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Abstract. The kinesin-related protein HsEg5 plays es-
sential roles in mitotic spindle dynamics. Although inhi-
bition of HsEg5 has been suggested as an aid in cancer
treatment, the effects of such inhibition on human cells
have not been characterized. Here we studied the effects
of monastrol, an allosteric HsEg5 inhibitor, on AGS and
HT29 cell lines and compared them to those of taxol.
While both cell lines were similarly sensitive to taxol,
AGS cells were more sensitive to monastrol. The differ-
ences in sensitivity were determined by the degree of in-
hibitory effect on cell proliferation, reversibility of

monastrol-induced G2/M arrest, intracellular phenotypes
and induction of apoptosis. In both cell lines, monastrol-
induced apoptosis was accompanied by mitochondrial
membrane depolarization and poly-ADP-ribose poly-
merase 1 cleavage. In AGS, but not HT29 cells, monas-
trol-induced apoptosis involved a prominent cleavage of
procaspases 8 and 3. While in AGS cells, monastrol in-
duced the formation of symmetric microtubule asters
only, in HT29 cells, asymmetric asters were also formed,
which may be related to specific HsEg5 functions in
HT29 cells.
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Mitotic cell division is an essential process by which du-
plicated genomic information is transmitted from mother
to daughter cells. Incorrect chromosome segregation has
severe consequences, including cell death, genetic dis-
eases and cancer. This essential process is mediated by
the mitotic spindle, a highly dynamic, microtubule-based
structure, which undergoes a distinct set of morphologi-
cal changes. Many of these changes have been attributed
to the action of molecular motors which use ATP hydrol-
ysis to unidirectionally move along microtubules. Mem-
bers of the cytoplasmic dynein and the kinesin superfam-
ilies have been implicated in mitotic movement in eu-
karyotes [reviewed in refs 1—4].

Numerous studies have demonstrated that drugs which dis-
rupt mitotic spindles and inhibit mitosis can be effective in
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inhibiting the proliferation of cancer cells [5, 6]. These an-
timitotic agents have also been shown to kinetically inhibit
the normal dynamics of microtubules. For example,
colchicine [7] binds to soluble tubulin and is then incorpo-
rated into a growing microtubule, and vinblastine [7] binds
to microtubule ends thereby suppressing microtubule dy-
namics. At high concentrations, both colchicine and vin-
blastine cause the loss of cellular microtubules. Paclitaxel
(more commonly known as taxol) and related taxanes also
inhibit microtubule dynamics. At high concentrations,
these agents increase the polymerized tubulin in a cell,
thereby causing the formation of thick microtubule bun-
dles [8]. However, a serious drawback of anticancer agents
that alter microtubule dynamics is that they interfere not
only with mitosis, but also with other intracellular func-
tions that require microtubules, such as vesicle trafficking,
thereby affecting nonmitotic cells.
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Monastrol is a cell-permeable molecule that inhibits the
mitotic machinery without targeting microtubules [9],
and may be a potentially powerful tool for inhibiting can-
cer cell growth. After short exposure, monastrol arrests
cells in mitosis with monoastral spindles comprised of a
radial array of microtubules surrounded by a ring of
chromosomes. Monastrol does not affect microtubules in
interphase cells, microtubule polymerization in vitro or
lysosome and Golgi apparatus intracellular distribution
[9]. Biochemical studies have shown that monastrol is an
allosteric inhibitor of kinesin-related proteins from the
BimC family [9—13].

Members of the BimC family have been identified in a
large number of eukaryotes [14—20], including humans
[21], and have been implicated in conserved and essential
mitotic functions [22, 23]. These proteins are conserved
in the amino acid sequence of the motor (force-produc-
ing) domain and are believed to perform their mitotic
functions by cross-linking antiparallel microtubules and
moving toward the microtubule ‘plus’ ends [24]. In hu-
man cells, elimination of the function of the BimC ki-
nesin HsEg5 interferes with bipolar spindle dynamics.
After HsEg5 function has been inhibited, cells are
blocked in mitosis and contain monoastral microtubule
arrays [13, 21]. Since the long-term effect of HsEg5 func-
tion inhibition on human cells has not been characterized,
the anticancer potential of such treatment has not been
evaluated.

When mitotic arrest is imposed for prolonged periods,
cells often undergo programmed death, known as apopto-
sis. Apoptosis is associated with morphological changes,
including membrane blebbing, cellular shrinkage, chro-
matin condensation and detachment from the extracellu-
lar matrix [25]. It is also associated with biochemical
changes, including activation of a cascade of proteases
such as the caspases and endonucleases, cleavage of poly-
ADP-ribose polymerase 1 (PARP-1), and eventually frag-
mentation of genomic DNA [26, 27]. Caspase 3 is con-
sidered the first caspase involved in the execution phase
of apoptosis and is activated by the proteins involved in
the initiating phase (i.e. caspase 8§, and cytochrome C).
One of the downstream targets of caspase 3 is PARP-1,
which promotes DNA repair [28]. Therefore, inactivation
of PARP-1 by caspase 3 cleavage prevents DNA repair,
which results in internucleosomal DNA fragmentation.
Antimicrotubule drugs that induce mitotic arrest, such as
taxol, often induce cellular apoptosis [29, 30]. Taxol was
shown to induce apoptosis via mitochondrial depolariza-
tion [31, 32], activating upstream caspase 8 [31, 32],
downstream caspase 3 [32, 33] and PARP-1 cleavage [34,
35]. Since monastrol induces mitotic arrest without af-
fecting microtubule dynamics, whether prolonged mona-
strol-induced mitotic arrest also leads to apoptosis, and if
monastrol and taxol trigger similar apoptotic pathways is
not clear.
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Short-term monastrol-induced mitotic arrest has been
demonstrated in Xenopus laevis cell extracts, in mam-
malian PtK1 and PtK2 cells from rat kangaroo kidney ep-
ithelium [10, 36], BS-C-1 cells from monkey kidney [10]
as well as in a human HeL a cell line from a cervical car-
cinoma [13]. Long-term (>20 h) effects of monastrol on
human cells have not as yet been studied. Therefore, in
the present study, we examined its long-term effect on
cell proliferation and apoptosis in human AGS and HT29
cell lines from gastric and colon carcinomas. We com-
pared the sensitivity of these cell lines to monastrol treat-
ment and characterized monastrol-induced microtubule
rearrangement. We also compared the effects of monas-
trol to those of taxol, an anticancer agent that inhibits cell
proliferation and often causes G2/M cell cycle arrest.

Materials and methods

Cell culture and monastrol and taxol treatment

of cells

AGS cells were grown in DMEM/F-12 (HAM) 1:1 (Beit
Haemek, Israel), and HT29 cells in DMEM medium at
37°C in a humidified atmosphere of a 5% CO, incubator
(Tuttnauer, New York, N.Y.). Both media were supple-
mented with 10% fetal calf serum, 2 mM L-glutamine
and 1% antibiotic-antimycotic solution containing 10
units/pl penicillin, 10 pg/pl streptomycin and 1250
units/ml nystatin (Beit Haemek, Kibbutz Beit Haemek,
Israel). Unless otherwise indicated, monastrol (Tocris,
Avonmount, UK) concentrations of 100 pM for AGS
cells and 150 pM for HT29 cells were used, while taxol
(Sigma, St. Louis, Mo.) concentrations were 10 nM or
100 nM for both cell lines. To study the reversibility of
monastrol and taxol treatments, AGS and HT24 cells
were treated for 24, 48 or 72 h. Then, medium containing
the drug was removed and replaced with normal medium.
To release HT29 from monastrol or taxol arrest, floating
cells were also collected, washed three times with normal
medium and plated in a new petri dish. To examine the ef-
fect of monastrol and taxol on cell proliferation, the num-
ber of viable cells was determined by trypan blue dye
(Sigma) exclusion. Control experiments were performed
in the presence of DMSO, a solvent of monastrol and
taxol.

Immunostaining

To visualize the microtubule cytoskeleton and DNA,
AGS and HT29 cells were cultured on coverslips, fixed
with 4 % paraformaldehyde for 30 min and permeabilized
for 2 min with 0.3 % Triton-X-100 in 4% paraformalde-
hyde. Then, the cells were washed with buffer containing
100 mM PIPES, pH 6.8, | mM MgCl, and 10 mM EGTA
(all Sigma). All consequent washes were done with PBS
containing 0.1% BSA (Sigma). Coverslips were incu-
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bated for 1 h at room temperature with rat anti-tubulin
YOL1/34 and then for 1 h with Alexa 488 conjugated
anti-rat secondary antibody. DNA was visualized by in-
cubation with 0.07 pg/ml DAPI for 5 min. Immunos-
tained cells were observed with an Olympus BX51 mi-
croscope equipped with appropriate filters. Cells in inter-
phase or mitosis were counted and categorized.

Cell cycle analysis

For cell cycle analysis, floating and adherent cells were
fixed with 70% ethanol and stored at —20°C for at least
7 days. The fixed cells were collected by centrifugation
and resuspended in 0.1% Triton-X-100 and 30 pg/ml
RNAse A type I-A (Sigma), at room temperature for
40 min. Nuclear DNA was stained with 15 pg propidium
iodide in PBS solution and the DNA content was mea-
sured by flow cytometry (BD Biosciences, Oxford, UK).
Cell proportions in sub-G0/G1, GO/G1, S and G2/M
phases were analyzed using appropriate software. For
each sample, 10,000 cells were scored.

JC-1 staining

Mitochondrial depolarization was examined with the
cationic dye JC-1 (Molecular Probes) which exhibits po-
tential-dependent accumulation in mitochondria. Cells
were stained with 10 pg/ml JC-1, for 10 min, at 37°C in
a humidified incubator. Then, cells were washed with
PBS and observed under an Olympus BX51 microscope,
with a wide FITC filter set.

Acridine orange and ethidium bromide staining

To examine the appearance of early and late apoptosis,
cells were stained with acridine orange and ethidium bro-
mide, which allows us to distinguish between live, early
and late apoptotic cells by detection of fragmented DNA
and membrane integrity [37]. Adherent and floating cells
were stained with 10 pg acridine orange and 10 pg ethid-
ium bromide for 5 min. The cells were observed under an
Olympus BX51 microscope, with a wide FITC filter.

mRNA analysis

Levels of HsEg5 and fB-actin were determined by reverse-
transcription PCR (RT-PCR) of total RNA extracted from
AGS and HT?29 cells treated with monastrol or taxol. To-
tal RNA extraction was performed with the RNeasy mini
kit (Qiagen, Hilden, Germany), with DNAse (Qiagen)
treatment to ensure removal of genomic DNA. The cDNA
template was prepared using half of the RNA samples,
with the first-strand synthesis kit (Abgene, Epsom, UK).
For quantitative real-time PCR, templates (7 pl) were di-
luted ninefold and mixed with primers (0.2 mM) and
Thermo-Start master mix (Abgene). SYBR green I dye
(Amresco, Solon, Ohio) was added to the reaction mix-
ture. Primers for PCR amplification and product size
were as follows: HsEg5 —sense: 5’-TCC CAA CAG GTA
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CGA CAC CAC AGA-3’; antisense: 5’- GCC TCT TCT
ACA TCC ACA TCC GGA-3’; product size — 181 bp.
B-Actin sense: 5-ATG GAT GAT GAT ATC GCC GCG-
3’; antisense: 5-CTA GAA GCA TTT GCG GTG GAC
GAT GGA GGG GCC-3’; product size 238 bp. Reactions
were carried out in the Rotor-Gene Real-Time PCR ap-
paratus (Corbett-Research, Mortlake, Australia). Stan-
dard cycling conditions for this instrument were used: 15
min initial enzyme activation at 95°C, then 40 cycles at
95°C for 15 s, annealing temperature according to the
primers for 15 s and 72°C for 15 s. The annealing tem-
perature for HsEg5 primers was 65°C and for B-actin
primers, 60 °C. The results were analyzed by Rotor-Gene
real-time analysis software. The linear phase of double-
stranded DNA synthesis was reached at 20 cycles for -
actin and at 25 cycles for HsEg5. For each sample, the
levels of HsEg5 were normalized to the f-actin levels
(relative expression). Real-time PCR analysis was per-
formed for three different experiments. To compare the
two cell lines, in each experiment, HsEg5 relative expres-
sions were normalized to their relative expression in AGS
control samples. To visualize the amplification products
we also performed PCR (Biometra, Gottingen, Germany)
using the same primers and templates as for real-time
PCR. Cycling conditions were as follows: 95°C for 30 s,
annealing for 30 s, 72°C for 45 s. The number of cycles
and annealing temperatures for each product were as in-
dicated above for real-time PCR. PCR products (10 pl)
were fractionated on a 2% agarose gel; DNA was visual-
ized by ethidium bromide staining and quantified by
video densitometry (ImageMaster; Amersham, Piscat-
away, N.J.).

Western blot analysis

Whole-cell lysates were prepared by suspending cells in
150 pl of lysis buffer [SO mM HEPES pH 7.5, 150 mM
NaCl, 10% glycerol, 1% Triton-X-100, 1.5 mM MgCl,,
1 mM EGTA, 20 mM phosphate, 50 mM NaF, 3 mM
EDTA, 2 mM sodium orthovanadate, | mM mixture of
protease inhibitors (Amersham, Piscataway, N.J.) and 0.2
mM DTT (Sigma)] for 10 min on ice. Lysates were cen-
trifuged and the supernatant was collected. Aliquots of 20
pg protein were separated on 10% SDS-polyacrylamide
gels and transferred onto a polyvinylidene fluoride mem-
brane (Millipore, Billerica, Mass.). After blocking with
5% nonfat milk in PBS. (137 mM NacCl, 2.7 mM KCI, 10
mM Na,HPO,, 2 mM KH,PO,) containing 0.1 % Tween-
20 (PBST) and 1% BSA, the membranes were incubated
with the appropriate primary and horseradish peroxidase-
conjugated secondary antibodies (in PBST containing
1% BSA). We used a semi-quantitative approach to de-
termine the degree of change in expression of the apop-
totic proteins procaspase 8, 3 and PARP-1. For this pur-
pose, Western blot films were scanned and digitized. The
intensity of a rectangular area that included a band of in-
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terest was determined by ImagelJ software. We then per-
formed several normalization steps. The background of
each band was subtracted by measuring the intensity of
the same rectangular area near the band of interest. To
normalize to the total protein quantity in each sample, the
band intensity of the apoptotic proteins was divided by
the band intensity of S-actin in the same sample. Finally,
the normalized band intensity of each protein obtained af-
ter treatment with monastrol or taxol was divided by the
same protein band intensity obtained in the control ex-
periment. This resulted in a normalized value of protein
expression relative to control.

The antibodies used in this study were purchased from
Santa Cruz Biotechnology (Santa Cruz, Calif.) — anti cas-
pase 3 (1:600), Alexis Biochemicals (San Diego, Calif.) —
anti caspase 8 (1:600), Biomol (Plymouth, Pa.) — anti
PARP-1 (1:1500), Oncogene (Carpinteria, Calif.) — anti
P-actin (1:20,000), Promega (Madison, Wisc.) — HRP-
conjugated goat anti-mouse and anti-rabbit (1:20,000),
Serotec (Oxford, UK) — anti-tubulin (1:1200) and Molec-
ular Probes (Eugene, Oreg.) — Alexa 488-conjugated anti-
rat (1:600).

Results

Monastrol and taxol inhibit cell proliferation

We first characterized the long-term effect of monastrol
and taxol on the viability of human cell lines. We exposed
cells from AGS and HT29 cell lines to various concentra-
tions of monastrol and taxol for 3 days, and determined
the number of viable cells (fig. 1). We found that both
AGS and HT29 cells responded similarly to taxol since
growth of both cell lines was inhibited by 10 nM of taxol
(fig. 1 B). On the other hand, the two cell lines responded
differently to prolonged exposure to monastrol (fig. 1 A).
At 50 pM, monastrol inhibited AGS cell growth, while
HT29 cell growth was completely inhibited only at con-
centrations as high as 150 pM (fig. 1 A). Similar results
were also obtained after 4 days of monastrol treatment
(data not shown). These results indicate that HT29 cells
are less sensitive than AGS cells to monastrol. Based on
this difference, 100 and 150 pM of monastrol were used
to study the effects on AGS and HT25 cells, respectively.
Taxol concentrations in later experiments were 10 and
100 nM for both cell lines.

Monastrol treatment for 24 h induces reversible
G2/M arrest

We found that prolonged treatment with monastrol or
taxol induces G2/M arrest in both AGS and HT29 cells
(fig. 2). A 24-h arrest induced by monastrol was re-
versible in both cells lines, as the cell cycle returned to
normal after removal of monastrol (fig. 2 A). On the other
hand, G2/M arrest induced by 24 h treatment with 10 nM
taxol was irreversible in AGS cells and only partially re-
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Figure 1. Effects of monastrol and taxol on cell viability. AGS cells
(white columns) and HT29 cells (black columns) were incubated
for 3 days with various concentrations of monastrol (4) and taxol
(B). The number of viable cells (% of control) was determined by
trypan blue staining. Monastrol and taxol concentrations are indi-
cated in the abscissa. Columns and bars represent averages and SD
of three to four experiments.

versible in HT29 cells (Fig. 2A). At higher taxol concen-
trations, such as 100 nM, G2/M arrest in both AGS and
HT29 cells was irreversible (data not shown). These re-
sults indicate that although monastrol and taxol induce
G2/M cell cycle arrest, both AGS and HT29 cells are less
sensitive to monastrol-induced arrest than to taxol-in-
duced arrest.

Prolonged monastrol treatment induces irreversible
G2/M arrest in AGS cells

While 24 h monastrol-induced arrest of AGS cells was re-
versible, a 48 h arrest was not, since after removal of
monastrol, the majority of cells remained in the G2/M
phase of the cell cycle (fig. 2B). In addition, after 48 h of
monastrol treatment of AGS cells, the number of cells
containing sub-G1 DNA content increased. This may in-
dicate that AGS cells irreversibly arrested in the G2/M
phase by monastrol undergo apoptosis. Consistent with
the lower sensitivity of HT29 cells to monastrol (fig. 1 A),
48 h of monastrol treatment of HT29 cells resulted in par-
tial release from arrest, with about 30% of HT29 cells in
G1 phase, compared to 50% in untreated cells (fig. 2B).
The difference in sensitivity between the two cell lines is
specific to monastrol, since in taxol-induced arrest, about
90% of HT29 cells were in the G2/M phase and arrest
was not reversible. In agreement with reports on various
cell lines [38], 48 h taxol treatment of AGS cells in-
creased the cell population with a larger than 2n DNA
content, from 5 % in control cells to 15 % in taxol-treated
cells (data not shown). This result indicates that taxol in-
duces polyploidy in AGS cells. In HT29 cells treated with
taxol for 48 h, and in both cell lines treated with monas-
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Figure 2. Effect of monastrol and taxol on cell cycle phase distrib-
ution. Cell cycle of AGS cells and HT29 cells was monitored by
flow cytometry after inhibition with taxol or monastrol for 24 h (4)
or with monastrol for 48 h (B) (arrest). To examine the reversibility
of arrest, the cell cycle was also monitored 24 h after removal of the
drug (release).

trol for 48 h, the increase in polyploidy was nominal (data
not shown).

Differential effect of monastrol on the microtubule
arrangement of AGS and HT29 cells

We examined whether the different sensitivities of AGS
and HT29 cells to monastrol (figs 1, 2) could be related
to differences in microtubule arrangement. We observed
spindle morphologies in AGS and HT29 cells arrested
with 100 pM and 150 pM monastrol, respectively, and re-
leased into normal medium. After 24 h of monastrol ar-
rest, about 40% of the cells from both cell lines were in
mitosis, as indicated by their DNA morphology and mi-
crotubule organization (fig. 3). A similar percentage of
mitotic cells was also observed in HeLa cells treated with
monastrol for 20 h [13]. Before removing monastrol,
nearly all of the mitotic cells had monoastral spindles.
Surprisingly, we found that in the two cell lines, the
monastrol-induced microtubule asters were shaped dif-
ferently. In AGS cells, all the asters were centered and
symmetric (fig. 3 A). However, in HT29 cells, about half
had an asymmetric shape (fig. 3C). On one side, the
asymmetric asters contained a bright and concentrated
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Tubulin

Tubulin

Figure 3. Effect of monastrol on intracellular microtubule arrange-
ment. AGS (4) and HT29 (B, C) cells were treated with monastrol
for 24 h. Representative microtubule (right panels) and DNA (left
panels) structures of the same cells are shown. Symmetric asters
were observed in both AGS (4) and HT29 (B) (arrow) cells. Asym-
metric asters were observed only in HT29 cells (C) (arrow).

microtubule bundle from which microtubules irradiated
to the other side of the aster. Chromosomes were also
asymmetrically distributed and were concentrated on one
side of the asters, far from the bright microtubule bundles
(fig. 3C). The bright microtubule bundles probably rep-
resent the duplicated centrosomes, located side by side,
with chromosomes attached to the microtubules emanat-
ing from the centrosomes. In some HT29 cells, the bun-
dle region of the asymmetric aster contained two distinct
bright dots, which may represent the two partially sepa-
rated centrosomes (data not shown). To rule out the pos-
sibility that asymmetric aster formation in HT29 cells
was a result of a low intracellular monastrol concentra-
tion, we examined monoaster morphology as a function
of monastrol concentration in the range 20—150 pM.
While in HT29 cells, asymmetric monoasters appeared at
all monastrol concentrations, in AGS cells we did not de-
tect any asymmetric asters. Moreover, after 24 h of mona-
strol treatment, the percentage of cells with monoastral
spindles was similar in both cell lines, which may indi-
cate that the intracellular monastrol concentrations were
also similar.

The kinetics of spindle recovery after release from 24 h
monastrol arrest were also different in AGS and HT29
cells. The monoastral spindles disappeared more slowly
in AGS than in HT29 cells. Ninety min following release,
more that 10% of total AGS cells exhibited monoastral
spindles, while in HT29 cells, within 40 minutes follow-
ing release, less than 10% of the cells had monoastral
structures (data not shown). This finding is consistent
with the higher sensitivity of AGS cells to monastrol.

Taxol and monastrol induce apoptosis in AGS

and HT29 cells

We found that upon treatment with taxol and monastrol,
the number of cells with sub-G1 DNA content increased,
indicating that they may have undergone apoptosis. Since
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Figure 4. Mitochondrial membrane depolarization in monastrol-
treated AGS cells. Mitochondrial membrane depolarization was de-
tected by JC-1 staining of AGS cells, untreated (4) and treated (B)
with 100 pM monastrol, for 24 h. Orange fluorescence is indicative
of normal mitochondria and green cytoplasmic fluorescence (ar-
row) of depolarized mitochondria.

mitochondrial depolarization is one of the first stages in
the apoptotic pathway, we studied the effect of monastrol
on mitochondrial depolarization using the fluorescent
and mitochondrial potential-sensitive dye, JC-1 [39]. In
untreated samples, the majority of cells exhibited orange
mitochondrial staining (fig. 4 A), which indicates that mi-
tochondrial membrane polarization was normal. On the
other hand, in cells treated with monastrol, there was in-
creased JC-1 green fluorescence (fig. 4B), representing
depolarized mitochondria in early apoptotic cells. Quan-
tification of this effect on 200 cells in four different ex-
periments revealed that in untreated AGS cells, 4.0 *
1.5% of cells had depolarized mitochondria, while in 24 h
monastrol-treated cells, this percentage increased to 23.0
+ 4.1%. In untreated HT29 cells, 9.0 + 4.9% of cells had
depolarized mitochondria. Following 24 h of monastrol
treatment, this percentage increased to 26.0 = 7.0%. The
increase in the number of cells with depolarized mito-
chondria following monastrol treatment in AGS and
HT29 cells indicates that monastrol induces early apop-
tosis through mitochondrial depolarization in both cell
lines.

To quantify the occurrence of early and late apoptosis,
cells were subjected to acridine orange and ethidium bro-
mide staining, which detects DNA fragmentation and loss
of membrane integrity [37]. The stained cells had the fol-
lowing characteristics: nonapoptotic cells had a green nu-
clear DNA appearance (fig. 5 A, D); early apoptotic cells
had a green patched or fragmented DNA appearance (fig.
5B, E) and late apoptotic cells had an orange DNA ap-
pearance (fig. 5C, F). In AGS cells, after 48 h, the effect
of both monastrol and taxol was similar since about 40 %
of the cells were found in early apoptosis and 10% in late
apoptosis (fig. 6 A, B). In HT29 cells, 48 h monastrol
treatment induced apoptosis in only 20 % of the cells (fig.
6C), while following 48 h taxol treatment, about 35% of
HT29 cells underwent apoptosis (fig. 6D). These results
further support our finding that AGS cells are more sen-
sitive than HT29 cells to monastrol.
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Figure 5. Acridine orange and ethidium bromide staining of early
and late apoptotic AGS (4—C) and HT29 (D—F) cells, following
treatment with monastrol. The stained cells were divided into the
following categories [37]: green normal DNA appearance in live
cells (4, D), green fragmented DNA in cells found in early apop-
tosis (B, E) (arrows) and orange DNA staining in cells found in
late apoptosis (C, F) (arrows). The monastrol concentration was
100 pM for AGS and 150 pM for HT29 cells.

To investigate whether taxol and monastrol trigger simi-
lar apoptotic pathways, we examined the expression of
the proteins procaspase 8, procaspase 3 and PARP-1 after
48 h treatment with both monastrol and taxol (fig. 7). Ac-
tivation of caspases 8 and 3 was indicated by a decrease
in the expression of procaspase 8 and 3, while cleavage of
PARP-1 was indicated by reduced expression of the
PARP-1 protein (M, 116 kDa), and increased expression
of one of its proteolytic products, p89 (fig. 7A) [40]. In
AGS cells, both monastrol and taxol induced changes in
the expression of these proteins. However, the activation
of caspase 8 and PARP-1 cleavage were more significant
after monastrol treatment (fig. 7 A, B, left panels). On the
other hand, in HT29 cells, activation of caspases 3 and 8,
and PARP-1 cleavage were considerably more significant
after taxol treatment. While taxol treatment induced a
50—75% reduction in expression of procaspase 8, 3 and
PARP-1 (p116), after monastrol treatment, the reduction
in expression was only up to 20% (fig. 7 A, B, right pan-
els). These results further indicate that HT29 cells are
more sensitive to taxol than monastrol and that monastrol
and taxol may trigger different apoptotic pathways in
AGS and HT29 cells.

HsEgS expression in AGS and HT29 cells

Since monastrol specifically inhibits the mitotic kinesin
HsEg5, we examined whether differences in HsEg5
mRNA expression could account for the differences in
sensitivity to monastrol of AGS and HT29 cells. For this
purpose, cells were treated with monastrol or taxol, and
HsEg5 mRNA levels, relative to B-actin mRNA levels,
were determined by PCR and real-time RT-PCR analysis
(fig. 8). In control and monastrol-treated HT29 cells, rel-
ative HsEg5 expression was about 1.5-fold higher than in
control and monastrol-treated AGS cells (fig. 8B) and in
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Figure 6. Early and late apoptosis induction by monastrol and taxol in AGS and HT29 cells. Cells treated with monastrol (4, C) and taxol
(B, D) [AGS (4, B) and HT29 (C, D)] for 48 h were stained with acridine orange and ethidium bromide to quantify early and late apopto-
sis. White columns represent control cells, while black columns represent monastrol- or taxol-treated cells. In each experiment, 200 cells
were counted and categorized as described in figure 5. The percentage of cells in each category is indicated. Columns and bars represent

averages and SDs of four experiments.
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Figure 7. Expression of procaspase 8, procaspase 3, PARP-1 and g-
actin was followed by Western blot analysis in AGS cells (left) and
HT29 cells (right) treated for 48 h with monastrol or taxol (4), and
procaspase 8, 3 and PARP-1 (p116) expression after treatment with
monastrol (white) and taxol (black) were quantified (B). See Mate-
rials and methods for description. Results are averages and SD of
three or four independent experiments.
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Figure 8. HsEg5 mRNA expression in AGS and HT29 cells,
treated with monastrol and taxol for 24 h. (4) Representative results
of RT-PCR and B-actin products fractionated on 2% agarose gel.
Treatment conditions are indicated at the top of the panel and the
cell type at the bottom of the panel; M, molecular-weight markers.
(B) Real-time RT-PCR analysis of relative HSEg5 expression in
AGS (white columns) and HT29 (black columns) cells, normalized
to expression in AGS control samples. Columns and bars represent
average and SD of three independent experiments. Taxol concen-
tration, 10 nM; monastrol concentrations, 100 pM for AGS and
150 pM for HT29 cells.
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A. Formation of symmetric asters. HsEg5 activity
is inhibited before centrosome separation

'-'--______ +
HsEgb
inhibition
by monastrol

prophase

mitotic arrest

B. Formation of asymmetric asters. HsEg5 activity
is inhibited after centrosome separation

HsEg5
inhibition
by monastrol

mitotic arrest

prometaphase
or metaphase

Jl chromosome @) centrosome — microtubule

nucleus

Figure 9. Possible mechanisms for the formation of symmetric and
asymmetric asters in HT29 cells. (4) HsEgS5 activity is inhibited by
monastrol before centrosome separation, which results in the for-
mation of symmetric microtubule asters. (B) HsEg5 activity is in-
hibited after centrosome separation or spindle formation, which
may result in the formation of asymmetric asters with centrosomes
on one side, microtubules emanating from the centrosomes, and
chromosomes attached to the microtubule ends far from the centro-
somes.

both cell lines, HsEg5 expression was not altered by
monastrol treatment. On the other hand, in AGS cells, in-
cubation with taxol increased HsEg5 by 1.8 + 0.4-fold. In
HT29 cells, taxol did not affect the relative expression
levels of HsEg5. These results indicate that in control and
monastrol-treated samples, HT29 cells which are less
sensitive to monastrol, express slightly higher levels of
HsEg5 mRNA compared to the more sensitive AGS cells.
However, whether such small differences in HsEg5
mRNA expression can account for the profound differ-
ences in sensitivity to monastrol of the two cell lines is
questionable.

Discussion

One of the important features of monastrol is that it can
be used to evaluate whether a specific inhibitor of HsEg5
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can be used as an anticancer agent. However, to develop
in vitro assays for prediction of tumor sensitivity to
monastrol, the long-term effects of monastrol on several
human cell types need to be characterized. This is the first
study to investigate the long-term effects of monastrol on
two human cell lines, AGS from gastric carcinoma and
HT29 from colon carcinoma. We found that the two cell
types responded differently to monastrol, HT29 cells be-
ing considerably less sensitive than AGS cells. The dif-
ferences between the cell lines were determined by the
degree of the inhibitory effect on cell proliferation (fig.
1), reversibility of monastrol-induced mitotic arrest (fig.
2), intracellular microtubule phenotypes (fig. 3), kinetics
of the release from monastrol-induced mitotic arrest and
induction of apoptosis (figs 6, 7).

The molecular mechanisms which can explain the differ-
ences in sensitivity to monastrol are not yet clear. Since
the two examined cell lines are not isogenic, multiple fac-
tors could account for these differences. For example,
HT29 but not AGS cells are mutated in the p53 transcrip-
tion factor which was recently implicated to play a role in
the spindle checkpoint through regulation of the Polo-like
kinase Snk/Plk2 [41]. Although mutated p53 was sug-
gested to increase sensitivity to taxol [42, 43], it can func-
tion in an opposite manner with respect to monastrol,
since the two drugs impose mitotic arrest by different
mechanisms. Another possible candidate for mediating
the effects of monastrol is the c-myc transcription factor
[44]. Overexpression of c-myc was shown to attenuate ir-
radiation-imposed G2/M arrest [45] and to modulate cel-
lular responses to taxol [46]. Moreover, c-myc directly in-
teracts with a-tubulin and microtubules [47, 48]. Finally,
c-myc expression is affected by drugs which alter micro-
tubule dynamics [48, 49]. We found by real-time PCR
analysis that c-myc mRNA expression relative to S-actin
is about twofold higher in HT29 than in AGS cells (data
not shown). Since c-myc is involved in numerous intra-
cellular regulatory cascades [for reviews see refs 50, 511,
this difference in c-myc expression may account, at least
in part, for the difference in sensitivity to monastrol. In
any event, although HT29 cells express higher mRNA
levels of the monastrol target protein HsEg5 (fig. 8 B),
this difference is rather small, 1.5-fold, and probably does
not account for the differential effects of monastrol on
these two cell lines. More studies on these and additional
cell lines are required to fully characterize the effects of
monastrol on human cells and to establish the cause for
the different sensitivity to the drug.

Asymmetric aster formation

We demonstrated that in human HT29 cells, in addition to
the originally reported monastrol-induced microtubule
phenotype, the symmetric monoaster [9, 10, 13] (fig. 3 A,
B), other monastrol-induced microtubule arrangements,
such as asymmetric asters or monopolar spindles (fig.
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3C) also exist. In mammalian cell lines from rat kanga-
roo Potorous tridactylis kidney epithelium, monastrol in-
duces monopolar spindle formation in a majority of cells
[10, 36]. The number of chromosomes in rat kangaroo
cells is very small (2n = 12—13) but their size is large,
compared to other mammalian species. Monastrol-in-
duced monopolar spindle formation in rat kangaroo cells
may be directly related to these factors. Another possibil-
ity is that monopolar spindle formation is related to spe-
cific spindle dynamics mechanisms. Interestingly, asym-
metric asters were also observed in human HeLa cells in-
jected with anti-Eg5 antibodies [21]. Although the
percentage of HeLa cells with asymmetric asters was not
quantified [21], this finding suggests that inhibition of
the HsEg5 function can result in the formation of asym-
metric asters in some human cell types.

The formation of the asymmetric asters in HT29 cells is
unlikely to result from a low intracellular monastrol con-
centration, since 150 pM monastrol efficiently inhibited
cell proliferation and induced G2/M cell cycle arrest (figs
1, 2). In addition, in AGS cells, asymmetric monoasters
were not observed, even when cells were treated with low,
20 pM monastrol, for 24 h, or with 100 pM monastrol for
shorter periods (data not shown). Finally, BS-C-1 cells
treated with monastrol for only 4 h produced no asym-
metric asters [10], which indicates that the formation of
asymmetric asters may reflect a specific mechanism(s)
by which HsEg5 participates in spindle dynamics in
HT29 cells.

A possible explanation for the formation of asymmetric
asters in HT29 cells is that HsEg5 function is inhibited by
monastrol after centrosomes are separated or mitotic
spindles are formed (fig. 9). When centrosomes are sep-
arated, microtubules emanating from different centro-
somes are cross-linked by HsEg5 activity. Then, once the
HsEg5 function is inhibited by monastrol, the spindles
collapse and the centrosomes are drawn together by an in-
wardly directed force, probably provided by the KAR3
human homologue, HSET [52]. This creates asymmetric
microtubule arrays with the two centrosomes located
close together on one side, microtubules emanating from
these centrosomes and chromosomes attached to the mi-
crotubules (fig. 9). If mitotic spindles are formed prior to
monastrol inhibition of HsEg5 function, the chromo-
somes will attach to kinetochore microtubules emanating
from opposite spindle poles. This attachment contributes
to the asymmetry of the collapsed spindles, since kineto-
chore attachment to microtubules is not inhibited by
monastrol [10]. A similar spindle collapse was reported
in Saccharomyces cerevisiae cells in which BimC func-
tion was eliminated after the formation of the mitotic
spindle [53]. This experiment demonstrated that in S.
cerevisiae cells, the BimC motor function is required
both before and after spindle assembly. Therefore, forma-
tion of asymmetric asters in HT29 cell lines (fig. 3C)
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may indicate the importance of HsEg5 function after
spindle formation as well.

Induction of apoptosis

Previous studies have demonstrated that elimination of
BimC function causes mitotic cell cycle arrest which
eventually leads to cell death [21, 54]. However, the exact
mechanisms have not as yet been studied. We demon-
strated that in both AGS and HT29 cells, mitotic arrest in-
duced by both monastrol and taxol leads to cell death by
the apoptotic pathway (figs 4—7). In agreement with the
lower sensitivity of HT29 cells to monastrol, apoptosis
was less pronounced in these cells, although HT29 cells
were treated with a higher monastrol concentration
(150 pM) than were AGS cells (100 pM). The lower sen-
sitivity of HT29 cells to monastrol was demonstrated by
acridine orange and ethidium bromide staining (fig. 6),
by considerably reduced caspase 8 and 3 activation and a
smaller degree of PARP-1 cleavage (fig. 7). The reduced
degree of apoptosis induction in HT29 cells is specific to
monastrol since treatment with taxol induced significant
apoptosis (figs. 6, 7). Mitotic arrest has been suggested to
also induce differentiation [55]. By examining alkaline
phosphatase activity, we found that differentiation does
not occur as a function of prolonged monastrol treatment
of HT29 cells (data not shown). Why HT29 cells are more
resistant to monastrol-induced apoptosis is not clear.
However, the resistance to apoptosis (figs. 6, 7) and re-
versibility of prolonged monastrol-induced arrest (fig.
2B) demonstrated here for HT29 cells can occur also in
cancer tissue and are undesired effects from a therapeutic
perspective.

Mitotic arrest induced by taxol has been shown to lead to
apoptosis via mitochondrial membrane depolarization
[31, 33, 56, 57]. In the present study, we directly demon-
strated by JC-1 staining that mitochondrial depolarization
also occurs in AGS and HT29 cells arrested in mitosis by
monastrol (fig. 4 and text). However, the caspase activa-
tion pathways that follow mitochondrial membrane depo-
larization may vary in the two cell lines. In AGS cells,
monastrol-induced mitochondrial membrane depolariza-
tion was accompanied by caspase 8 and 3 activation and
PARP-1 cleavage, while in HT29 cells, caspase 3 and 8
activation and PARP-1 cleavage were minimal (fig. 7).
Since in monastrol-treated HT29 cells, apoptosis was de-
tected by both JC-1 and acridine orange and ethidium
bromide staining, in HT29 cells, other intracellular path-
ways may be involved in monastrol-induced apoptosis.
Although the percentage of apoptotic cells was similar in
AGS cells after treatment with both monastrol and taxol
(fig. 6A, B), the activation of caspase 8 and PARP-1
cleavage was more significant after monastrol treatment
(fig. 7B). This may indicate that additional apoptotic
pathways are activated by taxol in AGS cells. Finally,
while the effect of taxol was similar in the two cell lines
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(figs 1 B, 6B, D), caspase 8, 3 and PARP-1 cleavage after
taxol treatment were more pronounced in HT29 than in
AGS cells (fig. 7B). Monastrol and taxol induce mitotic
arrest by disrupting the spindle by different mechanisms.
While taxol stabilizes microtubules, monastrol inhibits
HsEg5 activity without affecting microtubule dynamics.
Based on our results we conclude that these different
mechanisms trigger different apoptotic pathways that
may be cell type specific.
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