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Arsenite inhibits mitotic division and perturbs spindle dynamics in
HelLa S3 cells

See-Chang Huang? and Te-Chang Leé-? in mouse 3T3 cells (16,17). We have previously demonstrated
Linstitute of Biomedical Sciences, Academia Sinica a6daduate Institute that ars.emte Inhlb!ted the formapon of spindle mlcrOtUbUI?S
of Life Sciences, National Defense Medical Center, Taipei, Taiwan, R.O.C. by tre_atmg G2-enriched human fibroblasts or CHO cells with
arsenite at the concentration of 1M for 2 h (18,19).
However, treatment of HeLa S3 cells with arsenite at a
sublethal concentration (EM) for 24 h resulted in mitotic
arrest followed by apoptosis (manuscript in preparation).
Although arsenite at high and low concentrations may have
different toxic mechanisms, these studies suggest that arsenite
may mimic microtubule poisons to interrupt mitotic division.

Cellular microtubules usually form a dynamic polarized
network emanating from a microtubule organization centre.
At the G2/M transition, cytoplasmic microtubules breakdown
and re-organize as more dynamic mitotic spindle (20,21). The
dynamic mitotic spindle plays a crucial role in accurate
congression and segregation of chromosomes during mitosis.
Many chemicals, such as estrogen (22), tamoxifen (23), asbes-
tos (24) and chloral hydrate (25), and many microtubule
inhibitors (e.g. colchicine, nocodazole and taxol) (26—28) have
been shown to interfere with the assembly and disassembly of
mitotic spindle, disrupt chromosome congression, block mitotic
exit and induce aneuploidy. The induction of aneuploidy
plays an important and possibly essential role in neoplastic
development (29). Arsenite may serve as a useful clue for
unravelling the mechanism of abnormal mitotic segregation.
In this study, experiments were conducted to understand the
effects of arsenite on mitotic division and spindle dynamics
in HeLa S3 cells.

3To whom correspondence should be addressed

Email: bmtcl@ibms.sinica.edu.tw.

Arsenical compounds, known to be human carcinogens,
were shown to disturb cell cycle progression and induce
cytogenetic alterations in a variety of cell systems. We
report here that a 24 h treatment of arsenite induced
mitotic accumulation in human cell lines. HeLa S3 and KB
cells were most susceptible: 35% of the total cell population
was arrested at the mitotic stage after treatment with SuM
sodium arsenite in HeLa S3 cells and after 1M in KB
cells. Under a microscope, we observed abnormal mitotic
figures in arsenite-arrested mitotic cells, including deranged
chromosome congression, elongated polar distance of
mitotic spindle, and enhanced microtubule immunofluor-
escence. The spindle microtubules of arsenite-arrested
mitotic cells were more resistant to nocodazole-induced
dissolution than those of control mitotic cells. According
to turbidity assay, arsenite at concentrations below 10QM
significantly enhanced polymerization of tubulins. Since
spindle dynamics play a crucial role in mitotic progression,
our results suggest that arsenite-induced mitotic arrest may
be due to arsenite’'s effects on attenuation of spindle
dynamics.

Introduction Materials and methods

Ep|dem|olog|c_al (Iawdence stéon_gly |nd|catehs that _thl’OHIC efxpli)_teus and cell culture

sure to. arsenical compoun .S Increases t e Inclaence O SKif,, 5 S3, Hela (CCL2), KB, C33A and 293 cells were purchased from
lung, liver, b'adder and k|(_jney cancer n humans_ (1-5).American Type Culture Collection (Rockville, MD). Primary human newborn
However, evidence for arsenic carcinogenicity in experimentaforeskin fibroblasts (HFW) were obtained from Dr W.N.Wen (National Taiwan
animals remains inadequate (1). Due to the lack of an apprdJniversity, Taiwan) and foetal lung fibroblasts (HFLF) were obtained from

priate animal model to study the mechanism of arsenic—inducear M.T.Hsu (Institute of Biomedical Sciences, Academia Sinica). Cells
were subcultured twice a week in Dulbecco’s minimum essential medium

CarCinOgeniCityv the geno_toxiq effects of _arse_nical Cc)mpound§upplemented with 10% heat-inactivated foetal calf serum,Liglutamate,
have been widely studied in numerois vitro Systems. 100 units/ml penicillin, 10Qug/ml streptomycin and 1% non-essential amino
Inorganic arsenicals were able to induce chromosome aberrasids. The cultures were maintained in a humidified incubator at 37°C with
tions (6), sister chromatid exchanges (7,8), micronuclei (9-2% CQ; and 95% air.

11), aneuploidy (6,12), cell transformation (13) and geneMitotic index analysis

amplification (14), but they failed to induce mutation in specific Logarithmically growing cells were replated at a density ob218"* cells per

loci, such as hypoxanthine/guanine phosphoribosyl transfera&g" in 60-mm dishes 1 day prior to arsenite treatment, Cells were treated
d, Na /K +-ATP - dent cells (13 with various concentrations of sodium arsenite (OpRQ for 24 h. Afterward,
an a B ase In rodent cells ( ) the cells, including both rounded-up and attached cells, were harvested by

Arsenite, a trivalent inorganic arsenical, is widely used tOtrypsinization, washed once with phosphate-buffered saline (PBS), and then
study the toxic effects of arsenicals. Arsenite at the concentrareated with 0.5% KCI for 12 min at room temperature. After centrifugation,
tion of 10 uM induced a radiomimetic delay of cell division the cells were fixed with methanol/acetic acid solution (3:1, v/v). An aliquot

: : * T of the cell suspension was dropped onto a clean slide, air-dried and stained
in Chinese hamster ovary (CHO?) cells (15). Mitotic indexes ith a 3% Giemsa solution in "$esen buffer. The mitotic cells which

were slightly increased in arsenite-treated human peripherghssessed condensed chromosomes were microscopically distinguished from
blood lymphocytes (6). Arsenite at relatively high concentra-the interphase cells which contained an interphase nucleus. In each culture,

tions (=20 uM), like several other heavy metals (e.g.2Cd  at least 200 cells were scored for estimation of mitotic indexes. The mitotic

PR+ Ni2+) has been shown to severely damage microtubme'@dexes were averaged from three independent experiments.
DNA histogram analysis

*Abbreviations: CHO, Chinese hamster overy cells; HFW, human fibroblasts; After treatment of asynchronous HelLa S3 cells witlu sodium arsenite
HFLF, human foetal lung fibroblasts; PBS, phosphate-buffered saline. for 24 h, the rounded-up cells were harvested by a mechanical shake-off
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technique and designated as detached cells. The remaining population desif min, and immuno-stained with ariitubulin antibody and FITC-conjugated
nated as attached cells was harvested with the aid of trypsinization. Theecondary antibody as described above. The disassembly of mitotic spindle
detached and attached cells were separately harvested and fixed with calhs examined under a fluorescence microscope.

70% ethanol at 4°C overnight. Their cell cycle distribution was analysed by For re-assembly assay, the mitotic spindle in control and arsenite-arrested
flow cytometry as previously described (30). In brief, the ethanol-fixed cellsmitotic cells were dissolved by incubation of these cells with ice-cold medium
were centrifuged and resuspended in PBS containingg4nl propidium for 1 h. Afterward, the cells were transferred to a 32°C water bath. At various
iodide, 0.1 mg/ml RNase A and 0.1% Triton X-100, and the DNA content of time points (0—20 min), an aliquot of cells was fixed and stained with &nti-
10000 cells was individually analysed with a flow cytometer (FACStar, tubulin antibody as described above. The re-assembly of mitotic spindle was
Becton Dickinson Immunocytometry Systems, Mt View, CA). examined under a fluorescence microscope. Arsenite at the concentration of
Immunoblotting analysis of mitotic regulatory proteins 5 UM was continuously presented in the medium during the cold treatment

The cellular levels of c-Mos, cyclin A and cyclin B1 in arsenitep(9, 24 h) and the- spl.ndle e ass?mbly period ét s2c.

treated cells were analysed by an immunoblotting technique. In brief, arseniteetermination of arsenite accumulation

treated cells were mechanically separated into detached and attached poputare logarithmically growing Hela cells were treated withuBl arsenite for
tions, and lysed in 2X SDS-polyacrylamide gel electrophoresis sample buffep4 h. The detached mitotic cells were harvested by shake-off technique, and
(31). Protein concentrations were determined with a Bio-Rad assay kit (Biothe attached cells by trypsinization. After they were washed several times
Rad Laboratories, Hercules, CA). After boiling for 5 min, 4@ of total with PBS containing 1 mM EDTA, the arsenic contents were determined with
cellular proteins were electrophoretically separated onto a 12% SDS-polyacrythe aid of an atomic absorption spectrophotometer after digestion with nitric
amide gel and transferred onto nitrocellulose membranes. The membranesid (34). To estimate the cell volume, the diameters of 30 detached mitotic
were then immunoblotted with c-Mos, cyclin A (Upstate Biotechnology Inc., cells or tryspinized cells were measured under a microscope with an eyepiece
Lake Placid, NY) or cyclin B1 (Oncogene Research Products, Cambridgemicrometer.

MA) antibodies and the alkaline phosphatase-conjugated secondary antibodg(”bi dity assay

as previously described (12). Asynchronous cells and nocodazole-induce R ) ) ) )
(1 UM, 24 h) mitotic cells were included for Comparison. The in vitro microtubule assembly was monitored by ||ght scattering or

. . . - turbidimetry as described by Lin and Chou (35). Briefly, microtubule proteins
Assay of p3¥Fcyclin B (histone H1) kinase activity were isolated from calf brain by two cycles of temperature-dependent assembly-
Preparation of cell extracts and assay of §§8%cyclin B (histone H1) kinase disassembly in PEM buffer (0.1 M PIPES, pH 6.6, 1 mM EGTA, 1 mM
activity was essentially as described by Juan and Wu (32). Forty microgramgigCl,). To study the effect of arsenite on microtubule assembly, 1 mM GTP
of cell extract were reacted with {1g of cyclin B1 antibody. The immuno-  and various concentrations of sodium arsenite were inoculated into the
complexes were trapped on protein A-conjugated agarose and pelleted byicrotubule solution in a cuvette sitting on ice. The reaction was initiated by
centrifugation. Histone H1 kinase activity was assayed by an addition pf 10 transferring the cuvette to a Hitachi U-3210 spectrophotometer with a setting
reaction buffer containing 2.HCi [y-*?PJATP (3000 Ci/mmol) and 1Qg  at 32°C and the turbidity was continuously recorded at the wavelength of
histone H1 and incubated at 37°C for 30 min. The reaction was stopped bgs0 nm. The microtubule polymerization curves were obtained by fitting the
mixing with 20 pl of 2X SDS-polyacrylamide gel electrophoresis sample data with a polynomial model provided by SigmaPlot (Jandel scientific
buffer and boiling for 5 min. The supernatants were electrophoreticallysoftware, San Rafael, CA) and the initial rate of microtubule polymerization
separated onto a 10% SDS-polyacrylamide gel. The phosphorylated histoRgas then estimated at time zero.

H1 was visualized by an autoradiography technique.

Mitotic interference by arsenite Results

Nocodazole-arrested mitotic cells were used for studying the immediate
interference of mitotic division by arsenite. The logarithmically growing cells Mitotic arrest by arsenite

were briefly incubated with 0.iM nocodazole for 4 h. Nocodazole-arrested . L T
mitotic cells were harvested by a mechanical shake-off technique, washedO €xamine whether arsenite is a mitotic inhibitor, HeLa S3,

once with PBS, and then treated with various concentrations of sodiunHeLa CCL2, KB, HFW, HFLF, C33A and 293 cells were
arsenite (0-5uM) for 1 or 2 h. The cells were harvested by trypsinization treated with sodium arsenite at a range from 0 tquBQ The

and subjected to mitotic index examination as described above. mitotic indexes were examined by chromosome spreading. A
Examination of mitotic spindle and chromosome congression typical field showing the mitotic figures and interphase nuclei
Fogj immunoﬂuorelscent stainilng, theh detached mitotic cells werefharvestegnder a microscope is presented in Figure 1A. The mitotic
and spun on to glass coverslips with a cytospinner at 1000 rpm for 1 min; ; ;
The cells on coverslips were fixed with 3.7% phosphate-buffered formaldehydleﬂdexes of these asynChror(l)ous human C.ell “nes. In untreqted
and 0.1% Triton X-100 for 10 min at room temperature. After washing twice CUltures ranged from 2 to 4%. After 24 h incubation, arsenite
with PBS, the coverslips were incubated with #vibulin antibody (Sigma,  treatment at concentrations from 3 told apparently resulted

St Louis, MO) diluted 25& in PBS at 37°C for 1 h. At the end of incubation, jn mitotic accumulation in these cell lines (Figure ]_B)_ At
the Coverg“ps were Was'l)e‘(’j t""i%%@"‘fth PBS a”Sd i”C“b%tid Wgh FITC-higher concentrations, the decline of mitotic index may have
conjugated secondary antibody (1 ilution in PBS) at 37°C for 30 min. . . .

TheJ c%verslips were tyhen brief?gl(washed with distille)d water and mounted orpeen due to the toxicity of arsgmte at levels too hlgh to allow
a slide with GEL/MOUNTM mounting solution (Biomeda, Foster City, CA). the cells to move toward mitosis from other cell cycle stages.
The mitotic spindle was examined under a fluorescence microscope. The pol&s shown in Figure 1B, HelLa S3 cells were one of the most
distance (p.d.) and equator diameter (e.d.) of 20 randomly selected mitotigensitive cell lines to arsenite-induced mitotic arrest among

spindles of each treatment were measured by using an eyepiece micromet: ; ; ;
A differential staining technique was adopted to simultaneously visualizéithe cell lines studied. Treatment of HelLa S3 cells Wlthl‘ﬂ

the mitotic spindle and chromosomes (33). Briefly, the detached mitotic cellérSe€Nite resulted in 35% cell population arrest at the mitotic
were fixed with methanol:acetic acid (3:1, v/v) solution containing 4 mM Stage. HelLa S3 cells were therefore used for further study.
Mg?'z anclidl-S mé\/l CaGl gt rf?cr)]m ;emper?]tlure- Th% Cfellszwer:ebdrforlped onto As compared to the control culture (Figure 2A), treatment
a clean slide and treated with 5% perchloric acid for 24 efore staininghf HelLa S3 cells with 5p.M sodium arsenite for 24 h

. o - i o ! X o > . .
Wil 908 Coomassie blue R-250 and 0.5% safranin O In a 10% aceligemarkably increased the number of detached cells (Figure
DI Lo 2B). Mitotic cells usually round up and detach from the culture

isassembly and re-assembly of mitotic spindle in vivo . . o

. . L _dishes. To confirm whether the detached cells were mitotic

To study the effects of arsenite on the function of mitotic spindle, their s th h d by shake-off hni d subi d
disassembly and re-assembly of arsenite-arrested mitotic cells were comparQ§ S, they were _arveSte . y shake-o t_ec nique gn _SU jecte
with that of taxol-arrested and normal mitotic cells. The mitotic cells from tO flow_cytometrlc analysis and cytologlcql examination. _The
logarithmically growing control cultures, arsenite-treatedu(@, 24 h) and DNA h|stogram of the attached cells (F|gure 2D) remained
ot reatd (Ogi 241) cuures were hanesied by mechirica sake-simila to that of the control culture (Figure 2C), but with a
PBS washed mitotic cells were incubated with gM of nocodazole in’ _gllght increase in the S and G2/M populatlon. The mitotic
medium at 37°C. At various time points (0-30 min), an aliquot of cells wasindexes of the control culture and the attached cells were 3

fixed with 3.7% phosphate-buffered formaldehyde and 0.1% triton X-100 forand <1%, respectively. However, in the detached cells, the
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Arsenite inhibits mitotic division

hyperphosphorylated, cyclin A degraded and cyclin B accumu-
lated. Although c-Mos and cyclin B from the attached
interphase cells shared similar profiles with those from the
asynchronous control cells, a slight increase of cyclin A was
revealed in the arsenite treated attached cells (Figure 3). Other
mitotic-associated proteins, such as cdc2, cdk2, cdc25C, MAP
kinase kinase (MEK), and protein tyrosine phosphatase 1B
also showed no difference between arsenite- and nocodazole-
arrested mitotic cells (data not shown). Furthermore, the
p349cyclin B kinase activity monitored by histone H1
phosphorylation was highly increased in both arsenite- and
nocodazole-arrested mitotic cells, but was negligible in the
control culture. H1 kinase activity was slightly increased in
the attached interphase cells in arsenite-treated cultures (Figure
B 3). These mitotic regulatory protein profiles reflect that the
% —O HeLaS3 detached cells remained at the mitotic stage.

HeLa CCL2 Mitotic interference

EEW Since nocodazole-arrested mitotic cells were able to complete

HFLF their division shortly after the drug was removed, they were
—&— C33A then used to clarify whether arsenite could directly interfere
- 293 with mitosis. The nocodazole-arrested mitotic cells were har-
vested and treated with various concentrations (0 tqus0
of arsenite for 1 to 2 h. As shown in Figure 4, when nocodazole-
arrested mitotic cells were refed in arsenite-free medium, the
mitotic index declined from 85% to 5% within 2 h, indicating
that the mitotic cells quickly divided and moved toward
interphase. However, by incubating the nocodazole-arrested
mitotic cells with arsenite, the decline in mitotic index was
inhibited by arsenite following a dose-dependent manner
(Figure 4). These results indicated that arsenite could inhibit
mitotic exit.

45 —

40

35 —

Mitotic Indexes (%)

Mitotic spindle and chromosome congression

During mitotic division, the formation of bi-polar spindle and
chromosome congression at the spindle equator should be
0 5 10 15 20 completed prior to anaphase and cell division. The microscopic
structure of mitotic spindle and chromosome congression were
Sodium Arsenite (||.LM) concurrently examined by immunofluorescent technique using
anti3-tubulin antibody and by differential staining technique.
Fig. 1. Mitotic accumulation by arsenite in human cell8.) (Microscopic By both techniques, the mitotic spindles were well organized
examination of mitotic figures (arrow) and interphase nuclei. HeLa S3 cells 35 an oval shape in normal mitotic cells (Figure 5A and C),

were treated with 1M sodium arsenite for 24 h, and then prepared by - e S L
chromosome spreading technique for mitotic index analysis as described inWhereas in arsenite-arrested mitotic cells the shape of mitotic

Materials and methods. Bar, 26n. (B) Human cell lines including HeLa spindles sh_owed a significant elongation (_Figure 5B and D).
S3, HeLa CCL2, KB, HFW, HFLF, C33A and 293 were treated with The polar distance (p.d.) and the equator diameter (e.d.) of the

various concentrations of sodium arsenite (0+20) for 24 h. At the end mitotic spindle, measured under a fluorescence microscope,
?; t[:gte’:]‘f{‘gétggro"f“'ttﬁ:éce'?nddeg‘e;n‘(’j":;f :;agfrﬁgn?: described in (A). Bars \yere 13.3+ 1.22 um and 14+ 1.41 pm in control mitotic
P P P ' cells, and 16.7+ 1.69 pm and 14+ 1.57 ym in arsenite-
arrested mitotic cells, respectively. The p.d. of arsenite-arrested

cell population with 4C DNA was 91% and the mitotic index Mitotic cells was statistically and significantly greater (26%)
was 90% (Figure 2E). These results indicated that most of théhan that of control mitotic cellsR < 0.001, according to

detached cells induced by arsenite treatment were mitotic cell§tl|1|dent’5t't65t)- The a\r/]?fﬁged p-d-/le-d- ratio inhnormal mitotic
Mitotic regulatory proteins cells was 0.95- 0.07 which is very close to a sphere. However,

, L , the averaged p.d./e.d. ratio in arsenite-arrested mitotic cells
To understand how arsenite arrests mitotic progression, the,s 12+ 0.16 indicating that their mitotic spindle was

cellular levels of several mitotic regulatory proteins weregphergid in shape. The distribution of p.d./e.d. ratio is shown
analysed by |mmun0-blottlng techmque_. Arsenlte-treated culy Figure 5E. Furthermore, as shown in Figure 5C and D, the
tures were separated into detached mitotic cells and attachefl,omosomes were well congregated at the equator in normal

interphase cells by mechanical shake-off. Asynchronous culturgiotic cells, whereas they were scattered around the mitotic
and nocodazole-arrested mitotic cells, representing |nterpha§%ind|e in arsenite-arrested mitotic cells.

and mitotic controls, were included for comparison. As shown_, o )

in Figure 3, the electrophoretic profiles of c-Mos, cyclin A Disassembly and re-assembly of mitotic spindle

and cyclin B in arsenite-arrested mitotic cells were similar toNocodazole is a microtubule disassembly agent. Treatment of
those in nocodazole-arrested mitotic cells, i.e. c-Mos wasnitotic cells harvested from control cultures (Figure 6A) with
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Fig. 2. Cellular morphology and DNA content of arsenite-treated HeLa S3 cells. (A,B) Logarithmically growing HeLa S3 cells were treated with or without

5 UM sodium arsenite for 24 h. The cellular morphology was examined under a phase contrast micrésc@uatiol culture. B) Arsenite-treated culture;

bar, 25um. (C-E) The rounding up cells in arsenite treated culture were detached by a mechanical shake-off technique and the attached cells were harveste
by trypsinization. Their DNA content was analysed by flow cytometry as described in Materials and me@jotista( population of the control culture;

(D) the attached cell population in arsenite-treated culture; B)dhe detached cell population in arsenite-treated culture. The values of cell cycle phase
distribution (G1, S and G2/M) and mitotic indexes (M.l.) are presented on the right corner.

20 UM nocodazole at 37°C resulted in disassembly of theCellular arsenite concentrations

mitotic spindle in 2 min (Figure 6B) and complete dissolution As determined by an atomic absorption spectrophotometer, the

in 5 min (Figure 6C). However, the rate of nocodazole-inducedtontents of arsenic in the detached mitotic cells and the

spindle disassembly was delayed in arsenite-induced mitotiattached interphase cells were 13:51.9 and 5.7+ 1.8 ng

cells (Figure 6D—H). Residual mitotic spindle remained observper 1¢ cells after a treatment with M for 24 h. With the

able after a 10-min incubation with nocodazole (Figure 6G)aid of an eyepiece micrometer, the average diameters of the

For a comparison, taxol, a microtubule stabilizer, was used tdetached mitotic cells and trypsinized interphase cells were

arrest mitotic cells. Nocodazole treatment did not disassembl23.1+ 4.3 and 16.3+ 1.8 um, respectively. Their cell volume

mitotic spindle in taxol-induced mitotic cells (Figure 61-K). was calculated to be 6.5 and 2.3 pl per cell, and the final arsenite
To analyse the effects of arsenite on the re-assembly afoncentration in the detached mitotic cells and interphase cells

mitotic spindle, the mitotic cells were incubated on ice for 1 hwere estimated to be 21.7 3.9 and 25.1* 7.9 uM,

to dissolve the mitotic spindle and were then shifted to a 32°@espectively.

water bath (Figure 7). As shown in Figure 7A to 7E, theMicrotubule assembly in vitro

mitotic spindle of untreated control mitotic cells reappearedn vitro microtubule turbidity assay was adopted to further

very quickly. Bi-polar spindle was re-established in 2.5 mincharacterize the effects of arsenite on microtubule assembly.

(Figure 7B), and the oval shaped mitotic spindle appeared iMicrotubule proteins (0.25 mg/ml) purified from bovine brain

20 min (Figure 7E). In fact, anaphase was observed in 30 mivere incubated with various concentrations of sodium arsenite

and mitotic division was completed in 1-2 h. In arsenite-(0-200uM) at 32°C. As shown in Figure 8, arsenite at 20 to

arrested mitotic cells, the re-assembly of mitotic spindle100uM apparently increased microtubule turbidity in a dose-

occurred as quickly as in control mitotic cells. However, thedependent manner. However, after increasing arsenite concen-

re-assembled mitotic spindle was apparently heavier and theations to 200uM, the enhanced microtubule turbidity was

aster fibres around each spindle pole were denser and thickabrogated (Figure 8). By fitting the data with a polynomial

in arsenite-arrested mitotic cells than those in control mitotianodel 2> 0.996 for all treatments), the initial velocity)

cells (Figure 7F-J). An elongated mitotic spindle was alsoof microtubule polymerization was a biphasic event (Figure

reformed in arsenite-arrested mitotic cells in 20 min (Figure 7J)8, inset).

Although the mitotic spindle was re-assembled, the arsenite- )

arrested mitotic cells no longer proceeded to anaphase, ev&HScussion

after several hours. They eventually died of apoptotic processda this report, we have demonstrated that sodium arsenite

(data not shown). could mimic spindle poisons to induce mitotic arrest in several
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Fig. 3. Electrophoretic profiles of c-Mos, cyclin A and cyclin B, and the
activity of p3499cyclin B (histone H1) kinase. The arsenite-treateqii,

24 h) Hela S3 cells were separated into detacttek(D) and attached

(lane A) populations by mechanical shake-off technique. Nocodazole-
arrested (uM, 24 h) mitotic cells fane N) and untreated control cells

(lane C) were included for comparison. After electrophoretic separation,
c-Mos, cyclin A, and cyclin B were detected by immuno-blotting technique.
Histone H1 kinase activity was assayed using histone H1ygReP]ATP as
substrates as described in Materials and methods.
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Fig. 4. Inhibition of mitotic exit by arsenite. Nocodazole-arrested (OM,
4 h) mitotic HeLa S3 cells were harvested by mechanical shake-off

Arsenite inhibits mitotic division
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Fig. 5. Spindle morphology and chromosome congression in arsenite
arrested mitotic cells. The spindle apparatus and chromosome congression
were examined by immunofluorescent technique using&nibulin

antibody @,B) and by differential staining techniqu€ D) as described in
Materials and methods. (A,C) control culture; (B,D) arsenite-treated cultures
(5 pM, 24 h), bar, 5uM. (E) The distribution of the ratios of polar distance
(p.d.) to equator diameter (e.d.). Twenty mitotic cells stained with
antif3-tubulin antibody and FITC-conjugated secondary antibody were
randomly selected from control and arsenite cultures. Their p.d. and e.d
were measured under fluorescence microscope.

human cell lines. HeLa S3 and KB cells are the most susceptible
lines to arsenite-induced mitotic arrest. Arsenite at 5 and
10 puM resulted in 35% of cells arrested at the mitotic stage
in HeLa S3 and KB cells, respectively. The reason why HelLa
S3 and KB cells are so susceptible to arsenite-induced mitotic
arrest is still unknown. Our present data have shown that
arsenite at the concentration usedufd, 24 h) did not affect

the features of several mitotic regulatory proteins, such as
c-Mos, cyclin A and cyclin B, etc. They continued to display
their mitotic manifestations in arsenite-arrested mitotic cells.
These results indicate that arsenite treatment inhibits mitotic
exit. A slight increase in cyclin A levels and H1 kinase activity
in arsenite-treated attached cells was possibly due to a slight
increase in G2 population.

technique, washed once with PBS and incubated in medium containing 0 to  During mitosis, spindle-assembly checkpoints are activated

50 pM of sodium arsenite for 1-2 h. Their mitotic indexes were then

examined as described in Materials and methods. Bars represent the SD ofd

three independent experiments. Asterisks indicate significant difference
between arsenite-treated cultures and control cultu?e<*0.05;
** P < 0.01; **P < 0.001.

fo ensure accurate segregation of chromosomes. Spindle
ynamics play a crucial role in spindle-assembly checkpoints

that are required for accurate chromosome segregation (36,37).
In our present study, arsenite treatment altered the morphology
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Control Arsenite
Control
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Fig. 6. Retardation of spindle disassembly by nocodazole in arsenite
arrested mitotic cells. The mitotic cells from untreated control cultures
(A-C), arsenite-treated (M, 24 h) cultures D—H), and taxol-treated

(0.1 pg/ml, 24 h;1-K) cultures were harvested by mechanical shake-off and
incubated in medium containing 20M of nocodazole at 37°C. At the time
(min) indicated on top right, an aliquot of cells was sampled out and
immuno-stained with an-tubulin antibody. Bar, JuM.

and the function of mitotic apparatus, such as elongated -
spindle, thickened aster fibres, and scattered chromosome
distribution (Figure 5). We have also demonstrated that nocoda-
zole-induced mitotic spindle disassembly was significantly
delayed in arsenite-arrested mitotic cells (Figure 6). These
results imply that arsenite treatment may slow down the rate
of depolymerization of mitotic spindle. Alternatively, according
to the results of re-assembly experiments (Figure 7)andro
turbidity assay (Figure 8), arsenite may enhance spindle re-
assembly. Thus, our results indicate that arsenite at low
concentrations attenuates mitotic spindle dynamics instead &19. 7. Spindle re-assembly in arsenite arrested mitotic cells. The mitotic
distupting Spindle formation. The nterference with Spindle€S!s 197 nlesied cont culies € and aserievosted e
dyna_mlCS_ by arsenite prevents the onset of anaphase a’t(ansferred to a 32°C water bath. At various time points (min) indicated on
mitotic exit. right, an aliquot of cells was sampled out and immuno-stained with

Jordan and colleagues have demonstrated that vinblastin@ti--tubulin antibody. Bar, M.
nocodazole and taxol at low concentrations remarkably
increased mitotic indexes without detectable increase in microa conformation change of the tubulin dimer that is essential
tubule polymer mass, but significantly attenuated the dynamictr keeping the protofilaments straight and preventing proto-
of mitotic spindle (27,28). Therefore, the success of mitoticfilament-curling at the microtubule ends (40,41).
division depends on microtubule dynamic instability. Although Arsenite has been known to interact with the thiol group of
arsenite may attenuate the spindle dynamics by moderatefyroteins. Recently, Bhattacharjee and Rosen (42) proposed that
stabilizing spindle microtubules, the mechanism of arsenite’srsenite may interact with spatially closed cys-113, cys-172
effects on spindle dynamics is probably different from thoseand cys-422 of ArsA, an ATPase involved in arsenite efflux,
of known spindle poisons such as colchicine, nocodazole ant form a trigonal pyramidal motif and thereby activate enzyme
taxol. Colchicine, nocodazole and vinblastine inhibit assemblactivity. Since the primary molecular units of microtubules,
of mitotic spindle, whereas taxol stabilizes the mitotic spindle.a- and-tubulin, are cysteine rich proteins (12 and 8 cysteine
It has been reported that taxol preferentially interacts with theesidues, respectively) (43,44), arsenite may interact with these
amino-terminal region of-tubulin (2.5-fold higher than that cysteine residuals to form a soft metal-thiol cage and modulate
of a-tubulin; 38,39) and results in increase of subunit spacingnicrotubule dynamics. A similar model for interaction of
and surface-lattice defects (40). In addition, taxol could inducersenite to cys-12, cys-201 and cys-211Bdfibulin has been
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Fig. 8. Effects of arsenite on the microtubule polymerizationvitro.
Twice-cycled bovine brain microtubule proteins (0.25 mg/ml) were
resuspended in PEM buffer (0.1 M PIPES, pH 6.6, 1 mM EGTA, 1 mM
MgCl,) supplemented with 1 mM GTP and various concentrations of
sodium arsenite (0-500M) on ice. The reaction mixture in a cuvette was
immediately transfered to a spectrophotometer set at 32°C. The turbidity
was continuously recorded at the wavelength of 350 nm. Representative
data from one experiment is shown. Inset, the initial polymerization rate
(vp) plotted against arsenite concentrations.

proposed by Hamadeét al. (45). The direct interaction of
arsenite tof-tubulin may result in attenuation of spindle
dynamics. However, further investigation is needed.

In addition, the spindle-assembly checkpoints may be activ

Arsenite inhibits mitotic division

blood lymphocytes and inhibiin vitro assembly of micro-
tubules in tubulin purified from newborn mouse brain (59).
Furthermore, arsenite did not induce mitotic arrest in peripheral
blood lymphocytes €1%) (6). Whether arsenite may act
differently on spindle dynamics in different cell types remains
to be further elucidated.

Arsenite has been shown to induce micronuclei, aneuploidy
and endoreduplication in human and rodent cells. In our recent
report, we have demonstrated that treatment of G2-enriched
human fibroblasts with M arsenite results in mitotic delay
and prolongation, and spindle derangement (12). However, 18%
of subclones surviving arsenite injury showed one chormosome
loss, indicating that arsenite can induce chromosome alterations
through disturbance of mitotic events in normal human
fibroblasts. The induction of aneuploidy plays an important
and essential role in neoplastic development (29). Our present
results have shown that arsenite attenuates microtubule
dynamics, interrupts chromosome congression, and inhibits
mitotic exitin HeLa S3 cells. Since aneuploidy and micronuclei
may result from the failure of spindle-assembly checkpoints,
it is important to further understand the mechanisms regarding
how arsenite disturbs spindle dynamics.
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