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Background

Arsenic trioxide (As,Os) is a well-known and effective treatment that can result in clinical
remission for patients diagnosed with acute promyelocytic leukemia (APL). The biologic
efficacy of As,O3 in APL and solid tumor cells has been explained through its actions on
anti-proliferation, anti-angiogenesis, and apoptotic signaling pathways. We theorize that
As, O3 activates a pathway that disrupts microtubule dynamics forming abnormal, non-
functioning mitotic spindles, thus preventing cellular division. In this study, we inves-
tigated how As,Oj3 induces apoptosis by causing microtubule dysfunction.

Methods

Cultured NB4 cells were treated with As,O3, paclitaxel, and vincristine. Flow cytometric
analysis was then performed. An MTT assay was used to determine drug-mediated
cytotoxicity. For tubulin polymerization assay, each polymerized or soluble tubulin was
measured. Microtubule assembly-disassembly was measured using a tubulin polymer-
ization kit. Cellular microtubules were also observed with fluorescence microscopy.

Results

As,Oj3 treatment disrupted tubulin assembly resulting in dysfunctional microtubules that
cause death in APL cells. As,Os; markedly enhanced the amount of depolymerized
microtubules. The number of microtubule posttranslational modifications on an in-
dividual tubulin decreased with As,O3 concentration. Immunocytochemistry revealed
changes in the cellular microtubule network and formation of polymerized microtubules
in As;Os-treated cells.

Conclusion

The microtubules alterations found with As,O3 treatment suggest that As,Os increases
the depolymerized forms of tubulin in cells and that this is potentially due to arsenite’s
negative effects on spindle dynamics.

Key Words Acute promyelocytic leukemia, Arsenic trioxide, Tubulin, Apoptosis,
Antimitotic agents

rates of remission. In newly diagnosed patients, complete

INTRODUCTION

Arsenic compounds were used therapeutically by the an-
cients and are also widely utilized in traditional Chinese
medicine. Arsenic trioxide (AsyOz3) is a cancer therapeutic
that can be used alone or in combination with other agents
to treat patients with acute promyelocytic leukemia (APL).
Notably, As)O3 treatment has been known to achieve high
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remission rates have ranged from 86% to 95%, and, in re-
lapsed patients, rates of 80% to 93% have been reported
[1]. Moreover, As;O3 has shown to exhibit anticancer proper-
ties in diseases such as multiple myeloma and myelodysplastic
syndromes. As such, there has been great interest in As;O3
as a chemotherapeutic drug. Arsenic affects numerous intra-
cellular signal transduction pathways and causes many alter-
ations in cellular function. These actions of arsenic may
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result in the induction of apoptosis, the inhibition of growth
and angiogenesis, and the promotion of differentiation [2].
However, the mechanism whereby arsenic specifically tar-
gets tumor cells is not clearly understood.

Of the various target elements affected by arsenic, micro-
tubules are critical elements in a wide variety of fundamental
cell functions, including mitosis, motility, and intracellular
vesicular transport [3]. As such, microtubules are a good
target for many natural toxins as well as chemotherapeutic
drugs [4, 5]. Disruption of microtubule dynamics induces
abnormal formation or loss of a functional mitotic spindle,
both of which interrupt cell division and cause cell death.
Several lines of evidence have previously been reported to
suggest that As)O3 affects spindle formation/function by
modulating assembly and/or disassembly of tubulins in sev-
eral cancer cell lines, including leukemic cells [6, 7].
Together, these data suggest that As;O3 may mimic micro-
tubule poisons and interrupt mitosis [7].

To date, a few reports have indicated that, depending
on the cell line, As;O3 treatment results in cell-cycle arrest
at the G; or Go/M phase via microtubule dysfunction [8].
Other contrastive opinions for the As;Os; mechanism of ac-
tion on the assembly/disassembly of tubulin in tumor cell
lines have also been provided [7-9]. Li and Broome reported
that As;Os treatment resulted in cell-cycle arrest at meta-
phase in myeloid leukemia cells through noncompetitive
disruption of GTP binding to B-tubulin and inhibition of
GTP-induced tubulin polymerization [9]. Ling et al reported
that As;Os caused a paclitaxel-like, concentration-depend-
ent, tubulin polymerization in vitro and altered the micro-
tubule network as determined by cell morphology and elec-
tron microscopy (EM) analysis [8].

In this study, we wanted to show that As,Os might induce
apoptosis by causing microtubule dysfunction. We inves-
tigated whether As,O3 promotes or inhibits the polymer-
ization of microtubules in an APL cell line. Thus, we hoped
to better understand the unique mechanism underlying the
action of As;Os.

MATERIALS AND METHODS

1. Cell culture and compounds

Acute promyelocytic leukemia (APL) NB4 cells (provided
by Dr. J. H. Won of Soon Chun Hyang University College
of Medicine, Korea) were maintained as suspension cultures
in PRMI-1640 (Gibco, Invitrogen Ltd, UK) containing 10%
fetal bovine serum (Gibco, Invitrogen Ltd, UK) and 1x pen-
icillin-streptomycin (Gibco, Invitrogen Ltd, UK). Cells were
maintained at 37°C in water-saturated atmosphere contain-
ing 5% CO,. As;O3 was purchased from Sigma Chemical
Inc. and dissolved in 1 M NaOH as stock solution. Paclitaxel
was purchased from BMS Pharmaceutical Korea Limited and
a stock solution of paclitaxel (Taxol®™, Korea) was prepared
as per the manufacturer’s suggestion. Vincristine was pur-
chased from Reyon Pharmaceutical Co., LTD and prepared
at a concentration of 0.1 M in PBS. Monoclonal anti-o-tubu-

lin, anti-acetylated a-tubulin, anti-glycealdehyde-3-phos-
phate dehydrogenase (GAPDH), and HRP-conjugated secon-
dary antibody were purchased from Santa Cruz Biotechnol-
ogy, Inc., CA, USA.

2. Flow cytometric analysis

NB4 cells (2x10° cells) were treated with each drug at
the indicated concentration for 24 hours. Cells were washed
with PBS by spinning at 1,000 rpm for 5 min at 4°C and
fixed with 1 mL of ice-cold 95% ethanol drop-wise while
vortexing. The fixed cells were incubated in ice-cold 95%
ethanol for at least 30 min and then centrifuged as described
above. The pellets were resuspended in 1 mL PBS and 100
pL of 1 mg/mL propidium iodide (PI) for 5-10 min at room
temperature. Flow cytometric analysis was performed using
a FACSCalibur Flow Cytometer and Cell Quest software
(BD biosciences, San Jose, CA, USA).

3. Cytotoxicity assay

To determine drug-mediated cytotoxicity, an MTT assay
was performed. This was carried out using the MTS reagent
of the Cell Titer 96 Aqueous One Solution (Promega Corp.,
USA) with absorbance measured at 490 nm, as previously
described [10]. Briefly, NB4 cells were seeded in 0.5x10°
cells per well for 24 hrs at 37°C and 5% CO,. After treatment
with the indicated drug concentrations, cells were re-
incubated for 24 hrs and 48 hrs. Twenty microliters of the
MTS solution was added to each well and incubated at 37°C.
Thereafter, the absorbance (A) values of each well was de-
termined using a microplate spectrophotometer (Bio-Tek
Instruments Inc., USA). The percentage of viable cells was
calculated using the background-corrected absorbance as fol-
lows:

% cytotoxicity=(1-A of experimental well/A of positive

control well)x100

4. Tubulin polymerization assay

Cells were plated in 24-well plates, grown for 1 day
(60-80% confluency), and treated with either no drug or
varying concentrations of drugs at 37°C for 6 hours. After
the medium was removed, cells were rinsed in 1x PBS at
22°C, harvested at the same temperature in lysis buffer con-
taining 0.1 M PIPES, 1 mM EGTA, 1 mM MgSO4, 30%
glycerol, 5% DMSO, 5 mM GTP, 0.125% NP-40, and protease
inhibitor cocktail (Calbiochem, Merck KGaA, Darmstadt,
Germany), and then centrifuged at 13,200 rpm at 22°C for
30 min followed by vortexing, to separate polymerized (P)
from soluble (S) tubulin [11]. Pellets of polymerized “P”
tubulin were resuspended in a volume of lysis buffer equal
to the soluble “S” fraction. Each had gel sample buffer added
and equal aliquots separated on 10% SDS-PAGE gels were
transferred to PVDF membranes (Whatman). The mem-
branes were blocked with 5% skim milk for 2 hrs in TBS
buffer containing 0.1% Tween 20 and either the a-tubulin
antibody (SantaCruze Biotechnology, CA, USA) or acetylated
o-tubulin (SantaCruze Biotechnology, CA, USA). Antibodies
were incubated overnight at 4°C with constant shaking. After
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washing, an HRP-conjugated anti-mouse antibody was ap-
plied at a dilution of 1:10,000. Secondary antibody binding
was carried out at room temperature for 2 hrs with shaking.
To visualize the protein bands, chemiluminescence detection
was performed with the Chemiluminescent kit (Bio-Rad
Laboratories, CA, USA). The blots were reprobed with a
monoclonal antibody against GAPDH, and the results were
used as loading controls. Band intensities were quantified
by densitometry using Bio-Rad software.

5. Tubulin assembly in vitro

The effects of As;O3 on the microtubule assembly-dis-
assembly process were determined using a tubulin polymer-
ization kit (Cytoskeleton, Denver, CO, USA). Purified bovine
brain tubulin was resuspended on ice in ice-cold buffer (80
mM PIPES at pH 6.9, 2 mM MgCl,, 0.5 mM EGTA, 15%
glycerol, 1 mM GTP) and 100 pL of the suspension (3 mg/mL)
was aliquoted into half of a 96-well plate pre-warmed to
37°C as per the manufacturer’s instructions. The assay was
determined by measuring the change of absorbance (340
nm) at room temperature using a spectrophotometer every
5 min for 70 min (uQuant, Bio-Tek Instruments Inc., USA).

6. Inmunocytochemitry

After treatment with As;Os, paclitaxel, and vincristine
for 6 hours, cells were washed with PBS solution and the
cell suspension was then incubated on a glass slides coated
with poly-i-lysine for 30 min at room temperature. After
aspirating the excess cell suspension, the cells were fixed
with 3.7% formaldehyde in PBS for 10 minutes and per-
meabilized with 50 pL of BD Cytofix/Cytoperm solution
(BD Biosciences, San Jose, CA, USA) for 25 min at 4°C.
Permeabilize, fixed cells were washed twice with 100 pL
of 1x BD Perm/Wash buffer (BD Biosciences, San Jose, CA,
USA) for 5 min. Fixed cells were incubated with a monoclonal
anti-o tubulin antibody (1:50; Santa Cruz Biotechnology,
CA, USA) at room temperature for 1 hr. After washing 3
times in 100 pL with 1x BD Perm/Wash buffer (BD
Biosciences, San Jose, CA, USA) for 5 min, cells were re-
incubated with FITC-conjugated second antibody (1:100,
Santa Cruz Biotechnology, CA, USA) in the dark for 1 hr.
Cellular microtubules were imaged using an Olympus IX-81
fluorescence microscope.

RESULTS

1. Effect of As,O3 on NB4 cell growth and apoptosis

In a previously reported study, As;Os-induced anti-pro-
liferation in various tumor cell lines was evaluated and a
clinical study revealed that the effective dose of AsO3 in
vivo/vitro was 0.5-3 uM [9, 12]. However, to confirm As;O3
cytotoxicity in NB4 cells, we examined different concen-
tration of AsO3 and measured cytotoxicity via an MTT assay
after 24 and 48 hrs of treatment. As shown in Fig. 1A,
the cytotoxic effect of As,Os was dose and time dependent.
At 5 uM As;O3, NB4 cell growth was inhibited by more

than 50%. We next examined whether the inhibition of
cell growth by AsO3 could cause apoptosis. After NB4 cells
were treated with the indicated concentration of As,Os for
24 hrs, As)Os-induced apoptosis was determined by propi-
dium iodide (PI) staining and compared with controls for
5 nM and 7 nM paclitaxel treatments. As shown in Fig.
1B and Table 1, paclitaxel, a microtubule-targeting drug,
induced Go/M phase arrest and caused apoptosis. At a low
concentration (<1 uM AsyOs), <13% of cells were in the
G2»/M phase but at a concentration of >3 puM, >40% of
cells were in the Go/M phase. Similar to paclitaxel treatment,
As;Os treatment resulted in a concentration-dependent accu-
mulation of NB4 cells in the Go/M phase, although As;Os-
treated cells resulted in a higher concentration in this phase
than when cells were treated with paclitaxel. Cell cycle
arrest induced by As,O3 treatment is initiated by the dis-
sipation of the mitochondrial membrane potential (MMP),
which leads to the release of cytochrome c (data not shown).
Together, these data indicate that AsyOs-induced apoptosis
was preceded by arrest in the Go/M phase of the cell cycle
similar to paclitaxel-induced apoptosis.

2. Effect of As,Os on tubulin polymerization

Because As;O3 treatment markedly blocked the cell cycle
in the G/M phase, we became interested in testing whether
As»O3 would disrupt or enhance tubulin polymerization in
NB4 cells. To test this hypothesis, we examined the affects
of tubulin polymerization and depolymerization on the treat-
ment at various concentrations of As;O3 for a 6 hours
treatment. Vincristine and paclitaxel were used as positive
controls and all experiments were performed by separating
polymerized “P” from soluble “S” tubulin at 22°C. As shown
in Fig. 2A, vincristine or paclitaxel enhanced the cellular
levels of the “S” fraction and “P” fraction in the cell lysates,
similar to previously published reports. When cells were
treated with increasing concentrations of As;Os, the amount
of tubulin in the depolymerized fraction, “S”, was increased
compared with untreated cells. The baseline proportion of
o-tubulin in the soluble fraction was 59.6%, while the depo-
lymerized proportion observed after treatment was approx-
imately 52-72%. The tubulin shift to the “S” fraction was
exactly noted over the 5-20 uM As;O3 range. As such, the
increase in the number of cells in arrest with As;O3 found
in the apoptosis study correlated with the increased “S” frac-
tion of tubulin and was greater than that in the control
cells. These data clearly indicate that As;Os induces tubulin
depolymerization, although the effect is not as strong as
vincristine-induced depolymerization.

Since As;Os reduced the cytotoxicity of antimicrotubule
drugs in SK-N-SH cells [13], we investigated whether the
combination of paclitaxel and AsOsz synergistically affected
tubulin assembly in NB4 cells. To examine to the synergistic
mechanism of AsO3 and paclitaxel treatment on microtubule
formation, we treated cells with 5 uM As;Os alone, 10 uM
As)O3 alone, and 40 nM paclitaxel alone, or in combination
at the same concentrations for 7 hours. The results shown
in Fig. 2B reveal that the combined effects of As;O3 and
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Table 1. Cell cycle distribution of cells treated with arsenic trioxide and paclitaxel for 24 hours.
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Fig. 1. Induction of cytotoxicity
and cell cycle arrest by As;Os. (A)
To show the inhibitory effects of
As;O3 on the cell proliferation,
exponentially growing cells were
treated with the indicated con-
centrations of As,Os for 24 hour
and 48 hours, and cell proliferation
was assessed by using the MTS
reagent (see Materials and Methods).
The cytotoxic effect of As,O3 was
increased in a concentration- and/
or time-dependent manner. These
data represent the mean=SD of
independent experiments. (B) To
observe the apoptotic effects of
As,O3, NB4 cells were treated with
either a vehicle (control) or each
concentration of As;O3 and pacli-
taxel for 24 hours. Pl-stained cells
were analyzed by flow cytometry
as described in the Materials and
Methods section, and the percen-
tage of cells in each phase of the
cell cycle was analyzed using flow
cytometry (Table 1). Flow cyto-
metry analysis revealed a signi-
ficant increased apoptotic effect
that resulted in a concentration-
dependent accumulation of NB4
cells in the Gy/M phase on the
As,Os-treated cells.

% Cell cycle Control As;O3 (ATO) Paclitaxel (Taxol)
a)
phase 0.5 uM 1 uM 2 M 3 .M 5 uM 5nM 7 nM
Go/G 64.08 67.85 60.57 4239 22.88 20.96 203 10.24
S-phase 24.01 20.19 2229 28.4 25.93 29.54 24.4 15.99
Go/M 10.23 10.34 13.69 25.89 47.46 48.13 47.42 67.5

YPercentage of cells in each phase of the cell cycle following 24 hours of drug treatment.
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Fig. 2. Alterations in tubulin polymerization induced by As,Oj3. (A) To demonstrate that the fraction of depolymerized tubulin is increased after
treatment with As,O3, NB4 cells were treated with drugs or without drugs as a control for 6 hours at the indicated concentrations. Cell lysates were
separated into polymerized (P) or soluble (S) fractions. Aliquots of equal volume were separated on an SDS-PAGE gel, and evaluated by western
blotting with an anti a-tubulin antibody. Compared to the baseline proportion of a-tubulin in the soluble fraction, the depolymerized proportion
observed after treatment of As,O3 was approximately 52-72% and the tubulin shift to the “S” fraction was noted. (B) To show the effects of a
combination of drugs, NB4 cells were treated with 5 pM As,O3, 10 uM As,O3 and 40 nM paclitaxel at alone or in combination, and treated for 6
hours. Cell lysates were separated into “P” or “S” fractions as described above. Aliquots of equal volume were loaded onto SDS-PAGE gels, and the
blots probed with antibody against a-tubulin. The results indicate that As,Os and paclitaxel did not synergistically influence microtubule assembly.
The intensity of each band was quantified by densitometry and the percentage of soluble tubulin (%S) was calculated by multiplying the fraction of

tubulin in the soluble fraction [S/(S+P)] by 100 for each “S-P” pair.

paclitaxel did not influence the tubulin polymerization and
microtubule assembly.

3. Effect of As2O3 on microtubule stability

It is well established that tubulin can be altered by post-
translational modifications, and several of these are exclusive
to o-tubulin. Although the precise relationship between
these tubulin modifications and microtubule stability has
not been elucidated, several changes are definitive markers
of microtubule stability [14, 15]. Therefore, we examined
the extent of acetylation of a-tubulin, a posttranslational
modification indicative of stabilized microtubules, often ob-
served following exposure of cells to microtubule stabilizing
agents (i.e., paclitaxel and epothilone) [16]. As shown in
Fig. 3, we assessed the expression levels of modified o-tubulin
forms in separated fractions of NB4 cell lysates. The pro-
portions below the bands represent the expression quantity
in each fraction. We observed a marked increase in the
amount of acetylated o-tubulin (<90%) in the polymerized
fraction (P) of paclitaxel treated cells, compared to the
controls. In addition, the proportion of polymerized fraction
(P) with As;O3 treatment was decreased (<62%) compared
to untreated cells. Therefore, these data indicate that As,O3
increases microtubule dynamics by interfering with post-
translational modifications involved in microtubule stability.

4. Effect of As;O3 on tubulin polymerization in vitro
Because As;Os treatment markedly increased the dis-
assembled portion of tubulin and influenced the stability
of microtubules, we became interested in testing whether
AsyO3 could directly affect tubulin. To test this hypothesis,
tubulin polymerization and depolymerization in vitro were
examined at 37°C in a reaction mixture containing purified
tubulin and GTP, in the presence or absence of As;Os. Fig.
4 shows that As;Os significantly promotes tubulin depolyme-
rization, an effect similar to that induced by vincristine.

e
<2
o 0n o &

Drug & ®V~% ®V5° @‘7“ N\

incupation Oo(\ %Q %Q ,\QQ D(QQ

time e —
Acetylated PSPSPSP P

y P Prg——

6 hr a-tubulin ‘ s q
GAPDH [ == == = == |
AtltdSPSPSPSPSP
cetylate — = A

24 br a-tubulin ‘ s ‘
GAPDH ["= w= == w= ==

Fig. 3. Effects of As;O3; on microtubule stabilization. NB4 cells were
treated with drugs or no drugs as a control, for 6 hours and 24 hours at
the indicated concentration. Lysates were separated into polymerized
(P) or soluble (S) fractions. The blots probed with anti-acetylated
a-tubulin. The amount of acetylated a-tubulin in the P fraction of
paclitaxel treatment was increased, compared with that of the control,
but the proportion in P fraction of As,O3 treatment was decreased in a
concentration-dependent manner. This result indicated that As,O3
interfered with important modifications necessary for the stability of
microtubules. The intensity of each band was quantified by densi-
tometry and the blots were stripped and reprobed with GAPDH-
specific antibody as a loading control.

Thus, these data suggest that As;Os; has directly bounds tubu-
lin and induces tubulin depolymerization.

5. Effect of As;O; on cellular microtubules

Because vincristine-like, tubulin-destabilizing activity was
found in vitro, we tested whether As;Os treatment affected
the cellular microtubule network. NB4 cells were treated
with the indicated concentration of paclitaxel, vincristine,
and AsyO3 or with no drug-treatment as a control. After
6 hours of incubation, the microtubule network was vi-
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Fig. 4. Effects of As;O3 on microtubule polymerization in vitro. Purified
tubulin from bovine brain tissue (Cytoskeleton) was incubated at 37°C
in reaction mixtures containing 1 mM GTP, 10 nM paclitaxel (Taxol), 10
nM vincristine, 5 pM As,O3 and the mock-treated solution as a control.
Tubulin polymerization was determined by measuring absorbance at
340 nm. This revealed that As;O; directly influences tubulin and
induces tubulin depolymerization.

sualized by immunocytochemistry. As shown in Fig. 5, the
microtubule network in control cells exhibited normal cy-
toskeletal arrangement and organization. Treatment with
vincristine resulted in microtubule depolymerization with
a decrease in the density of cellular microtubule and dis-
appearance of microtubule bundles surrounding in the
cytoplasm. As;O3 treatment resulted in findings similar to
those seen with vincristine-induced microtubule changes
(e.g., decreased microtubule density). In contrast, paclitaxel
treatment induced microtubule polymerization with long,
thick cytoplasmic microtubules.

DISCUSSION

The microtubules are well recognized as a chemothera-
peutic target, and there is an ongoing search for high efficacy
microtubule targeting agents. In cultured, malignant cells,
microtubules contribute to various mechanisms, including
drug efflux transporter [17], altered tubulin isotype ex-
pression [5, 18], and tubulin mutation [19]. Therefore, it
is suggested that arsenic compounds might be useful for
the treatment of some instances of human cancer [20].

Our data demonstrates that AsO3 efficiently inhibits pro-
liferation of NB4 cells and, in a previous study, the ICso
value for As;O3 in MCF-7 breast carcinoma and A2780 ovar-
ian carcinoma cell lines was approximately 3 puM, a concen-
tration very close to the effective serum concentration for
successfully treating patients with acute promyelocytic leu-
kemia in the clinic [8]. Although it was a different type
of cancer cells line, the cytotoxicity of As;O3 at about 50%
was in the range of the 5 uM for NB4 cells (Fig. 1A). This

Control

5 M As,0O,

10 nM vincristine 20 nMuvincristine

20 nM paclitaxel 40 nM paclitaxel

Fig. 5. Effects of As,O3 on the organization of cellular microtubule
network. NB4 cells were treated with 5 uM As;O3, 40 nM paclitaxel,
and 20 nM vincristine. Mock-treated cells were used as a control. After
a 6-hour incubation, cells were harvested and fixed with formaldehyde.
Cells were incubated with monoclonal anti-a-tubulin antibody at room
temperature for 30 minutes. After incubation with FITC-conjugated
secondary antibody, the cellular microtubules were imaged using an
Olympus IX-81 fluorescence microscope. The normal organization of
microtubule network was seen in control cells, increased density of
polymerized microtubules were found in paclitaxel-treated cells, and a
degraded microtubule network in cytoplasm was observed in As;Os-
and vicristine-treated cells.

evidence indicates that the efficiency of As;O3; was similar
to previously described reports. Some investigators also re-
port that As;O3 causes DNA damage, oxidative stress, and
mitochondrial dysfunction [21-23]. In addition, As;Os treat-
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ment blocked the cell cycle in these cell line. In the present
study, we found that As;Os treatment resulted in cell-cycle
arrest at the Go/M phase in NB4 cells (Fig. 1B).

We also considered whether As)Os-induced Go/M phase
arrest is due to its interaction with tubulin, thus resulting
in abnormal tubulin polymerization. To test this, we have
taken advantage of an assay designed by Minotti et al [24]
to separate polymerized “P” from “S” soluble tubulin fractions
by centrifugation. This procedure, and subsequent mod-
ifications of it, has been widely utilized to quickly determine
the percentage of tubulin polymers in cells under a variety
of experimental conditions. An increase in the “S” fraction
serves as an indicator of tubulin destabilization. In the present
study, we were able to show that the presence of unstable
microtubules in the treated cell populations by several
criteria. First, compared to the controls, an increased pro-
portion of tubulin was found in the soluble tubulin fractions.
Soluble tubulin amounts were present in an AsyO3 concen-
tration-dependent manner. The effect of As;O3 on tubulin
depolymerization was weaker than that of vincristine (Fig.
2). These data suggest that As;O3 directly or indirectly in-
duces the disruption of microtubule formation via tubulin
polymerization in contrast to data published by Ling er al,
who reported that As;O3 increases tubulin polymerization
[8]. In addition, the disassembly of the microtubule network
after treatment with As,Os suggests that it acts as a micro-
tubule depolymerizing agent. We were able to demonstrate
that a-tubulin posttranslational modifications correspond to
increased microtubule stability. Tubulin can undergo numer-
ous posttranslational modifications, including phosphor-
ylation, polyglutamylation, polyglyclation, deglutamylation,
acetylation, and tyrosination/detyrosination. Although the
functions of these o-tubulin modifications remain unclear,
deglutamylation, acetylation, and detyrosination are in-
dicative of stable microtubules [14, 15, 25]. Acetylation oc-
curs on lysine 40 near the amino terminus of o-tubulin
and does not appear to increase the levels of stable micro-
tubules but instead accumulates in existing stable micro-
tubules [14, 15]. Glu-tubulin is formed when the last residue
on a-tubulin, a tyrosine, is removed by tubulin-carbox-
ypeptidase and the glutamic acid is exposed [25]. As such,
the phenomenon observed here, depolymerization of micro-
tubule by As,Os, could be explained, in part, by alteration
of microtubule stability through microtubule modification.
As compared to paclitaxel treatment, As;Os significantly de-
creased acetylated o-tubulin (Fig. 3), this suggests that micro-
tubule stabilization may play an important role in As;Os-
mediated microtubule depolymerization.

Next, we tested the effect of As;Os, paclitaxel, and vincris-
tine on tubulin assembly in a cell-free in vitro system (Fig.
4). We found that the effect of As;O3 was similar to that
of vincristine but different from paclitaxel. This does not
rule out the possibility that As;O3 may bind to polymerized
tubulins and stabilize microtubules. The reason for the ap-
pearance of tubulin depolymerization may be explained if
As)O3 acts as a noncompetitive inhibitor, thus interfering
with the GTP binding domain on B-tubulin [9]. In this study,

it is notable that the same concentration of AsOs; was capable
of inhibiting the assembly of tubulin, but these concen-
trations were also found to elicit some differences in the
cell-based assays or the cell-free systems. The intracellular
conditions may provide an ideal environment for the reaction
of As,O3 with microtubules whereas the reaction conditions
of these widely used cell-free microtubule assembly-dis-
assembly assays may not facilitate the AsyOs-microtubule
interaction. Indeed, this phenomenon has been observed
before by using other tubulin ligands, although the discrep-
ancies were not as pronounced as in this study [26].

Finally, indirect immunofluorescence technique allowed
us to detect morphological changes in the microtubule net-
work, such as alterations in microtubule organization and
arrangement. The changes in microtubule length and density
constitute an appropriate method to qualitatively assess the
intracellular microtubule polymerization or depolymeriza-
tion caused by anti-tubulin agents. The results from our
tubulin depolymerization experiments indicated that, similar
to the effect of vincristine treatment, As;Os treatment pre-
vented tubulin polymerization. To validate these results,
changes in the cellular microtubule network were observing
immunocytochemically. We found that the effect of As,O3
was similar to that of vincristine (Fig. 5). Thick bundles
of microtubule network surrounding cytoplasm were ob-
served in paclitaxel-treated cells, whereas shortened depoly-
merized microtubules were observed in As;O3- and vincris-
tine-treated cells.

In summary, our data demonstrate that As,O; is efficacious
in suppressing cell growth in NB4 cells. As,O3 directly or
indirectly interferes with microtubules and blocks the cell
cycle at the Gy/M phase. The effects of As;O3 on microtubule
assembly are vincristine-like, but also distinct from vin-
cristine. AsyOs3 is less active than vincristine in NB4 cells
and is diametrically opposite of the observations published
by Ling et al who reported that As;O3z induced tubulin
polymerization [8]. The unique mechanism that allows for
As;03 to induce both cell death and cell cycle arrest, and
to cause microtubule depolymerization, makes it an ideal
candidate for antineoplastic therapy. This also suggests that
As)O3 can be used at a low concentration and still selectively
target the microtubules of rapidly dividing tumor cells, thus
minimizing its general toxicity. Evidence that tubulin plays
an important role in the treatment of leukemia raises the
possibility for the development of a rationally designed ar-
senic-based antimitotic agent.
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