8226 multiple mye-
loma cells were used as positive controls for the pancreatic
cancer cells [12]. As shown in Fig. 1A, the Eg5 inhibitors
effectively prevented the proliferation of RPMI8226 cells, with
dimethylenastron showing the highest activity. Dimethylenas-
tron also exhibited strikingly higher anti-proliferative activity
than HR22C16 and monastrol for all the pancreatic cancer cell
lines examined (Fig. 1A). In addition, we found that the EPP85
cell line was more sensitive to Eg5 inhibitor treatment than the
other pancreatic cancer cell lines. Similar results were achieved
using MTT-based in vitro cell proliferation assay (data not
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Fig. 2 - Dimethylenastron arrests cells at mitosis and interferes with bipolar spindle formation. (A) Immunofluorescence
images of microtubules (green) and DNA (blue) in EPP85 cells treated for 24 h with 0.4 pM dimethylenastron, 5 nM taxol, or
vehicle (control). The left control shows the morphology of interphase cells in vehicle-treated group, whereas the right
control highlights the morphology of mitotic cells in vehicle-treated group. Bar, 10 pm. (B) Cells were treated for 24 h with 0,
0.1, 0.4, 0.7, or 1 pM dimethylenastron, and the percentage of mitotic cells with monoasters was quantified by
immunofluorescence staining of cellular microtubules and DNA as in (A). (C) Cells were treated with 0.4 pM
dimethylenastron or vehicle (control) for 0, 24, 48, or 72 h, and the percentage of G2/M phase cells was quantified by flow
cytometric analysis of cellular DNA content. (D) Cells were treated with 0.4 or 1 pM dimethylenastron or vehicle (control) for
0, 24, 48, or 72 h, and the percentage of mitotic cells was quantified by MPM2 antibody staining assay.
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shown). Therefore, we chose to use dimethylenastron and
EPP85 cells in the following studies to further validate the
potential of Eg5 as a therapeutic target against pancreatic
cancer. Phase contrast microscopic analysis of cell morphology
revealed that while EPP85 cells proliferated normally upon
vehicle treatment, their proliferation was significantly impaired
in the presence of dimethylenastron. Following drug exposure,
cells turned round first (24-h treatment) and then appeared
fragmented (48-h treatment) (Fig. 1B).

3.2.  Dimethylenastron arrests cells at mitosis and
interferes with bipolar spindle formation

We next investigated the molecular mechanisms underlying
the anti-proliferative activity of dimethylenastron in pancreatic
cancer cells. We first examined cellular microtubules and DNA
in dimethylenastron-treated EPP85 cells by immunofluores-
cence microscopy. As shown in Fig. 2A, following a 24-h
treatment with 0.4 pM dimethylenastron, many EPP85 cells
were blocked at mitosis with condensed chromosomes.
Strikingly, while normal mitotic cells have bipolar spindles
and the majority of 5nM taxol (a microtubule-binding drug)-
arrested mitotic cells have multipolar spindles, dimethylenas-
tron-arrested mitotic cells have monopolar spindles known as
monoasters (Fig. 2A and B). Dimethylenastron-induced mitotic
arrest was confirmed by flow cytometric analysis of cellular
DNA content. As shown in Fig. 2C, dimethylenastron remark-
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ably increased the fraction of G2/M phase cells, which have a
duplicated complement (4N) of DNA, compared with the
vehicle-treated group (Fig. 2C). The percentage of G2/M cells
peaked at 24 h of drug treatment and then went down gradually
(Fig. 2C). The mitotic arrest induced by dimethylenastron was
further confirmed by measuring the proportion of cells stained
by a mitosis-specific antibody, MPM2 [16] (Fig. 2D).

3.3. Eg5 inhibition activates the spindle checkpoint

The spindle checkpoint is a molecular safeguard that ensures
accurate chromosome segregation during mitosis. The check-
point prevents anaphase onset in the presence of spindle
assembly errors or when the chromosomes are not properly/
bipolarly attached by spindle microtubules; chromosome
segregation is allowed when and only when all the chromo-
somes are properly attached by microtubules from two
opposite spindle poles [7,8]. The defect in bipolar spindle
formation caused by dimethylenastron suggested that this
agent might activate the spindle checkpoint. We tested this
possibility by examining the subcellular localization patterns
of three checkpoint proteins, Mad2, Bubl, and BubR1. All of
these proteins are essential for spindle checkpoint control in
human cells [7,8]. There was no Mad2 signal at kinetochores of
chromosomes in normal metaphase cells (Fig. 3A). In contrast,
in dimethylenastron-arrested mitotic cells, Mad2 clearly
localized at the kinetochores (Fig. 3A). Similarly, we found

Mad?2

Merged

Control DIMEN

AN
-

Bubl

BubR1

Fig. 3 - Inhibition of Eg5 by dimethylenastron activates the spindle checkpoint. (A) Inmunofluorescence images of
microtubules (green), DNA (blue), and Mad2 (red) in EPP85 cells treated for 24 h with 0.4 pM dimethylenastron or vehicle
(control). (B) Immunofluorescence images of microtubules (green), DNA (blue), and Bub1 or BubR1 (red) in EPP85 cells treated

for 24 h with 0.4 M dimethylenastron or vehicle (control).
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Fig. 4 - Dimethylenastron triggers apoptosis in pancreatic cancer cells. (A) EPP85 cells were treated with 0.4 pM
dimethylenastron or vehicle (control) for 0, 24, 48, or 72 h, and the percentage of cells with less than 2N DNA content (sub-
G1 population) was quantified by flow cytometric analysis of cellular DNA content. (B) Cells were treated for 48 h with 0.4 or
1 pM dimethylenastron or vehicle (control) and stained with the DNA dye DAPI. The nuclear morphology of cells was then
observed under a fluorescence microscope. Apoptotic cells exhibit condensed and fragmented nuclei known as apoptotic
bodies. (C) Cells were treated with 0.4 or 1 pM dimethylenastron or vehicle (control) for 0, 24, 48, or 72 h, and the percentage
of cells with condensed and fragmented nuclei was quantified by fluorescence microscopy as in (B). More than 300 cells
were counted for each group. (D) Cells were treated with 0.4 or 1 pM dimethylenastron or vehicle (control) for 0, 24, 48, or
72 h, and the percentage of apoptotic cells was determined by annexin V staining assay. (E) Cells were treated with 0.4 or
1 uM dimethylenastron or vehicle (control) for 0, 24, 48, or 72 h, and cellular caspase-3 activity was analyzed using the

luminogenic substrate Z-DEVD-aminoluciferin.

that Bubl and BubR1 also resided at the kinetochores in
dimethylenastron-arrested cells, although they were absent in
normal metaphase cells (Fig. 3B). Thus, dimethylenastron
treatment indeed activated the spindle checkpoint in pan-
creatic cancer cells.

3.4.  Dimethylenastron triggers apoptosis in pancreatic
cancer cells

The morphology of fragmented cells upon prolonged dimethy-
lenastron treatment (Fig. 1B) suggested that this drug might
induce apoptosis. We examined this possibility by flow
cytometric analysis of cellular DNA content. The percentage
of cells with less than 2N DNA content (sub-G1 cell population)

was quantified as a measure of apoptosis. Prolonged dimethy-
lenastron treatment was found to significantly increase the
proportion of sub-G1 cells (Fig. 4A). The induction of apoptosis
by this agent exhibited a time-dependent manner; for
example, 36% and 49% of cells underwent apoptosis upon
treatment with 0.4 pM dimethylenastron for 48 and 72h,
respectively (Fig. 4A). We also stained the drug-treated cells
with the DNA dye DAPI and then examined nuclear morphol-
ogy to further investigate the incidence of apoptosis. As shown
in Fig. 4B, this drug induced the formation of condensed and
fragmented nuclei (known as apoptotic bodies) characteristic
of apoptosis. The percentage of cells with condensed and
fragmented nuclei increased with the time of dimethylenas-
tron treatment (Fig. 4C).
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To distinguish apoptosis from other possible causes of cell
death, we examined dimethylenastron-treated cells by
annexin V staining assay, which reports the loss of phospha-
tidylserine asymmetry of plasma membrane at the early stage
of apoptosis [17]. As shown in Fig. 4D, dimethylenastron
increased the percentage of annexin V-positive cells in a time-
and concentration-dependent manner. We also examined the
activity of caspase-3 in dimethylenastron-treated cells. As the
key executioner for apoptosis, caspase-3 is activated by
upstream caspases upon apoptotic stimuli, and the activation
involves the cleavage of the inactive proenzyme into an active
form. The active form can be monitored using a small peptide
substrate that becomes luminogenic upon cleavage. As shown
in Fig. 4E, we observed a time- and concentration-dependent
activation of caspase-3 upon dimethylenastron treatment.

Collectively, these results demonstrate that the Eg5 inhibitor
dimethylenastron could trigger profound apoptosis in pan-
creatic cancer cells following mitotic arrest.

3.5.  The spindle checkpoint is a critical determinant of
dimethylenastron sensitivity in pancreatic cancer cells

The next question regarding the mechanism of action of
dimethylenastron is whether its activity against pancreatic
cancer cells depends on the integrity of the spindle check-
point, which is frequently compromised in cancer cells [18]. To
answer this question, we knocked down the expression of
Mad2 and BubR1 in EPP8S5 cells by specific siRNAs (Fig. 5A). We
found that impairment of the spindle checkpoint by Mad2 or
BubR1 siRNAs significantly inhibited the ability of dimethy-
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Fig. 5 - Impairment of the spindle checkpoint by decreasing the expression of Mad2 or BubR1 suppresses dimethylenastron-
induced mitotic arrest and apoptosis. (A) Western blot analysis of the expression of Mad2, BubR1, and B-actin in EPP85 cells
transfected with luciferase (control), Mad2, or BubR1 siRNAs. (B) Cells were transfected with Mad2, BubR1, or control siRNAs
for 24 h, and then treated with 0.4 pM dimethylenastron for 0, 24, 48, or 72 h. The percentage of mitotic cells was quantified
by immunofluorescence staining of cellular microtubules and DNA. Mitotic cells exhibit condensed chromosomes and
monopolar, bipolar, or multipolar spindles. More than 300 cells were counted for each group. (C) Cells were transfected with
Mad2, BubR1, or control siRNAs for 24 h, and then treated with 0.4 pM dimethylenastron for 0, 24, 48, or 72 h. The
percentage of cells with condensed and fragmented nuclei (apoptotic bodies) was then quantified by fluorescence staining
of cellular DNA. More than 300 cells were counted for each group. Values, means of three independent experiments; bars,
S.D.; **, P < 0.01. (D, F, H) Cells were transfected with Mad2, BubR1, or control siRNAs for 24 h, and then treated with 0.4 pM
dimethylenastron (D), 5 nM taxol (F), or 5 nM doxorubicin (H) for 0, 24, 48, or 72 h. The percentage of mitotic cells was
quantified by MPM2 antibody staining assay. (E, G, I) Cells were transfected with Mad2, BubR1, or control siRNAs for 24 h,
and then treated with 0.4 pM dimethylenastron (E), 5 nM taxol (G), or 5 nM doxorubicin (I) for 0, 24, 48, or 72 h. The
percentage of apoptotic cells was then quantified by annexin V staining assay.
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Fig. 6 — Inhibition of dimethylenastron-induced mitotic
arrest and apoptosis by the expression of dominant-
negative spindle checkpoint proteins. (A) Cells were
treated with dominant-negative Mad2 (DN-Mad2),
dominant-negative BubR1 (DN-BubR1), or control (B-
galactosidase) adenoviruses for 24 h, and then with 0.4 pM
dimethylenastron for 0, 24, 48, or 72 h. The percentage of
mitotic cells was quantified by immunofluorescence
staining of cellular microtubules and DNA. (B) Cells were
treated with DN-Mad2, DN-BubR1, or control adenoviruses
for 24 h, and then with 0.4 pM dimethylenastron for 0, 24,
48, or 72 h. The percentage of cells with condensed and
fragmented nuclei was then quantified by fluorescence
staining of cellular DNA. (C) Cells were treated with the
indicated adenoviruses for 24 h, and then treated with
0.4 pM dimethylenastron for 24 h to quantify mitotic cells
as in (A), or treated for 48 h to quantify apoptotic cells as in
(B). (D) Cells were treated with the indicated adenoviruses
for 24 h, and then treated with 0.4 pM dimethylenastron
for 24 h to quantify mitotic cells by MPM2 antibody
staining assay, or treated for 48 h to quantify apoptotic
cells by annexin V staining assay.

lenastron to arrest cells at mitosis (Fig. 5B and D), demonstrat-
ing a critical role for the spindle checkpoint in mediating
dimethylenastron-induced mitotic arrest. Moreover, knock-
down of Mad2 or BubR1 significantly prevented cells from
apoptosis induced by dimethylenastron (Fig. 5C and E). We

observed the same phenomenon using different concentra-
tions of dimethylenastron ranging from 0.1 to 1 M (Supple-
mentary Figure 1). In addition, we found that impairment of
the spindle checkpoint by Mad2 and BubR1l siRNAs also
inhibited the ability of taxol to arrest mitosis and to induce
apoptosis (Fig. 5F and G). However, Mad2 and BubR1 siRNAs
did not affect the percentage of apoptosis induced by
doxorubicin, a DNA-binding drug that does not arrest mitosis
(Fig. 5H and I). Together, these data demonstrate that the
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Fig. 7 - Dimethylenastron is effective against tumor
xenografts of human pancreatic cancer. (A) Palpable
tumors were established in athymic mice after
subcutaneous injection of EPP85 cells, and mice were then
treated intravenously with 10, 20, or 40 mg/kg
dimethylenastron or equal volume of vehicle. Each
treatment group comprised 8 mice. Tumor volume was
measured every 2 days and is shown as mm? + standard
deviation. (B) Dimethylenastron inhibits tumor growth by
triggering apoptosis. Shown are representative TUNEL-
stained micrographs of tumor sections from vehicle
control-treated and 40 mg/kg dimethylenastron-treated
mice.
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spindle checkpoint is a critical determinant of dimethylenas-
tron sensitivity in pancreatic cancer cells.

To further examine the effect of the spindle checkpoint on
dimethylenastron sensitivity, we inhibited the function of
Mad2 and BubR1 by using specific dominant-negative adeno-
viruses. Similar to the results revealed by siRNAs, impairment
of the spindle checkpoint by the dominant-negative adeno-
viruses also inhibited the activity of dimethylenastron to
induce mitotic arrest and apoptosis (Fig. 6A and B). Further-
more, treatment of cells with excessive wild-type Mad2 or
BubR1 adenoviruses was able to largely restore the mitotic
arrest and apoptosis induced by dimethylenastron (Fig. 6C and
D). These results thus support the conclusion that the spindle
checkpoint regulates Eg5 inhibitor sensitivity.

3.6.  Dimethylenastron is effective against tumor
xenografts of human pancreatic cancer

We nextinvestigated whether dimethylenastron was effective
against human pancreatic tumors implanted subcutaneously
in nude mice. When tumor xenografts were palpable with
tumor size of about 100 mm?, we grouped the mice randomly
into four groups of 8 animals each. The mice were then treated
intravenously with 10, 20, or 40 mg/kg dimethylenastron or
equal volume of vehicle. As shown in Fig. 7A, dimethylenas-
tron treatment significantly reduced tumor volume in EPP85
xenografts in a dose-dependent manner. On day 20 of
treatment, 40 mg/kg dimethylenastron reduced tumor volume
by 78.8% as compared to the vehicle control (from 1355 to
287 mm?®, average tumor volume). Dimethylenastron treat-
ment did not cause any apparent body weight loss in mice
(data not shown). We next asked whether dimethylenastron
caused tumor regression in the xenografts by triggering
apoptosis. Consistent with our results achieved from annexin
V staining, caspase-3 activation, and other apoptotic assays in
cultured cells, we observed a widespread staining of TUNEL-
positive cells in the regressed tumors of dimethylenastron-
treated EPP85 tumor xenografts (Fig. 7B). This result indicates
that dimethylenastron causes tumor regression by inducing
apoptosis.

4, Discussion

Pancreatic cancer is a highly malignant disease with a grim
prognosis. The mortality rate of this disease is similar to its
incidence rate; most patients die within a year of diagnosis [1].
The poor clinical outcome of pancreatic cancer is mainly
attributed to the delay in diagnosis, the propensity of this cancer
to rapidly metastasize, and its resistance to currently approved
drugs [2,3]. Chemotherapeutic management of this disease has
rather limited efficacy and does not provide convincing results.
Gemcitabine has been the standard agent over the past decade
for the treatment of advanced pancreatic cancer, and it leads to
modest clinical benefit in a small proportion of patients [4].
Gemcitabine in combination with erlotinib, a drug targeting the
epidermal growth factor receptor, was recently approved in the
United States for the treatment of advanced disease. However,
the gemcitabine/erlotinib combination only slightly improves
patient survival over gemcitabine alone [4], underlying the

paramount importance to characterize additional targets. In
this study, we demonstrate that dimethylenastron, a specific
Eg5 inhibitor, effectively inhibits cell proliferation and induces
apoptosis in pancreatic cancer cells and tumor xenografts. This
finding indicates Eg5 as a potential target for the treatment of
pancreatic cancer.

The data presented in this study also provide mechanistic
insights into the anti-proliferative activity of dimethylenas-
tron. Immunofluorescence microscopy, flow cytometry, and
MPM2 antibody staining assays reveal that the Eg5 inhibitor
prevents cell proliferation by arresting cell-cycle progression
at mitosis. In addition, our data show that the mitotic arrest
induced by dimethylenastron results from its interference
with bipolar spindle formation and activation of the spindle
checkpoint. The monopolar spindle phenotype induced by
dimethylenastron is similar to that observed when cells are
treated with other Eg5 inhibitors [19-22] or injected with Eg5
antibodies [23,24], and supports a critical role for Eg5 in bipolar
spindle assembly. The spindle checkpoint halts mitotic
progression primarily through the checkpoint proteins
Mad2, Bub1l, and BubR1, in the presence of spindle assembly
errors or when the chromosomes are not properly/bipolarly
attached by spindle microtubules. Unattached or improperly
attached kinetochores are known to act as catalytic sites for
the activation of these checkpoint proteins, which in turn
prevent anaphase onset by inhibiting the anaphase promoting
complex [7,8]. Given the severe spindle assembly defects and
monopolar spindle phenotype in dimethylenastron-treated
cells, apparently the chromosomes in these cells are not
properly/bipolarly attached by spindle microtubules. This is
likely to be the cause for the localization of Mad2, Bub1, and
BubR1 to the kinetochores of chromosomes.

Our data show that impairment of the spindle checkpoint
by knockdown of Mad2, Bubl, or BubR1 expression or by
suppression of their function significantly reduces the mitotic
arrest induced by dimethylenastron, further supporting the
conclusion that the Eg5 inhibitor-induced mitotic arrest is due
to spindle checkpoint activation. Importantly, dimethylenas-
tron-induced apoptosis is also significantly compromised
following spindle checkpoint impairment. In addition, a
functional spindle checkpoint is also required for mitotic
arrest and apoptosis induced by the microtubule-binding
antimitotic drug taxol. In contrast, apoptosis induced by
doxorubicin, a DNA-binding drug not arresting mitosis, is not
affected by the spindle checkpoint status. These findings
suggest that mitotic arrest and apoptosis caused by anti-
mitotic agents, including Eg5 inhibitors and microtubule
inhibitors, are two intimately related events. It is possible
that the spindle checkpoint per se has pro-apoptotic activity,
but the pro-apoptotic activity is normally inhibited by anti-
apoptotic mitotic proteins such as survivin. Treatment with
Eg5 inhibitors may cause mitotic slippage after a sustained
mitotic arrest, leading to the inactivation of anti-apoptotic
proteins and thereby inducing apoptosis. This hypothesis is
supported by the finding that the spindle checkpoint protein
BubR1 possesses pro-apoptotic activity [25]. In this context, it
is not difficult to understand how the loss of spindle
checkpoint proteins leads to resistance to dimethylenastron;
loss of the checkpoint proteins may simply shift the balance
between pro-apoptotic and anti-apoptotic components
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toward the anti-apoptotic side and thereby confers resistance
to Eg5 inhibitors.

Our finding that Eg5 inhibitor sensitivity in pancreatic
cancer cells depends on a functional spindle checkpoint
suggests that spindle checkpoint proteins may serve as
additional targets for chemotherapy to improve activity of
the drug and prevent resistance. On the other hand, our data
implicate that the spindle checkpoint is a potential biomarker
for predicting the efficacy of Eg5-targeted therapies. The
identification of successful biomarkers represents an impor-
tant step towards the individualization of pancreatic cancer
therapy [26,27]. Our results suggest that patients with spindle
checkpoint-competent tumors would more likely benefit from
Eg5 inhibitor-based treatment, compared with patients with
spindle checkpoint-defective tumors.
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