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Abstract. Our previous study showed that organobismuth compounds induce apoptosis in
human promyelocytic leukemia cells, although solid tumor cell lines were relatively resistant.
Herein, we investigated the primary cellular target of these compounds in HeLa cells. One
organobismuth compound, bi-chlorodibenzo[c.f][ /,5]thiabismocine (compound 3), arrested the cell
cycle at G,/M as assessed by flow cytometry and by upregulating the expression of cyclin B1.
At a low concentration (0.5 uM), compound 3 caused cell cycle arrest at the mitotic phase and
induced apoptosis. At a higher concentration (>1.0 uM), it induced an arrest in the G,/M phase,
leading to apoptosis. In many cells blocked at the M phase, the organization of microtubules was
affected, indicating depolymerization of the microtubule network. Western blotting demonstrated
that compound 3 depolymerized microtubules similar to colchicine and nocodazole. Experiments
in vitro also showed that compound 3 inhibited the assembly of purified tubulin in a concentration-
dependent manner by interacting with the colchicine-binding site of tubulin through its SH

groups. Heterocyclic organobismuth compounds are novel tubulin ligands.
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Introduction

Our previous studies showed that heterocyclic
organobismuth(I1l) compounds have antibacterial activity
and can inhibit the growth of tumor cells (1, 2). The
compounds induced apoptosis via mitochondrial pertur-
bation in human promyelocytic leukemia cells (HL-60)
(2). Bismuth belongs to group V of the periodic table
along with arsenic and antimony and is recognized as
a low-toxic metal. Traditionally, inorganic salts of
bismuth have been used in medicine and veterinary
practice (3, 4). Organobismuth compounds have anti-
fungal and antimicrobial activity (1, 5). We have found
that heterocyclic organobismuth compounds have potent
antiproliferative effects on leukemic cell lines. One of
them, bi-chlorodibenzo[c,f][/,5]thiabismocine (com-
pound 3), induced apoptosis in HL-60 cells through the
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activation of caspase, production of ROS, and perturba-
tion of mitochondria; and at high doses, it induced
necrosis (2). Anticancer activities of metal and metal
compounds have been reported (4, 6, 7), suggesting our
bismuth compounds to be useful as chemotherapeutic
reagents against tumors.

The microtubular network is an intracellular fila-
mentous structure in almost all eukaryotic cells. Micro-
tubules function in a number of cellular processes such
as mitosis by regulating the migration of chromosomes,
intracellular transport, the maintenance of cell morpho-
logy, and signal transduction. Numerous anti-tumor
drugs have been known to target microtubules (8, 9), and
heavy metal compounds (e.g., As, Cd, Co, Cr, Ni) have
also been shown to damage microtubules (10). Arsenite,
a trivalent inorganic arsenical, has been used as a thera-
peutic agent for the treatment of acute promyelocytic
leukemia resistant to all-trans retinoic acid (11— 14).
This anticancer efficiency was extended to many solid
tumors (15). Several reports have shown that arsenic
compounds induce mitotic arrest and apoptosis in
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various cancer cells (16 — 19). In addition, arsenic com-
pounds either enhance or inhibit the polymerization of
tubulin and perturb spindle dynamics (16, 18, 20 —22).
Studies have shown that arsenite-induced mitotic arrest
is one of the mechanism of apoptosis in cancer cells (19)
suggesting arsenite to be an effective anti-cancer drug.
However, the chronic toxicity and carcinogenicity of
arsenic trioxide has hampered its acceptance as a first-
choice drug (2, 23). In contrast to arsenic, bismuth is
recognized as a low-toxic metal in spite of its heavy
metal status in the nitrogen family, and bismuth com-
pounds have also been reported as low-toxic compounds
3).

The viability of solid tumor cell lines was signifi-
cantly impaired by treatment with heterocyclic organo-
bismuth(IIl) compounds (2). How the specific damage
to these cells by the heterocyclic organobismuth(III)
compounds leads to cell death is poorly understood.
Thus in this study, to obtain insight into the mechanism
of biological action against a solid tumor cell line, the
HeLa cell line, we examined how cell death occurs by
focusing on the cell cycle arrest induced by compound 3.

Materials and Methods

Materials and chemicals

CytoDYNAMIX Screen01 (CDSO01) and porcine
tubulin (T240) were purchased from Cytoskeleton
(Denver, Colorado, USA). Annexin V-HiLyte Fluor™
488 was from AnaSpec International (San Jose, CA,
USA). All other chemicals were obtained from Sigma-
Aldrich (St. Louis, MO, USA) or Wako Chemicals
(Osaka) and were of the highest quality commercially
available.

Heterocyclic organobismuth compound

The organobismuth compound was synthesized as
previously described (1). The compound used in this
study is bi-chlorodibenzo[c,f][/,5]thiabismocine (com-
pound 3) (Fig. 1).

Cells and culture
HeLa (ATCC) cells were cultured in DMEM (Nissui
Seiyaku, Tokyo) supplemented with 10% fetal bovine
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Fig. 1. Structure of the heterocyclic organobismuth compound 3.

serum and kanamycin (Meiji Seika Co., Tokyo) at 37°C
with 5% CO..

Measurement of the cytotoxicity of heterocyclic organo-
bismuth compound 3 based on the formation of colonies

The cells were seeded in 35-mm plastic culture dishes.
After 24 h, various concentrations of compound 3 were
added. After 18 h of culture with compound 3, washed
cells were re-seeded in 60-mm dishes and cultured in the
growth medium for 10— 14 days. The number of
colonies formed was counted after staining with 1%
methylene blue. Clusters of 40 or more cells were
considered colonies. The number of colonies formed in
the untreated control was defined as 100% colony
formation.

Mitotic index

After treatment, the cells were washed with ice-cold
PBS and fixed with 1% glutaraldehyde. The cells were
washed with PBS and stained with Hoechst 33258.
Mitotic cells were counted under a fluorescence micro-
scope. Cells were examined when the nucleus exhibited
typical mitotic features such as condensed chromosome.

Flow cytometric analysis

Measurements of DNA content and cell cycle analysis
were performed as described (2). HeLa cells treated with
compound 3 were detached and harvested by trypsiniza-
tion followed by centrifugation and then washed with
PBS. The cells were fixed with ice-cold 70% ethanol and
stored at —20°C until used. To examine the cell cycle,
the stored cells were pelleted, washed with PBS,
resuspended in PBS containing 0.5 mg/ml of RNase A,
and incubated at 37°C for 20 min. Cells were then
pelleted, resuspended in PBS containing 50 ug/ml of
propidium iodide, and incubated at 4°C for 10 min in
the dark. Finally, the stained cells were analyzed with a
Becton-Dickinson FACSCalibur flow cytometer. A
minimum of 10,000 cells/samples were analyzed. Data
were collected and analyzed using CellQuest software.

Assessment of apoptosis by annexin-V staining and
propidium iodide exclusion assay

Apoptotic cells were detected by annexin-V staining
and propidium iodide exclusion as described previously
(2), with a slight modification. After drug treatment,
HeLa cells were washed in PBS and resuspended in a
staining solution containing annexin V-HiLyte Fluor™
488 (0.5 ug/ml) in HEPES buffer (10 mM HEPES
pH 7.5, 140 mM NaCl, and 2.5 mM CaCl,). After a 15-
min incubation in the dark at room temperature, the
cells were washed in HEPES buffer. Finally, the cells
were stained with 0.5 ug/ml of propidium iodide and
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analyzed by a Becton-Dickinson FACSCalibur flow
cytometer. Cells with intact membranes excluded PI and
were counted as viable.

Western blot analysis

The preparation of protein lysates as well as Western
blot analysis was performed as described (2, 24). The
primary antibodies used were anti-cyclin B1 (sc-752;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
anti-actin antibody (BT-560; Biomedical Technologies,
Stoughton, MA, USA), and anti-a-tubulin (CL9002T;
Cosmo Bio, Tokyo). The secondary antibodies used
were goat anti-mouse conjugated—AP antibody
(AM13705; Biosource, Camarillo, CA, USA) or goat
anti-rabbit conjugated—AP antibody (4050-04; Southern
Biotechnology Associates, Birmingham, AL, USA).

Immunocytochemistry

Staining of microtubules was performed as reported
(25). Briefly, fixed cells were incubated with anti-
tubulin antibody (65-095; ICN Biomedicals, Inc., Costa
Mesa, CA, USA) for 1h at room temperature. The
cells were then incubated with Alexa-488—conjugated
anti-rabbit antibody (A11008; Molecular Probes,
Eugene, OR, USA) for 1 h at room temperature. For
staining the DNA, the cells were incubated with 1 ug/ml
of DAPI for a few minutes. Cells were observed with a
fluorescence microscope. Immunofluorescence micro-
scopy was conducted using an Olympus BX51 (Olympus
Optical Co., Tokyo), and images were captured by an
Olympus DP72 Microscope Digital Camera and the
DP controller software. The fragmentation of the golgi
complex was evaluated by immunocytochemistry using
anti-p138 antibody (25) and Alexa-488 conjugated anti-
mouse antibody (A11001, Molecular Probes).

Assay of microtubule assembly in HeLa cells

The separation of polymerized tubulin from tubulin
dimers and analysis of the effect of compound 3 on the
polymerization of tubulin in intact cells were performed
as described previously (26). HelLa cells were treated
with the indicated concentrations of test agents for
5h, washed with PBS, and then added to lysis buffer
containing 20 mM Tris-HCI, pH 6.8, 1 mM MgCl,,
2mM EGTA, 1 mM phenylmethylsulfonyl fluoride,
10 ug/ml aprotinin, 10 ug/ml pepstatin, 10 pug/ml
leupeptin, 5 ug/ml antipain, and 0.5% Nonidet P-40.
The supernatant and pellet obtained by centrifugation of
the cell lysate at 12,000 x g for 15 min at room tempera-
ture were dissolved in SDS-polyacrylamide gel electro-
phoresis (PAGE) sampling buffer and subjected to
electrophoresis on a 12% SDS-PAGE gel. The proteins
were transferred to a PVDF membrane (Millipore,

Bedford, MA, USA), and relative amounts of a-tubulin
were determined by the Western immunoblotting method.

Assay of microtubule assembly in vitro

The assembly of bovine tubulin was monitored using
CytoDYNAMIX Screen 01. Purified bovine brain
tubulin was resuspended on ice in ice-cold G-PEM
buffer (80 mM PIPES pH 6.9, 0.5 mM MgClL, 1 mM
EGTA, 1 mM GTP, and 5% (v/v) glycerol) and 100 ul
(300 ug) was pipetted into the designated wells of a half-
area 96-well plate prewarmed to 37°C. Each compound
tested was made up in G-PEM buffer. The assay was
conducted at 37°C, and tubulin polymerization was
followed at 340 nm in a Multickan microplate reader
(Thermo Labsystems, Franklin, MA, USA). The increase
in absorbance was measured at 340 nm at 37°C and
recorded every 30 s for 20 min.

Titration of sulfhydryl groups

The sulfthydryl-specific reagent 5,5'-dithiobis-2-
nitrobenzoic acid (DTNB) forms complexes with thiol
groups of tubulin and can be used to monitor conforma-
tional changes of tubulin due to the binding of ligands
(27). Porcine tubulin (50 ug/ml) was incubated with
compound 3 or colchicine at 37°C for 60 min and then
0.6 mM DTNB was added. The kinetics of the modifica-
tion of sulthydryl groups was monitored calorimetrically
at 405 nm using a Perkin-Elmer ARVOMX Multilabel
Microplate Counter (Wellesley, MA, USA).

Measurement of the binding of colchicine to tubulin

The binding of colchicine to tubulin was measured
using colchicine-fluorescence induced upon the binding
of colchicine to tubulin (28). Porcine tubulin (1 mg/ml)
was incubated with compound 3 at 37°C for 30 min.
Then 25 uM colchicine was added. The fluorescence of
the tubulin-colchicine complex was measured using the
Perkin-Elmer ARVOMX Multilabel Microplate Counter
with 355 nm as the excitation wavelength and 460 nm as
the emission wavelength.

Statistical analyses
Statistical analyses were performed with Excel 2003
using Student’s #-test.

Results

Heterocyclic organobismuth compound 3 induced G./M
arrest followed by apoptosis in HeLa cells

As we previously showed, the ICsy of compound 3
(see Fig. 1) for the viability of HeLa cells was estimated
to be 4.8 uM using the MTT assay (2). On the other
hand, when the cytotoxic effect of compound3 was
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assessed using the colony formation assay, it was found
that exposure to the compound resulted in a significant
reduction in the number of colonies formed (Fig.2)
beyond the extent predicted based on the MTT assay.
This observation suggests that most cells undergo a
progressive death process even after the removal of
compound 3.

Treatment with compound 3 remarkably increased the
number of round-shaped cells. As mitotic cells usually
show similar morphological changes, to examine whether
compound 3 is a mitotic inhibitor, a mitotic index in
cells treated with the compound was established. As
shown in Fig. 3, after 18 h, compound3 at 0.5 uM
significantly induced mitotic arrest. However, at a
higher concentration, 1.0 4M, it did not cause mitotic
accumulation. Then, to further examine the effect of
compound 3, the treated cells were subjected to a flow
cytometric (FACS) analysis.

As compared to the control asynchronous culture,
treatment with 0.5 uM compound 3 caused an accumula-
tion of G,/M phase cells with a concomitant loss of G

120
100
80
60 [
40
20 |
0 . . = )

0 025 05 1 2
Concentration of compound 3 (uM)

Colonies %

Fig.2. Effect of compound 3 on the ability of HeLa cells to form
colonies. HeLa cells were cultured for 18 h in the absence or presence
of organobismuth compounds. The number of cells that were able to
form colonies was determined as described in Materials and Methods.
Results are presented as a percentage of colony formation relative to
the control. Each point is the mean £ S.D. of three determinations.
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Fig.3. Quantitative assessment of the mitotic arrest by
compound 3. HeLa cells were treated with various concentrations of
compound 3 for 18h. Cells were fixed with glutaraldehyde and
stained with Hoechst 33258, and mitotic cells were counted among at
least 200 cells. The data each represent the mean £ S.D. of triplicate
measurements. *P<0.05, ***P<0.001, as compared with untreated
cells.

phase cells (Fig. 4A). In addition, 0.5 uM compound 3
caused a G,-M regulatory protein, cyclin B1, to accumu-
late, further indicating cell cycle arrest at G,/M
(Fig. 4B). Although the mitotic index of cells treated
with 1.0 uM compound 3 was decreased to the level of
that for cells treated with 0.25 uM compound 3 (Fig. 3),
exposure to 1.0 uM compound 3 resulted in the accumu-
lation of cyclin B1 (Fig. 4B), indicating that most of the
1.0 uM compound 3—treated cells with 4C DNA shown
in Fig. 4A were in the G»/M boundary. Therefore, it has
been suggested that the treatment of cells with a high
concentration of compound 3 (1.0 uM) either slows the
move from the G, phase or arrests the cells at the Go/M
boundary.

It has been reported that various antimitotic reagents
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Fig. 4. Effect of compound3 on the cell cycle in HeLa cells.
A: Flow cytometric analysis of the DNA content of HelLa cells
untreated or treated with the indicated concentrations of compound 3.
HeLa cells treated with compound 3 for 18 h were trypsinized and
fixed in 70% ethanol, stained with propidium iodide, and analyzed
using a flow cytometer. B: Accumulation of cyclin Bl in HeLa cells
treated with the indicated concentrations of compound 3. Cell
extracts were prepared from HelLa cells after treatment with
compound 3 for 18 h. Protein was resolved using SDS-PAGE,
transferred onto a PVDF membrane, and probed with anti-cyclin B
antibody. The data presented are representative of those obtained in
three independent experiments.
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and arsenite induce mitotic arrest and then apoptosis
(16 —20, 29 —31). Treatment of log-phase HeLa cells
with 0.5uM compound 3 significantly increased the
number of mitotic cells in a time-dependent manner
until 18 h of treatment (Fig. 5A). Apoptotic cells with
characteristic features were rare at 18 h, although they
began to appear later (>24 h) with the concomitant loss
of mitotic cells. As shown in Fig. 5B, a similar decrease
in G2/M phase cells was observed in the FACS analysis
after 24 h of culture, and at the same time, an increase
in cells with a sub-G; DNA content was recognized.
This hypodiploid DNA content was characteristic of
apoptotic cells, suggesting that apoptosis began in HeLa
cells following the arrest at G,/M by 0.5uM
compound 3. Then, HelLa cells were treated with
compound 3 for 36 h and the percentage of apoptotic
cells was determined using Annexin V-HiLyte Fluor™
488 and propidium iodide. Apoptotic cells were
recorded as late or early apoptotic cells, which are
shown, respectively, in the upper right and lower right
quadrants of the FACS histogram in Fig. 6. The total
percentage of apoptotic cells after treatment with
compound 3 was as follows: 5.7% (control), 43.6%
(0.5 uM compound 3), and 56.6% (1.0 uM compound 3).
These results indicate that both 0.5 and 1.0 uM com-
pound 3 induced apoptosis in HeLa cells.

Compound 3 caused disruption of the cellular micro-
tubule network

Antimicrotubule agents that target the cellular micro-
tubule network are known to result in an aberrant forma-
tion of the mitotic spindle, subsequent blockage of the
cell cycle in the G2/M phase, and apoptotic cell death
(29, 32). Because compound 3 caused G,/M arrest and
apoptosis, we examined whether it affects the organiza-
tion of the microtubule network in HelLa cells. In the
cells treated with compound 3, the antibody fluores-
cence of microtubules was dispersed throughout the
cytoplasm because the microtubule network was lost
(Fig. 7: E and F), while in the untreated control cells,
the microtubule network traversed intricately (Fig. 7A).

0 uM compound 3
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Fig. 5. Time-dependent change in the cell cycle distribution. A:
Time-dependent mitotic arrest induced by 0.5uM compound 3.
HeLa cells were incubated with 0.5 uM compound 3 for the period
indicated. A mitotic index was determined as described in Materials
and Methods. The data each represent the mean £ S.D. of triplicate
measurements. **P<0.01, ***P<0.001, as compared with untreated
cells. B: Time course of the effect of 0.5 uM compound 3 on the cell
cycle in HeLa cells. Cells were treated with 0.5 uM compound 3 for
the period indicated. The cell cycle analysis was performed as
described in Materials and Methods.

The effect of compound 3 on the microtubule network
was similar to that of nocodazole or colchicine (Fig. 7:
C and D), but differed from that of taxol which acts by
stabilizing the microtubule network, resulting in the
appearance of long polymerized microtubule bundles in
the cytoplasm (Fig. 7B).
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Fig. 6. Assessment of apoptosis in compound 3-treated HeLa cells. Apoptosis was assessed by annexin-V-HiLyte Fluor™ 488
staining of HeLa cells treated with compound 3 for 36 h. Cells were double stained with annexin-V- HiLyte Fluor™ 488 and

propidium iodide and analyzed by flow cytometry.
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Fig. 7. Effect of compound 3 on the organization of the cellular
microtubule network. HeLa cells were left untreated (A) or treated
with 0.5 uM taxol (B), 0.5 uM nocodazole (C), 0.5 uM colchicine
(D), 0.5uM compound 3 (E), or 1.0 uM compound 3 (F) for 4 h.
The cells were then fixed and immunostained with an anti-tubulin
antibody, and the microtubules were visualized using alexa-
conjugated secondary antibody as described in Materials and
Methods. Bar =20 um

Exposure of HeLa cells to drugs such as nocodazole,
colchicine, and vinblastine leads to the disassembly of
microtubules and disorganization of the Golgi complex
in which most typically a dispersion of the stacks of
cisternae throughout the cytoplasm occurs (33). Because
the organization of the microtubule network in HelLa
cells was less visible, we next examined whether the
Golgi complex was disorganized in the compound 3—
treated HeLa cells in order to confirm the results shown
in Fig. 7. As shown in Fig. 8, C and D, compound 3
caused the fragmentation of the Golgi complex into
elements randomly distributed throughout the cytoplasm,
like the microtubule-disorganizing agent nocodazole
(Fig. 8B).

Effect of compound 3 on the polymerization of tubulin in
vitro

Because compound 3 markedly disrupted the cellular
microtubule network, we then tested whether it directly
affects the organization of tubulin. The effect of com-
pound 3 on the assembly of tubulin subunits into micro-
tubules in vitro was measured based on changes in

Golgi p138 DAPI

No drug

1.0 uM
Nocodazole

0.5 uM
compound 3

1.0 uM
compound 3

Fig.8. Effect of compound3 on the distribution of Golgi
complexes. HeLa cells were left untreated (A) or treated with 1.0 uM
nocodazole (B), 0.5 uM compound 3 (C), or 1.0 M compound 3 (D)
for 6 h. The cells were then fixed and immunostained with an anti-
Golgi p138 protein monoclonal antibody, and the Golgi complexes
were visualized using alexa-conjugated secondary antibody (left
panels). Nuclei were counterstained with DAPI (right panels).
Bar =20 um

turbidity produced upon tubulin’s polymerization. In
this assay, taxol strongly promoted the polymerization
of tubulin into microtubules, whereas nocodazole
inhibited it. Compound 3, like nocodazole, inhibited
the polymerization of tubulin effectively (Fig. 9A). As
shown in Fig. 9B, compound 3 inhibited the polymeriza-
tion of tubulin in a dose-dependent manner.

This inhibitory effect on the polymerization of micro-
tubules in vitro suggested that like nocodazole,
compound 3 significantly changes the tubulin poly-
mer/monomer ratio in cells. To test this possibility,
insoluble and soluble tubulins were separated from
extracts of HeLa cells treated with different concentra-
tions of compound 3 and a quantitative immunoblot
analysis was performed. Extracts prepared from HelLa
cells treated with taxol or nocodazole were used for
comparison. As shown in Fig. 9, C and D, the insoluble
tubulin accounted for 32.1%, 71.2%, and 9.7%, respec-
tively, of all cellular tubulin in the control cells, cells
treated with taxol, and cells treated with nocodazole.
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Fig. 9. Inhibitory effect of compound 3 on tubulin polymerization.
A: Compound 3 inhibited tubulin assembly in vitro. MAP-rich
tubulin in a reaction buffer was incubated at 37°C in the presence
of DMSO, compound 3, taxol, and nocodazole. The polymerization
of tubulin was determined by measuring the increase in absorbance
over time at 340 nm. B: Inhibitory effect of the organobismuth
compound 3 on microtubule assembly in vitro is dependent on
concentration. Tubulin polymerization was determined as described
above. C: Effect of compound 3 on microtubule depolymerization in
HeLa cells. The cells were treated with taxol (0.5 uM), nocodazole
(0.5 uM), or compound 3 (0.25, 0.5, and 1.0 uM) for 5 h. They were
then lysed and fractionated into cytosolic (soluble: S) and cyto-
skeletal (pellets: P) extracts as described in Materials and Methods.
The extracts were separated with SDS-PAGE, transferred, and
probed with anti-a-tubulin antibody. D: The intensity of each band of
the immunoblot was measured with the image J program, and the
percentage of cytosolic tubulin in each treatment was calculated.
Columns, the mean of three separate determinations; bars, S.D.
*P<0.05, ***P<0.001, as compared with untreated cells.

The proportion of insoluble tubulin in cells treated
with 0.25, 0.5, or 1.0 uM compound 3 was 33.3%,
20.2%, and 24.0%, respectively, indicating that the
cellular microtubules were inclined to undergo depoly-
merization, producing monomeric tubulin, on treatment
with compound 3. The total (P + S) tubulin level in cells
treated with 1.0 uM compound 3 was apparently lower
than that in control cells (Fig. 9C). This decline in the
level of tubulin may have been due to either progress in
the apoptotic pathway or a decline in tubulin synthesis
because previous studies have reported that anti-
microtubule agents at higher concentrations cause the
total cellular amount of tubulin to decrease due to a
decline in tubulin synthesis (34, 35) and another study
found that tubulin is degraded during arsenic trioxide—
induced apoptosis (36).

Compound 3 interacts with tubulin’s sulfhydryl groups

The modification of one or two sulfhydryl groups of
tubulin completely inhibits microtubule polymerization
(37). As shown in Fig. 10A, the mitotic arrest by
compound 3 was significantly decreased by the addition
DTT, areducing agent with 2 SH/molecules, suggesting
that DTT competes with compound3 to bind the
sulthydryl groups of tubulin. To test this possibility,
the inhibitory effect of compound 3 on the accessibility
of cysteine following chemical modification by the
sulfhydryl-specific reagent DTNB was examined. Since
the sulthydryl groups of tubulin appear to be located in
regions important for polymerization, changes in the
chemical reactivity of these residues could be a measure
of conformational change. In this experiment, inhibition
of the accessibility of DTNB to monomeric tubulin was
examined in the absence of GTP. Figure 10B shows the
reaction kinetics for the titration of cysteine in tubulin
with DTNB in the absence or presence of compound 3.
Compound 3 apparently reduced the initial rate at which
sulfhydryl residues were modified and the number of
titratable cysteine residues at equilibrium.

Compound 3 interacts with the colchicine-binding site of
tubulin

Compound 3 provided significant protection to
cysteine residues against DTNB (Fig. 10B). Colchicine
also induced a conformational change in tubulin and
protected one sulthydryl group from reactions with other
sulthydryl reagents (27, 38). Colchicine exhibits marked
fluorescence in combination with tubulin (28). Then, we
used the fluorescence of the tubulin-colchicine complex
to determine whether compound 3 interfered with the
colchicine-binding site of tubulin. As shown in Fig. 10C,
compound 3 inhibited the development of fluorescence.
Cys3544 and Cys239p are proximal to or part of the -
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Fig. 10. Compound 3 binds to tubulin’s SH groups and inhibit
colchicine from binding to tubulin. A: Dithiothreitol (DTT) inhibited
compound 3—induced cell cycle arrest at Go/M. HeLa cells were
pretreated with 1 mM DTT for 2 h (+1.0 mM DTT) or left untreated
(No drug, 0.5uM compound 3), and then treated with 0.5 M
compound 3 for 18 h (0.5 #M compound 3 + 1.0 mM DTT). The cell
cycle analysis was performed as described in Materials and Methods.
B: Compound 3 interacted with the free SH groups of tubulin. The
SH groups were determined using DTNB. C: Inhibitory effect of
compound 3 on the binding of colchicine to tubulin. Tubulin
(1 mg/ml) was first incubated with DMSO or compound 3 (10 and
25 uM) at 37°C for 30 min. Colchicine (25 uM) was added to all of
the mixtures. Then fluorescence was measured for 30 min at 37°C.
The excitation and emission wavelengths were 355 and 460 nm,
respectively.

tubulin recognition site for colchicine (39). This result,
together with those described above, indicates that

compound 3 could interact with the colchicine-binding
site of S-tubulin, resulting in the depolymerization of
microtubules in HeLa cells.

Discussion

We demonstrated that a heterocyclic organobismuth
compound has anticancer activity against HeLa cells
and evaluated the mechanism of action. The tubulin
system was identified as a molecular target of the
organobismuth compound. Drugs affecting tubulin—
microtubule equilibrium, for example, taxol, docetaxel,
vinblastine, vincristine, and vinorelbine, are effective
anticancer agents. Antimitotic drugs have not only been
established as efficacious in anticancer therapies, but
also provided opportunities for new applications and
developments. We did not observe any significant
damage of normal tissues of mice treated with com-
pound 3 at 0.13 mg/kg, intravenously, every other day
for a month. Therefore our heterocyclic organobismuth
compounds may be prospective lead compounds for
anticancer drugs.

We showed that compound 3 arrested the proliferation
of HeLa cells, a human solid tumor cell line, at G,/M
and induced apoptosis, suggesting a mechanism of
antiproliferative activity similar to that of other micro-
tubule-interacting agents that interfere with the forma-
tion of mitotic spindles either by increasing the stability
of microtubules or through the depolymerization of
microtubules. These agents can cause arrest at the
prometaphase/metaphase to anaphase transition known
as the mitotic spindle checkpoint, eventually leading to
apoptosis (40). Mitotic spindle checkpoint proteins,
such as BubR1, are involved in the mitotic arrest by
nocodazole and PBOX (41). These results imply that
0.5 uM compound 3 induced apoptosis via this check-
point.

The percentage of cells with hypodiploid DNA
increased from 1.1% in untreated control cells to 8.2% in
cells treated with 1.0 uM compound 3 for 18 h (Fig. 4A).
In another experiment involving a FACS analysis of
Annexin V, a marker of apoptotic cells, the percentage
of Annexin V—positive cells increased from 5.7%
(control) to 43.6% (0.5 uM compound 3) (Fig. 6). The
proportion of annexin V-positive cells further increased
to 56.6% when HeLa cells were treated with 1.0 uM
compound 3 for 36 h, although Figs. 3 and 4 indicated
that most of the cells did not enter the M phase. These
HeLa cells were not viable at all (Fig. 2). Furthermore,
this concentration of compound 3 disrupted the micro-
tubule network and reduced the amount of tubulin in
HeLa cells (Figs. 7 and 9), induced the dispersion and
fragmentation of Golgi complexes (Fig.8), and pre-
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vented the polymerization of tubulin (Fig.9). These
findings may indicate that at high concentration, other
targets of compound 3 act synergistically with tubulin to
cause a rapid apoptosis that is induced directly and not
via the arrest of the cell cycle at the mitotic phase.
Similarly, HL-60 cells treated with a high dose of
compound 3 underwent apoptosis without mitotic arrest
(2). Our unpublished results also suggested that 1.0 uM
compound 3 induced both the production of ROS and
activation of caspases without causing mitotic arrest in
HeLa cells. Tubulin is distributed in mitochondrial
membranes and plays a role in apoptosis via interaction
with voltage-dependent anion channels, the main com-
ponent of permeability transition pores (42). Therefore,
organobismuth compounds may also target the tubulin
in mitochondrial membranes, resulting in the entering
of apoptosis from a non-mitotic phase.

In previous studies, although nocodazole and vinca
alkaloids also induced mitotic arrest at lower concentra-
tions, these antimicrotubule agents induced a p53-
independent p21™*"“P!_associated G, and G, arrest at
higher concentrations (43). Therefore, 1.0 uM com-
pound 3 may induce G; and G; phase arrest concerned
with p21™7¢®! in HeLa cells, a p53-inactivated cell
line. Recent reports showed that arsenic trioxide arrests
cells at G, and induces apoptosis accompanied by the
depletion of GSH (44, 45). Therefore, the cell cycle
arrest in the late G, phase by 1.0 uM compound 3 may be
due to the depletion of GSH. Indeed, the intracellular
GSH levels in HeLa cells treated with compound 3 were
markedly decreased (data not shown).

Although antimitotic compounds have been used
clinically to treat neoplastic diseases, a major drawback
is loss of efficacy over time because of the development
of resistance. Therefore, it is important to develop novel
microtubule inhibitors that overcome various modes of
resistance and have improved pharmacological profiles.
In general, metal compounds exhibit effective anti-
tumor activities with a wide range of mechanisms and
thus are regarded as a valuable source of novel chemo-
therapeutic reagents. Compound 3 is a novel micro-
tubule polymerization inhibitor. Many of the physio-
logical activities found here are shared by inorganic
trivalent arsenicals, but differences exist in their effects
on cells. Arsenite has been reported to enhance the
polymerization of tubulins at a low concentration
(18, 21, 46), whereas compound 3 inhibited microtubule
polymerization. Despite its toxicity and carcinogenicity,
arsenic is approved as a chemotherapeutic agent for
the treatment of acute promyelocytic leukemia. However,
its chronic toxicity and carcinogenicity have hampered
its acceptance as a first-choice drug (47). Bismuth is
much less toxic than arsenic in spite of its heavy metal

status in the nitrogen family, and bismuth inorganic
compounds have also been reported to be low-toxic
compounds (3).

We have also examined the anti-proliferative activity
of other heterocyclic organobismuth compounds: N-
tert-butyl-bi-chlorodibenzo [c,f][/,5] azabismocine (com-
pound 1) and bi-chlorophenothiabismin-S,S-dioxide
(compound 5) (see ref.1) and found differences in
cytotoxicity and inhibitory effects on the polymerization
of tubulin.

In conclusion, organobismuth compounds are novel
microtubule polymerization inhibitors that may be
utilized as antimitotic agents and in the treatment of
refractory acute promyelocytic leukemia in place of
arsenic trioxide.

Acknowledgment

We thank Dr. Hitomi Suzuki for synthesizing the organobismuth
compounds.

References

1 Kotani T, Nagai D, Asahi K, Suzuki H, Yamao F, Kataoka N,
et al. Antibacterial properties of some cyclic organobismuth(III)
compounds. Antimicrob Agents Chemother. 2005;49:2729—
2734.

2 Tuchi K, Hatano Y, Yagura T. Heterocyclic organobismuth(III)
induces apoptosis of human promyelocytic leukemic cells
through activation of caspases and mitochondrial perturbation.
Biochem Pharmacol. 2008;76:974-986.

3 Suzuki H, Matano Y. Organobismuth chemistry. London: Elsevier
Science; 2001.

4 Yagura T. Biological activity of organobismuth compounds. Res
Adv Antimicrobial Chemother. 2006;6:19-32.

5 Murafuji T, Miyoshi Y, Ishibashi M, Mustafizur Rahman AF,
Sugihara Y, Miyakawa I, et al. Antifungal activity of organo-
bismuth compounds against the yeast Saccharomyces cerevisiae:
structure-activity relationship. J Inorg Biochem. 2004;98:547—
552.

6 Desoize B. Metals and metal compounds in cancer treatment.
Anticancer Res. 2004;24:1529-1544.

7 Kopf-Maier P, Klapotke T. Antitumor activity of some organo-
metallic bismuth(IIl)thiolates. Inorg Chim Acta. 1988;152:49—
52.

8 Hadfield JA, Ducki S, Hirst N, McGown AT. Tubulin and
microtubules as targets for anticancer drugs. Prog Cell Cycle
Res. 2003;5:309-325.

9 Jordan MA, Wilson L. Microtubules as a target for anticancer
drugs. Nat Rev Cancer. 2004;4:253-265.

10 Chou IN. Distinct cytoskeletal injuries induced by As, Cd, Co,
Cr, and Ni compounds. Biomed Environ Sci. 1989;2:358-365.

11 Zhang P, Wang SY, Hu XH. Arsenic trioxide treated 72 cases of
acute promyelocytic leukemia. Chin J Hematol. 1996;17:58-61.

12 Shen ZX, Chen GQ, Ni JH, Li XS, Xiong SM, Qiu QY, et al.
Use of arsenic trioxide (As;O;) in the treatment of acute
promyelocytic leukemia (APL): II. Clinical efficacy and
pharmacokinetics in relapsed patients. Blood. 1997;89:3354—



582

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

K Tuchi et al

3360.

Soignet SL, Maslak P, Wang ZG, Jhanwar S, Calleja E,
Dardashti LJ, et al. Complete remission after treatment of acute
promyelocytic leukemia with arsenic trioxide. N Engl J Med.
1998;339:1341-1348.

List A, Beran M, DiPersio J, Slack J, Vey N, Rosenfeld CS, et al.
Opportunities for Trisenox (arsenic trioxide) in the treatment of
myelodysplastic syndromes. Leukemia. 2003;17:1499-1507.
Gazitt Y, Akay C. Arsenic trioxide: an anti cancer missile with
multiple warheads. Hematology. 2005;10:205-213.

Li YM, Broome JD. Arsenic targets tubulins to induce apoptosis
in myeloid leukemia cells. Cancer Res. 1999;59:776-780.

Park JW, Choi YJ, Jang MA, Baek SH, Lim JH, Passaniti T,
etal. Arsenic trioxide induces G2/M growth arrest and
apoptosis after caspase-3 activation and bcl-2 phosphorylation in
promonocytic U937 cells. Biochem Biophys Res Commun.
2001;286:726-734.

Ling YH, Jiang JD, Holland JF, Perez-Soler R. Arsenic trioxide
produces polymerization of microtubules and mitotic arrest
before apoptosis in human tumor cell lines. Mol Pharmacol.
2002;62:529-538.

Cai X, Yu Y, Huang Y, Zhang L, Jia PM, Zhao Q, et al. Arsenic
trioxide-induced mitotic arrest and apoptosis in acute pro-
myelocytic leukemia cells. Leukemia. 2003;17:1333-1337.

Yih LH, Tseng YY, Wu YC, Lee TC. Induction of centrosome
amplification during arsenite-induced mitotic arrest in CGL-2
cells. Cancer Res. 2006;66:2098-2106.

Huang SC, Lee TC. Arsenite inhibits mitotic division and per-
turbs spindle dynamics in HelLa S3 cells. Carcinogenesis.
1998;19:889-896.

Carre M, Carles G, Andre N, Douillard S, Ciccolini J, Briand C,
et al. Involvement of microtubules and mitochondria in the
antagonism of arsenic trioxide on paclitaxel-induced apoptosis.
Biochem Pharmacol. 2002;63:1831-1842.

Goering PL, Aposhian HV, Mass MJ, Cebrian M, Beck BD,
Waalkes MP. The enigma of arsenic carcinogenesis: role of
metabolism. Toxicol Sci. 1999;49:5-14.

Doi K, Noma S, Yamao F, Goko H, Yagura T. Expression of
Golgi Membrane Protein p138 is Cell Cycle-independent and
Dissociated from Centrosome Duplication. Cell Struct Funct.
2002;27:117-125.

Yamauchi T, Higashiura M, Yagura T. Novel monoclonal anti-
body mAb G3AS5 recognizes 138-kDa glycoprotein localized on
the Golgi membrane. Cell Struct Funct. 1992;17:213-222.
Blagosklonny MV, Schulte TW, Nguyen P, Mimnaugh EG,
Trepel J, Neckers L. Taxol induction of p21WAF1 and p53
requires c-raf-1. Cancer Res. 1995;55:20:4623—-4626.
Roychowdhury M, Sarkar N, Manna T, Bhattacharyya S, Sarkar
T, Basusarkar P, et al. Sulfhydryls of tubulin. A probe to detect
conformational changes of tubulin. Eur J Biochem. 2000;267:
3469-3476.

Bhattacharyya B, Wolff J. Promotion of fluorescence upon
binding of colchicine to tubulin. Proc Natl Acad Sci US A.
1974;71:2627-2631.

Sasaki J, Ramesh R, Chada S, Gomyo Y, Roth JA,
Mukhopadhyay T. The anthelmintic drug mebendazole induces
mitotic arrest and apoptosis by depolymerizing tubulin in
non-small cell lung cancer cells. Mol Cancer Ther. 2002;1:
1201-1209.

Tahir SK, Han EK, Credo B, Jae HS, Pietenpol JA, Scatena CD,
et al. A-204197, a new tubulin-binding agent with antimitotic
activity in tumor cell lines resistant to known microtubule

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

inhibitors. Cancer Res. 2001;61:5480-5485.

McCollum G, Keng PC, States JC, McCabe MJ Jr. Arsenite
delays progression through each cell cycle phase and induces
apoptosis following G2/M arrest in U937 myeloid leukemia
cells. J Pharmacol Exp Ther. 2005;313:877-887.

Jordan MA, Wendell K, Gardiner S, Derry WB, Copp H, Wilson
L. Mitotic block induced in HeLa cells by low concentrations of
paclitaxel (Taxol) results in abnormal mitotic exit and apoptotic
cell death. Cancer Res. 1996;56:816-825.

Thyberg J, Moskalewski S. Microtubules and the organization of
the Golgi complex. Exp Cell Res. 1985;159:1-16.

Jordan MA, Thrower D, Wilson L. Mechanism of inhibition of
cell proliferation by Vinca alkaloids. Cancer Res. 1991;51:
2212-2222.

Cleveland DW, Lopata MA, Sherline P, Kirschner MW.
Unpolymerized tubulin modulates the level of tubulin mRNAs.
Cell. 1981;25:537-546.

Binet F, Cavalli H, Moisan E, Girard D. Arsenic trioxide (AT) is
a novel human neutrophil pro-apoptotic agent: effects of catalase
on AT-induced apoptosis, degradation of cytoskeletal proteins
and de novo protein synthesis. Br J Haematol. 2006;132:349—
358.

Kuriyama R, Sakai H. Role of tubulin-SH groups in polymeriza-
tion to microtubules. Functional-SH groups in tubulin for
polymerization. J Biochem. 1974;76:651-654.

Basusarkar P, Chandra S, Bhattacharyya B. The colchicine-
binding and pyrene-excimer-formation activities of tubulin
involve a common cysteine residue in the beta subunit. Eur J
Biochem. 1997;244:378-383.

Bai R, Pei XF, Boye O, Getahun Z, Grover S, Bekisz J, et al.
Identification of cysteine 354 of beta-tubulin as part of the
binding site for the A ring of colchicine. J Biol Chem.
1996;271:12639-12645.

Masuda A, Maeno K, Nakagawa T, Saito H, Takahashi T.
Association between mitotic spindle checkpoint impairment and
susceptibility to the induction of apoptosis by anti-microtubule
agents in human lung cancers. Am J Pathol. 2003;163:1109—
1116.

Greene LM, Campiani G, Lawler M, Williams DC, Zisterer DM.
BubR1 is required for a sustained mitotic spindle checkpoint
arrest in human cancer cells treated with tubulin-targeting
pyrrolo-1,5-benzoxazepines. Mol Pharmacol. 2008;73:419-430.
Carre M, Andre N, Carles G, Borghi H, Brichese L, Briand C,
etal. Tubulin is an inherent component of mitochondrial
membranes that interacts with the voltage-dependent anion
channel. J Biol Chem. 2002;277:33664-33669.

Blajeski AL, Phan VA, Kottke TJ, Kaufmann SH. G(1) and G(2)
cell-cycle arrest following microtubule depolymerization in
human breast cancer cells. J Clin Invest. 2002;110:91-99.

Han YH, Kim SZ, Kim SH, Park WH. Induction of apoptosis in
arsenic trioxide-treated lung cancer A549 cells by buthionine
sulfoximine. Mol Cells. 2008;26:158-164.

Han YH, Kim SZ, Kim SH, Park WH. Arsenic trioxide inhibits
the growth of Calu-6 cells via inducing a G2 arrest of the cell
cycle and apoptosis accompanied with the depletion of GSH.
Cancer Lett. 2008;270:40-55.

Li W, Chou IN. Effects of sodium arsenite on the cytoskeleton
and cellular glutathione levels in cultured cells. Toxicol Appl
Pharmacol. 1992;114:132-139.

Hei TK, Liu SX, Waldren C. Mutagenicity of arsenic in
mammalian cells: role of reactive oxygen species. Proc Natl
Acad Sci U S A. 1998;95:8103-8107.





