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ABSTRACT

Arsenite, a unique human carcinogen, induces many types of cytoge
netic alterations, such as sister chromatid exchanges, chromosome aber
rations, and endoreduplication in a variety of in vivo and in vitro systems.
Cytogenetic alterations are frequently associated with cancer develop
ment. The purpose of this study was to explore how arsenite induces
cytogenetic alteradons In human skin fibroblasts (HFW). The present
results show that treatment of G2-enriched HFW ceHs with 5 gLMarsenite
results in significant delay of cell cycle progression, accumulation of
mitotic cells, and prolongation ofmitosis Arsenite-induced G2 and mitotic
delay are accompanied by accumulation of cydlln B! and hyperphospho
rylation of cdc2 and Moe proteins. In addition to mitotic delay and
prolongation, arsenite treatment also induced out-of-phase centromere
separation and alterations of chromosome segregation, such as the ap
pearance of c-metaphase, ball-metaphase, and lagged chromosomes. Un
like spindlepoisons,arseniteat the doserangeuseddid not inhibit the
spindle fiber formation but conceivably deranges the spindle apparatus.

By analyzing the karyotype of established subclones surviving arsenite
injury, 18% (8 of 44) showed one chromosome loss, whereas all 26
subclones derived from the untreated cultures were diploid. Furthermore,
most arsenite-treated clones manifest proionged life span (86 Â±18 popu
lation doubllngs) as compared to those derived from the untreated cul
hires (44 Â±11 population doublings). Unfortunately, none became im
mortal. Collectively,treatment ofthe G2-emichedHFWcellswitharsenite
can disturb the mitotic events and subsequently induce chromosome loss.

INTRODUCTION

Arsenic is widely distributed in nature and released into the envi
ronment through industrial processes and agricultural usage (1). Hu
man exposure to arsenic is mainly through air, drinking water, food,
and beverages (2). Long-term ingestion of arsenic-contaminated arte
sian water in southwestern Taiwan plays an important role in the
etiology of blackfoot disease, a unique peripheral vascular disease (3).
Epidemiological evidence also strongly supports an association be
tween chronic arsenic exposure and increased risks for cancers of
skin, lung, liver, and prostate among residents of the endemic area of
blackfoot disease (4â€”7).Although arsenic and its compounds have
been recognized as human carcinogens (8, 9), various routes of direct
arsenic exposure have failed to induce tumors in animals (8, 10).
Arsenic may, therefore, exert a unique mechanism to induce cancers
in humans.

Trivalent arsenite, one of the unique toxicological arsenicals in the
environment, has been found to be inactive or too weak to induce

mutation in loci of either hypoxanthine phosphoribosyl transferase

(hprt) gene or Na@,K@4-ATPase gene in a variety of mammalian cell
systems (11, 12). However, arsenite did produce a low but significant
increase in mutation frequency at the thymidine kinase (tk) gene locus
in mouse lymphoma L5178Y (tk@') cell line (13). Arsenite mutage
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nicity may arise from chromosome rearrangements or deletions. We
have shown previously that arsemite at the same dose range sigmifi

cantly induces chromosome aberrations, sister chromatid exchanges,
and morphological cell transformation in Syrian hamster embryo cells
(14). These results indicate a correlation between arsenite-induced
cytogenetic alterations and morphological cell transformation.

Because little evidence has shown that arsenite by itself induces
DNA breaks (15, 16), induction of cytogenetic alterations by arsenite
is probably not due to its direct damage effect on DNA. However,
arsenite treatment results in cell cycle retardation in culture (17).
Delay of cell cycle progression has also been observed in lymphocytes
of individuals exposed to high concentrations of arsenic in drinking
water (18, 19). Our recent studies have demonstrated that treatment of
arsenite during the G2 phase for 2 h results in the interference with
mitotic progression and induction of chromosome endoreduplication
in human fibroblasts (20) and chromatid breaks and tetraploidy in
Chinese hamster ovary cells (21). These studies suggest that arsenite
induced cytogenetic alterations may be via the adverse effects of
arsenite during mitosis.

Evidence to date shows that cytogenetic alterations play an essen
tial role in tumor development (22). Many types of tumor cells display
defects in the G2-M and/or metaphase-anaphase checkpoints and
abnormal mitotic progression and chromosome segregation (23, 24).
To further explore how arsenite in low dosesmay induce cytogenetic
alterations, we investigated the effects of sodium arsenite at 5 p@Mon
mitosis in human fibroblast HFW cells. HFW cells, derived from
neonatal foreskin, have normal and stable karyotypes and become
senescent after several passages. In this report, we have shown that

exposure of HFW cells to 5 p@Msodium arsenite induces cyclin B 1
accumulation, cdc2 and Mos hyperphosphorylation, and results in
several mitotic abnormalities, such as altered chromosome segrega
tion, deranged spindle apparatus, and prolonged mitosis. The present
results also show that arsenite-disturbed mitosis leads to induction of
chromosome boss.

MATERIALS AND METHODS

Cell Culture. HFW cells, kindly providedby Dr. W. N. Wen (National
Taiwan University), were routinely maintained in DMEM (Life Technologies,
Inc., Grand Island, NY) supplemented with 10% fetal bovine serum (Hyclone
Laboratories, Logan, UT), 0.37% sodium bicarbonate, 100 units/ml penicillin,
and 100 @Lg/mlstreptomycin. The cells were cultured in an incubator with
saturated humidity and 10% CO2 in air at 37Â°Cas described previously (25).

Cytotoxicity and Induction of Chromosome Abemtions in Asynchro
noes HFW Cells. Logarithmically growing HFW cells were treated with

various concentrations of arsemite for 24 h. Cytotoxicity of arsenite was
determined by colony-forming assay as described previously (25). For chro

mosome aberration analysis, 0.05 @&g/micolcemid was added 3 h prior to the

end of treatment. The cells were subsequently trypsinized, treated with hypo
tonic solution, fixed, and prepared for analysis of chromosome numbers and

structural aberrations as described previously (12, 26). Chromosome aberra
tions were identified by following the criteria described by Buckton and Evans
(27). For each treatment, 100 metaphases were examined for the frequency of
various types of chromosome aberrations.
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mersed in a substrate solution (bromochloroindolyl phosphate/nitro blue tet
razolium) for color development. The relative levels of cycin Bl,
hyperphosphorylated cdc2 (upper band), and hyperphosphorylated Mos (upper
band) were determined with a densitometer (Densitometer 3005; Molecular
Dynamics, Sunnyvale, CA).

Chromosome Segregation Analysis To examine the mitotic figure, the
synchronous HFW cells were treated with or without 5 @.tMarsenite. At the time
indicated, the cells were fixed in situ on Petri dishes with methanol:acetic acid
(20:1, v/v) and stained with a 5% Giemsa solution for 10 mm. For each
treatment, a total of 2000 mitotic figures from three independent experiments
were examined microscopically. Except for the normal chromosome segrega
tion figures (prophase, metaphase, anaphase, and telophase), the frequency of
three major abnormal segregations, such as metaphase with lagged chromo

somes, ball metaphase (chromosomes concentrated in the center of the cell),
and c-metaphase (chromosomes completely scattered in the cytoplasm and
often accompanied with abnormal contraction), was determined microscopi
cally (33).

Immunofluorescence Staining of Spindle Apparatus. The synchronous
HFW cells were seeded onto glass coverslips. After arsenite treatment, cells on
the coverslips were washed twice with PBS and then fixed in situ with
methanol:acetone (1:1) at â€”20Â°Cfor S mm. The coverslips were subsequently
washed twice with PBS and incubated with anti-f3-tubulin monoclonal anti
body (Sigma Chemical Co., St. Louis, MO) at 4Â°C overnight. Afterward, the

coverslips were extensively washed with PBS to remove unbound antibody
and then further incubated with fluorescein-conjugated secondary antibody
(Sigma) in the dark for 30 mm. Chromosomes were counterstained with 0.1

@g/ml4,6-diamino-2-phenyl-indole. After thoroughly rinsing with PBS, the
coverslips were mounted with a 90% glycerol solution containing 1 mg/mI
phenylenediamine (pH 8.0) and viewed with fluorescence microscopy
(Olympus, Tokyo, Japan).

Colony Isolation and Chromosome Analysis. To examinewhetherarsen
ite treatment results in alteration of chromosome distribution, subclones from

100

0

0 100 0 100 0 0
1.25 46Â±8 2 98 0 2
2.5 25Â±4 7 93 0 5

5.0 13Â±1 11 89 2 30 ________________
â€œLogarithmicallygrowing HFW cells were treated with various concentrations of

sodium arsenite for 24 h. Cytotoxicity and chromosome aberration assays were carried out
as describedin â€œMaterialsand Methods.â€•

b Mean Â± SD of three independent experiments.

C Tl--â€¢-@ hundred metaphases from three independent experiments were scored.

d b, chromatid break; g, chromatid gap.

Effects of Arsenite on Cell Cycle Progression in Synchronous HFW
Cells. Protocol for synchronization of HFW cells at the G1-S boundary was
adopted by the methods described by Grossmann et a!. (28). HFW cells were
grown into confluence for S days and released from the G0 phase by replating
cells in complete medium containing 1 pg/mI APC@at a cell density of
1â€”2X 106cells per 100-mmPetri dish. After a 24-h incubation, the cells at the
G1-S boundarywere washed twice with Hank's balancedsalt solution and
refed with freshly prepared complete medium. Eight h after APC release, 5 p.M
sodium arsenite was inoculated into the medium. Cell cycle progression was
monitoredwith aDNA flow cytometerat4-h intervals.In brief, thetrypsinized
cells were washed once with PBS, fixed with ice-cold 70% ethanol for 16 h,
and stained with 4 p.g/ml propidium iodide in PBS containing 1% Triton
X-bOOand 0.1 mg/ml RNase A. The DNA content of individual cells was
analyzed with a fluorescence-activated cell sorter (FACStar; Becton Dickinson
Immunocytometry Systems) as described previously (25). The distribution of
cell cycle phases such as percentage of G1, 5, and G2-M cells was determined
with a computer program provided by Becton Dickinson Immunocytometry
System.

Effects of Arsenite on Mitotic Index and Chromosome Abnonnality in

Synchronous HFW Cells. Synchronous HFW cells were treated with 5 p.M
arsenite as described above. At the time indicated, the cells were trypsinized,
treated with hypotonic solution, and fixed with methanol:acetic acid (3:1, v/v).
An aliquot of cell suspension was dropped on a clean slide. After staining with
a 10% Giemsa solution, 1000 cells were scored for mitotic index, and 100
well-spread metaphases were selected to examine chromosome abnormality.
Chromosomes with splayed chromatids and separated centromeres are the
features of c-anaphase chromosomes (29), and those with two chromatids
separated only at the centromere region are characteristic of centromere
spreading (30). In addition, 50 metaphases were randomly selected to deter
mine the length of chromosome 1 with a calibrated measuring eye piece.

Immunoblotting Analysis of Cydin Bi, cdc2, and Mos. Synchronous
HFW cells were treated with 5 p.M arsenite as described above. At the time
indicated, the cells were scraped from culture dishes by the aid of a rubber
policeman, lysed immediately in electrophoretic sample buffer, and heated at
95Â°Cfor 5 mm (31). Protein concentrations were determined by Bradford
analysis (32). An aliquot of 100 p.g of cellular proteins was loaded on a 10 or

12% SDS-PAGE. After electrophoretic separation, polypeptides were trans
ferred onto a nitrocellulose membrane by a semidry electrotransfer system
(ATTO, Tokyo, Japan). Following transfer and blocking in 5% skimmed milk
in PBST (PBS containing 0.2% Tween 20) for 1 h, the membranes were

incubated overnight at 4Â°Cwith primary antibody diluted appropriately in
blocking solution. Cyclin Bl, cdc2, and Mos were reacted with anti-cyclin Bi
monoclonal antibody (Oncogene Sciences, Cambridge, MA), anti-cdc2 poly
clonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-Mos
polyclonal antibody (Upstate Biotechnology Incorporated, Lake Placid, NY),
respectively. Alkaline phosphatase-conjugated secondary antibodies were used

to visualize the antibody-recognized proteins. After incubation with the sec
ondary antibodies and several washes with PBST, the membranes were im
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Fig. 1. Effects of arsenite on cell cycle progression of synchronous HFW cells. HFW

cells were synchronized and treated with arsenite at 8 h after APC release. At the time
indicated, DNA content and mitotic index were examined cytometrically and microscop
ically as described in â€œMaterialsand Methods,â€•respectively. A and B, the distribution of
the G1 cells and the G2 cells. The results are the averages of three to five independent
experiments; bars. SD. C, mitotic index. The mitotic index was the average of two
independent experiments. Open symbols, untreated cultures; solid symbols, arsenite
treated cultures.3 The abbreviations used are: APC, aphidicolin.
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Fig. 2. The levels of cyclin BI, cdc2, and Mos in control
and arsenite-treated synchronous HFW cells. The G2-en
riched cells (8 h after APC release) were treated with 5 @ss
sodiumarsenite.Atthetimeindicated,cellswereharvested,
and an equal amount of cellular proteins (100 p.g) was
loadedon SDS-PAGE.Afterelectrophoreticseparation,cy
din BI (A), cdc2 (B), and Mos (C) were visualized by
immunoblotting technique and quantified with a densitom
eter as describedin â€œMaterialsand Methods.â€•Left. immu
noblots of one representative experiment; right, relative
densityof theproteinbands(averageof threeexperiments).
The relative levels of cycin B! were expressed as the
percentage of band intensity at 8 h after APC release. The
relative levels of hyperphosphorylated cdc2 and Mos (the
slow-migrating bands) were expressed as the percentage of
all protein bands at each time point 0, untreated HFW
cells; â€¢,arsenite-treated HFW cells.

control and arsenite-treated cultures were individually isolated and expanded
for chromosome analysis. In brief, logarithmically growing HFW cells were
treated with or without 5 p.M arsenite for 24 h. Afterward, cells were
trypsinized, serially diluted, seeded in several 100-mm Petri dishes at the
density of 100 cells/dish, and incubated for 2 weeks with one change of
medium. One colony from each plate was isolated with the aid of a cloning
cylinder and transferred to 35-mm Petri dishes. Each subcbonewas passaged at
1:8 to 1:16 dilution (three to four population doublings) every week. During
the continuous subculture, metaphase cells were prepared, and their chromo
some numbers were examined by the method described above. After approx
imate 20 population doublings, i.e., from 1 to 106cells, the cells were replated
for chromosome distribution analysis, long-term cultivation, and storage, re
spectively. Chromosome number distribution of each individual subclone was
determined as described previously (26). To examine whether arsenite induces
a nonrandom loss in these clones, their chromosomes were classified into A to
0 groups following the rules of the International System for Human Cytoge
netic Nomenclature.

RESULTS

Induction of Cytogenetic Alterations by Sodium Arsenite.
Treatment of HFW cells with sodium arsenite at a low dose range
(1.25â€”5.0p.M) for 24 h resulted in a dose-dependent increase in cell
killing, chromosome aberrations, and chromosome loss (Table 1).
Because arsenite at the concentration of 5 @Msigmficantly induced
chromosome aberrations and chromosome loss, this concentration was

used to study the effects of arsenite on mitosis.
Induction of G2 Arrest and Mitotic Prolongation by Sodium

Arsenite. HFW cells were synchronized at the G1-S boundary (90%)
by the aid of APC (Fig. 1). In control cultures, the G1 cells rapidly
decreased (Fig. lA, 0). The peak of the S cells appeared at 4 h after
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APC release (data not shown), whereas the peak of the 02
cells appeared at 8 h (Fig. 1B, i@) and that of mitotic cells at 10 h

(Fig. 1C, 0) after APC release. At 8 h after APC release, almost 80%
of cells were 02 cells; therefore, we designated them as the G2@
enriched cells. As shown in Fig. 1A, G@cells reappeared at 12 h after
AN@release, indicating that the 02 cells could complete cell division
within 4 h. However, upon exposing the G2-enriched HFW cells to 5
p.M arsernte, the number of 02 cells did not decrease (Fig. lB. A), and

the mitotic cells did not appear until 20 h after APC release (Fig. 1C,
U).Theseresultsindicatethatarsenitetreatmentinducesasevere02
arrest. As is also shown in Fig. lC, the mitotic cells began to
accumulate and resulted in a broad peak from 16 to 28 h after APC
release. As compared to the control culture, in which the peak of
mitotic cells ranged from 8 to 12 h after APC release, arsenite
treatment apparently prolonged the mitosis processes.

Cydin B! Accumulation and cdc2 Hyperphosphorylatlon. To
confirm the effects of arsenite treatment on mitosis, two initotic
regulatory proteins, cyclin B! and cdc2, were analyzed by immuno
blotting technique. In control cultures, cyclin B! was present in large
quantities in cells at 8â€”10h after APC release and then gradually
declined (Fig. 2A). When G2-enriched cells were treated with arsenite,
cyclin Bi remained at a high level during the arrest period and then
declined at 20 h after APC release (Fig. 2A). Furthermore, the slower
migrating and hyperphosphorylated form of cdc2 appeared at 8â€”10h
after APC release and then decreased in control cultures, whereas they
remained until 16 h after APC release in arsenite-treated cultures (Fig.
2B). The abundance of cyclin B! and the appearance of hyperphos
phorylated cdc2 were well correlated with the appearance of G2 cells
(Fig. 1B), whereas the declination of cydin Bi and the cdc2 dephos
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Fig. 3. Effects of arsenite on chromosome morphology.
The G2-enriched HFW cells were treated with 5 p.Marsen
ite for 24 h. During the last 3 h of incubation. 0.05 p.g/ml
colcemid was added to arrest mitotic cells. Chromosome
spreadings were prepared as described in â€œMaterialsand
Methods.â€•A. normal chromosomes; B, shortened and over
condensed chromosomes; C, c-anaphase chromosomes; D.
chromosomes with centromere spreading. Bar. 10 @.tm.

1)

p

I . I.
â€˜1@.

8.45 Â± 1.40 @.tmin control cultures versus 5.06 Â±0.98 g.am in
arsenite-treated cultures, respectively (P < 0.001 according to Stu
dent's t test). In addition, c-anaphase chromosomes were also fre
quently observed in arsenite-treated cultures (Fig. 3C). The frequency
of c-anaphase chromosomes increased with the increase in harvesting
time in arsemite-treated G2-enriched HFW cells. After a 24-h arsenite
treatment (i.e., 32 h after APC release), 81 Â±8% mitotic cells showed

manifestation of c-anaphase (Fig. 3C). Centromere spreading (Fig.
3D) was another type of chromosome morphological alteration that
occurred in arsenite-treated cultures but with less frequently than
c-anaphase. The frequency of metaphases with centromere spreading
chromosomes was I 3 Â±4% in 5 p.M arsemte-treated cultures. Both
c-anaphase chromosomes and centromere spreading were considered
as out-of-phase centromere separation (34) and were rarely observed
in control cultures.

Chromosome Segregation Disturbance. To examine how arsen
ite disturbs mitotic processes, mitotic cells were fixed in situ on the
culture dishes and stained with Giemsa solution at time points mdi
cated. In untreated cultures, the appearance of abnormal mitotic
figures was very rare. During the first 8-h incubation of the G2@
enriched HFW cells (i.e., 8â€”16h after APC release) with arsenite,
70% mitotic cells showed normal mitotic figures, e.g., with normal

5054

phorylatiom were accompanied by an increase in the mitotic index
(Fig. 1C). These results are also consistent with those given in Fig. 1,
showing that arsenite treatment resulted in the delay and prolongation
of mitosis.

Mos Accumulation and Hyperphosphorylation. Mos is a com
ponent of the cytostatic factor that plays a role on centromere segre
gation. The effect of arsenite on Mos accumulation and phosphoryl
ation was also investigated by immunoblottimg technique. Mos was
sustained at constant levels during 8â€”12h after APC release and
subsequently decreased in control cultures (Fig. 2C). However, an
increase in slow-migrating Mos was observed in arsemite-treated G2@
enriched HFW cells at 18 h after APC release, and none could be
detected in control cultures. The abundance of the slow-migrating
Mos protein was also well correlated with the peak of the mitotic
index as shown in Fig. lC.

Induction of Chromosome Alterations by Arsenite. In addition
to mitotic delay and prolongation, arsenite treatment altered the chro

mosome appearance. As compared to the chromosomes of control
cultures (Fig. 3A), most mitotic cells from arsenite-treated cultures
showed overcondensed or shortened chromosomes (Fig. 3, Bâ€”D).
Only a few shortened chromosomes were observed in control cultures.
The average length of chromosome 1 (from 150 metaphases) was
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Table 2 Effects of arsenite treatment at the G2 stage on chromosomesegregationâ€•%

of normal mitosis % of abnormalmitosisMetaphase

with lagged
Timeâ€•(h) Prophase Metaphase Anaphase Telophase Subtotal chromosomes c-metaphase ball-metaphaseSubtotalControl10

18 45 9 27 99 0 0 1112
2 45 7 45 99 0 0 11Arsenite

(5p.M)10
13 51 3 8 75 6 5 92012
3 59 4 4 70 3 9 61816
12 56 2 0 70 19 8 22918
2 45 1 0 48 29 22 15220
0 31 1 2 34 27 37 26622
3 22 2 8 35 27 36 26524
0 0 0 2 2 7 59 309626
2 1 0 0 3 20 48 289628
1 0 0 0 1 19 64 Il9432
0 1 0 0 1 8 30 5593a

G2-enriched HFW cells (8 h after A@ release) were treated with 5 p.M arsenite. Cells were harvested at the time indicated for the analysis of chromosome segregation asdescribedin

â€œMaterialsandMethods.â€•bTime
after APC release.
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C EBA

F 0 H J

â€˜@

Fig. 4. Effects of arsenite on chromosome segregation. The G2-enriched HFW cells were treated with 5 .u@iarsenite for various times, fixed in situ with methanol:acetic acid (20:1),
and stained with a Giemsa solution. The figures of chromosome segregation were analyzed as described in â€œMaterialsand Methods.â€•Aâ€”E.normal mitotic figures. A, propha.se;B.
metaphase; C, anaphase; D and E, telophase. Fâ€”i,abnormal mitotic figures. F and G. metaphase with lagging chromosomes; H and 1. anapha.se with lagging chromosome; J.
c-metaphase. Bar, 20 p.m.

prophase, metaphase, anaphase, and telophase (Fig. 4, Aâ€”E,and Table
2).Thesedataindicatedthatasmallpopulationof cellscouldcom
plete a cell division cycle and enter into the next G1 phase. This was
consistent with the results obtained by flow cytometry assay showing
that the 0, population began to increase at 16â€”20h after APC release
in arsenite-treated cultures (Fig. 1A). As the duration of arsenite
incubation increased, cells with normal mitotic figures significantly
decreased and were accompanied by an increased number of c
metaphase (Fig. 4J) and ball-metaphase (Table 2). Lagged chromo
somes were also observed frequently in arsenite-treated metaphase
(Fig. 4, F and 0) and anaphase (Fig. 4, H and 1). These results suggest
that arsenite exposure apparently interferes with chromosome con
gression and/or segregation.

Derangement of Spindle Apparatus. Immunofluorescence was
used to examine the effect of arsenite on spindle fiber formation.
Well-defined spindle fibers with chromosomes aligned in a metaphase
plate were well demonstrated in control cultures (Fig. 5, A and B).

However, in arsenite-treated cultures, only 30% mitotic cells had
normal bipolar spindle apparatus; 32% had tortuous, thickened, and
deranged bipolar spindle fibers (Fig. SC); 23% had monopolar spin
dles (Fig. SE); and 15% had dispersed spindles (Fig. 5G). Arsenite
treatment also resulted in chromosomes dispersed in cytosol instead of
aligned in the metaphase plate (Fig. 5, D, F, and H). These results
indicate that arsenite treatment apparently interferes with the structure
and function of spindle apparatus.

Induction of Chromosome Loss by Arsenite. To examine the
consequence of arsemte-induced mitotic disturbance, logarithmically
growing HFW cells were treated with 5 p@ arsenite for 24 h and then
randomly subcboned and expanded in culture to approximate 106 cells
(-â€”â€˜20population doublings). Their chromosome distribution was an
alyzed. Among 26 successfully established untreated subclones, all
were normal dipboid cells, i.e., >80% mitotic cells with chromosome
number at 46. However, 8 of 44 (18%) arsenite-treated subclones
apparently lost one chromosome, because >80% of the mitotic cells
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tion mechanism. The frequency of aberrant chromosomes such as
dicentric chromosomes also increased during continuous passage.
Furthermore, most arsenite-treated clones had a prolonged life span.
The average population doubling was 86 Â±18, which is statistically
different from that of control subcbones (P < 0.001 according to
Student's t test). Some even had a life span of approximately 140
population doublings, but none became immortal.

DISCUSSION

We have demonstrated previously a close association between
arsenite-induced cytogenetic alterations and morphological transfor

mation in Syrian hamster ovary cells (14). In the present report, we
have further shown that treatment of G2-enriched HFW cells with a
low concentration of arsenite (5 ,.LM)results in the accumulation of
cyclin Bl and hyperphosphorylated cdc2 and Mos, derangement of
spindle apparatus, and delay and prolongation of mitosis, and conse
quently interferes with chromosome congression and segregation and
leads to chromosome loss. However, exposure of the Ge-S boundary
or the mid-S HFW cells to arsenite resulted in severe retardation of
cell cycle progression (data not shown). This may be attributed to the
cytotoxic effects of arsenite at late G@to early S phases (25, 35).

Numerous reports have shown that induction of 02 delay by men
adione, UVB, and X-ray irradiation are accompanied by the accumu
lation of cyclin Bi and hyperphosphorylated cdc2 (36â€”38). The
cdc2fcyclin B! complex is known as M-phase promoting factor that is

required for initiating many mitosis-specific events (39). It has also
been demonstrated that cdc2/cyclin Bi complex is associated with
asters and mitotic spindles in metaphase cells (40). The cdc2/cyclin
B 1 complex is able to phosphorylate centrosomal proteins and micro
tubule-associated proteins that play essential roles in controlling the
interphase-metaphase transition of the microtubule network (41).
Thus, arsenite-induced cyclin B! accumulation and cdc2 hyperphos
phorylation may contribute to mitotic spindle derangement, mitotic
delay, and prolongation. Several reports have shown that arsenite can
inhibit the activity of certain types of protein phosphatases (20, 42,
43). Whether arsenite-induced accumulation of cyclin B and hyper
phosphorylated cdc2 is via its inhibitory effects on protein phosphata

ses remains for further investigation.

Mos, also known as cytostatic factor (44), is responsible for the
metaphase arrest during meiosis of unfertilized eggs (45) and the
mitotic blockage of somatic cells (46, 47). The cytostatic activity of
Mos has been shown to be associated with cyclin B stabilization (48,
49). Mos is also a protein kinase, and its kinase activity is regulated
via phosphorylation during cell cycle progression (50). Under phys
iological conditions, Mos must be diminished for normal meiosis and
mitosis progression (51, 52). In arsenite-induced, mitotic-arrested
HFW cells, Mos existed in its phosphorylated form, indicating that
dephosphorylation of Mos may be inhibited by arsenite treatment.
These results support the view that inhibition of protein phosphatase
activity by arsenite plays a role in the regulation of Mos proteins as
well as cyclin B and cdc2.

Unlike many microtubule drugs, such as colchicine, vinblastine,
and mocodazole, which are able to accumulate mitotic cells by inhib
iting spindle assembly (53), arsenite-induced mitotic cell accumula
tion is apparently not due to inhibition of spindle assembly. However,
arsenite may disturb spindle function. In fact, arsenite has been
reported to disturb the assembly of spindle fibers in a variety of cell
systems (54, 55). Arsenite is also known to exert its toxicity by

binding to suithydryl groups in many proteins (2, 56). Tubulin, a
major component of spindle fibers, is a cysteine-rich protein (57).
Thus, arsenite may interact with tubulin or other spindle components
and hence disturb the function of mitotic spindles. We have previously
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Fig. 5. Effects of arsenite treatment at G2 stage on the assembly of spindle apparatus.
The G,-enriched HFW cells cultured on coverslips were treated with 5 p.Marsenite for
18 h. Cells were washed. fixed. and immunostained with anti-tubulin antibody as de
scribed in â€œMaterialsand Methods.â€•Fluorescein-conjugated secondary antibody was used
to visualize the spindle apparatus (A, C. E, and G). Chromosomes were counterstained
with 4,6-diamino-2-phenyl-indole (B. D. F, and H). A and B. mitotic cells of untreated
cultures. C to H, G2-enriched HFW cells were treated with arsenite for 18 h. C and D,
tortured, thickened, and deranged bipolar spindle fibers of HFW cells with chromosomes
dispersed in the cytosol; E and F. HFW cells with monopolar spindle apparatus and
scattered chromosomes; G and H, HFW cells with unclassified spindle apparatus and
scattered chromosomes. Bar, 10 p.m.

had 45 chromosomes. Because each individual subclone was derived
from a single cell, these subclones obviously originated from cells
with one chromosome loss and survived arsenite injury. Further
characterization of the karyotypes of these eight subcbomes showed
that the chromosome loss was obviously random (Fig. 6). This result
indicates that arsenite treatment may result in asymmetric chromo
some segregation.

Increased Life Span and Chromosome Instability in Clones
Derived from Arsenite-treated Cultures. When the 26 subclones
from untreated cultures and 44 from arsenite-treated cultures were
subcultured continuously, all control subclones maintained stable

diploid karyotypes and became senescent after 44 Â±11 population
doublings. In contrast, those subcbones derived from arsenite-treated
cultures showed very unstable chromosome karyotype, i.e., their
chromosome number distribution became increasingly more hetero
geneous during continuous passage. Chromosome aberrations also
appeared during continuous passage. Subcbone Al4 is an example
shown in Table 3. Both gross and small chromosome number changes
were observed, indicating the aneuploidy of subcbone A14 might arise
from either chromosome asymmetric segregation or endoreduplica
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Fig. 6. Karyotypes of subclones from control and arsenite-treated cultures. Chromosomes were classified into seven groups (Aâ€”G)according to the rules of the International System

for Human Cytogenutic Nomenclature. C8, a subclone derived from a control culture. A2, A3, AR, 423, A14, A26, and AM, suMonea derived from arsenito-treated cultures. Arrows,
the missingchromosomes;arrowheads,unidentifiedchromosomes.
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BA

treated HFW cells at the 02 phase with a high concentration of
arsenite (100 p.M) for 2 h and found that arsenite can inhibit the
formation of spindle apparatus (20), Thus, arsenite may act differently
at low and high concentrations.

Both c@'anaphasechromosomes and chromosomes with centromere
spreading have been observed in the lymphocytes of leukemia patients
and many solid tumors (29, @8,@9),The out?of@phasecentromere
separation is possibly a manifestation of chromosome instability (60)'
Although the mechanism that induces out-of-phase centromere sepa
ration or premature centromere division is not known, it has been
suggested that out-of-phase centromere separation is associated with
deregulation of miMic progression (34), Mos has been shown to be
located on the kinetochores and spindle poles of mitotic arrested cells
(47), Our present results show that the appearance of the slow

migrating Mos is coincidentally associated with the increased fre
quency of c-anaphase. Thus, inhibition of Mos dephosphorylation by
arsenite may play an important role in arsenite-induced cytogenetic
alterations.

Disturbance of the normal centromere separation process in human
mitotic chromosomes may lead to aneuploidy (34). Arsenite has been
reported to be aneuploidogenic in human lymphocytes as analyzed by
micronucleus assay (61 , 62) or by direct counting of chromosome
number (63). Our present results show that 18% of cells surviving
arsenite treatment showed one chromosome loss, By analyzing the
chromosome number distribution in the surviving subclones, we were
allowed to avoid artificial gain or loss of chromosomes during met
aphase spreading preparations, However, arsenite does not induce a
specific chromosome loss,

â€˜4Subclone A14 was passaged at every three to four population doublings. At the indicated passage, cells were harvested for metaphase spreadings as described in â€œMaterials and

Methods.â€•
b b, chromatid breaks; g, chromatid gaps; B, chromosomal breaks; D, dicentric chromosomes; F. endoreduplication.
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Although human fibroblasts are inherited genomically stable (64),
the karyotypes of these clones derived from arsenite-treated cultures
are unstable during continuous culturing. In addition, all clones that
survived from a single challenge of arsenite have a prolonged life span
(86 Â±18 population doublings on average). Thus, exposure of HFW
cells to arsenite not only causes mitotic disturbance but also results in

chromosome instability. These results support that arsenite carcino
genicity may be associated with its induction of cytogenetic alter

ations and chromosome instability.
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