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Sodium arsenite and sodium arsenate were observed to in-
duce morphological transformation of Syrian hamster em-
bryo cells in a dose-dependent manner. A linear
dose-dependence with a slope of ~ 1 was observed with both
compounds when the data were plotted on a log-log graph.
Hie trivaknt sodium arsenite was > 10-fold more potent than
the pentavalent sodium arsenate. The compounds also ex-
hibited toxicity; however, transformation was observed at
non-toxic as well as toxic doses. At low doses, enhanced
colony-forming efficiency of the cells was observed. To
understand the mechanism of arsenic-induced transforma-
tion, the genetic effects of the two arsenicals were examined
over the same doses that induced transformation. No arsenic-
induced gene mutations were detected at two genetic loci.
However, cell transformation and cytogenetic effects, in-
cluding endoreduplication, chromosome aberrations, and
sister chromatid exchanges were induced by the arsenicals
with similar dose-responses. These results support a possible
role for chromosomal changes in arsenic-induced transfor-
mation.

Introduction

Arsenic is a very interesting environmental carcinogen because
it is one of the few, possibly the only, chemical which has suffi-
cient evidence for carcinogenicity in humans but inadequate
evidence in animals (1,2,3). In the absence of an animal model
to study the mechanism of arsenic-induced carcinogenicity, in
vitro studies have been conducted to determine the cellular ef-
fects of arsenic and arsenical compounds. DiPaolo and Casto (4)
reported that sodium arsenate induced morphological transfor-
mation of Syrian hamster embryo cells. Since cell transforma-
tion assays in vitro have been shown to measure one step in
neoplastic development (5,6), the findings of DiPaolo and Casto
indicate that the Syrian hamster embryo cell transformation
system may be useful to study the mechanism of arsenic car-
cinogenicity (4). However, only a limited dose range of sodium
arsenate was examined and the trivalent form of arsenic, sodium
arsenite, which is more toxic man the pentavalent arsenate (7),
was not studied (4).

The other predominant activities of arsenic compounds that
have been studied with in vitro systems include toxicity (8), gene
mutations (9—11), sister chromatid exchanges (SCEs)* and

•Abbreviations: SCEs, sister chromatid exchanges; PBS, phosphate buffered

saline; B[a]P, benzo[a]pyrene; TGr, thioguanine resistant; OuaR, ouabain resis-

tant; BrdU, 5-bromo-2'-deoxvuridine; CFE, colony forming efficiency.

© IRL Press Limited, Oxford, England.

chromosome aberrations (12—16). Mutagenic activity of
arsenicals in prokaryotic systems is generally lacking (2). Sodium
arsenite and sodium arsenate are inactive in inducing mutations
at two genetic loci (Na

+
/K

+
 ATPase and hypoxanthine

phosphoribosyl transferase) in V-79 cells (11) and weakly ac-
tive at the thymidine kinase locus in L5178Y mouse lymphoma
cells, yielding 2- to 3-fold increases in mutation frequencies above
solvent controls at > 10% survival (10). Sodium arsenate is in-
active in L5178Y cells (9,10), except in the presence of rat liver
microsomes, which may reduce the arsenate to arsenite (10). In
contrast to the negative or weak activity in gene mutation assays,
arsenic compounds are very active inducers of SCEs and
chromosome aberrations in human and rodent cells in culture
( 1 2 - 18) and in vivo (19-23). The trivalent arsenite is more
active than the pentavalent arsenate in these assays (13,16), which
is consistent with its greater activity in other assays. Arsenic also
enhances viral transformation (24).

In this report we have confirmed and extended the initial obser-
vations of DiPaolo and Casto (4) that arsenic can induce mor-
phological transformation of Syrian hamster embryo cells in
culture. We have compared the dose-response of sodium arsenite
and sodium arsenate and shown that the trivalent form is
> 10-fold more potent than the pentavalent form. In addition,
we have compared the dose-responses for cell transformation with
cytotoxicity, induction of gene mutations at two genetic loci, and
cytogenetic effects, including SCEs, chromosome aberrations and
numerical chromosome changes. Our results indicate that arsenic
can induce cell transformation at non-toxic and toxic doses in
the absence of any detectable gene mutations. However, cell
transformation and chromosome abnormalities are induced by
arsenicals with similar dose-responses which may indicate that
these effects are related.

Materials and methods

Cells, culture conditions and chemicals

Syrian hamster embryo cell cultures were established from 13-day gestation fetuses
collected aseptically by Caesarcan section from inbred Syrian hamsters, strain
LSH/ss LAK (Lakeview Hamster Colony, Newfield, NJ). Pools of primary
cultures from littermates were cryopreserved in liquid nitrogen (6). Secondary
cultures were initiated from the frozen stocks and all experiments were perform-
ed with tertiary cultures. The culture medium was IBR-modified Dulbecco's
Eagle's reinforced medium (GIBCO, Grand Island, NY) supplemented with 3.7 g
sodium bicarbonate per liter, 20% (v/v) Hy-Clone fetal bovine serum (FBS) (Sterile
Systems Inc., Logan, UT), 100 units penicillin per ml, and 200 /ig streptomycin
(GIBCO) per ml. Cells were gently trypsinized with 0.1 % trypsin solution (1:250;
GIBCO) in PBS for 5 min at 37°C. Cultures were routinely tested and found
to be free of mycoplasma. Sodium arsenite and sodium arsenate (>99% pure)
were obtained from J.T.Baker Chemical Company (Phillipsburg, NJ) and benzo-
[a]pyrene (B[a]P) was obtained from the Chemical Repository of the National
Cancer Institute (Bethesda, MD).

Quantitation of cytotoxxaty and morphological transformation

The in vitro transformation procedure was a modification of the earlier work of

Berwald and Sachs (15), DiPaolo et at. (4,26) and Pienta et al. (27). Target cells

(250) were seeded on a layer of 2 x 104 lethally irradiated (5000 R) homologous

feeder cells in 60-mm dishes (Falcon Plastics, Oxnard, CA) in complete medium.

After 18 h the cells were exposed to various concentrations of arsenic compounds

in fresh medium and the cultures were then incubated at 37°C in a humidified

atmosphere of 12% CO, in air for 7 days. The dishes were then fixed in ab-
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solute methanol (Fisher Scientific Co.) and stained with 10% Giemsa (Fisher
Scientific Co.). The colony-forming efficiency (CFE) (%) was determined by
dividing of the numbeT of target cells plated (250) by the number of colonies
formed at 7 days after treatment and multiplying by 100. The cytotoxic response
of the treated cultures was expressed as the percent relative survival, i.e., the
CFE of the treated cells divided by the CFE of the untreated cells (controls) x 100.
Colonies that were morphologically transformed were scored according to criteria
that has been described previously (6,25,26). The transformation frequency (%)
was calculated as (the total number of transformed colonies divided by the total
number of colonies surviving treatment) X 100. The data presented represent
the combined results of four experiments.

Gene mutation assays

Cells (2 .5-5 x 10s) were seeded into 75-cm1 flasks and after overnight incuba-
tion, treated with sodium arsenite, sodium arsenate, or B[a]P in complete medium
for 48 h. After treatment the cultures were washed twice with 10 ml of medium
and replenished with fresh medium. After 24 h, the cells were sub-cultured at
a split ratio of 1 —10. Following 3 days cultivation (4 days after treatment), 5000
cells were plated on 100-mm dishes and incubated for 7 days for colony forma-
tion. For mutation experiments, 10* cells were plated on each of 10-20 dishes
(100 mm in diameter) with medium containing 3 ftg/ml 6-thioguarune or 1.2 mM
ouabain (28) and incubated 7 days for colony formation. Cells were also plated
in new flasks at 5 x 10* cells/75-cm2 flask and grown for an additional 3 days
expression time and then assayed for colony formation and thioguanine-, or
ouabain-resistant (TGr or OuaR) mutants as above. The mutation frequency was
calculated as described previously (28). The experiments were repeated three times.

Cytogenetic assays

Tertiary-passage cells were inoculated into 75-cm2 flasks at 5 - 1 0 x 10*
cells/flask. After overnight incubation, the culture medium was removed, 10 ml
of either culture medium or medium containing 0.8, 3.0, 6.2 or 10 jiM of sodium
arsenite, or 10, 32, 64 or % /iM of sodium arsenate were added to the flasks,
and the cultures were men incubated. Chromosome preparations were made follow-
ing colcemid (0.4 /ig/mT) addition for the last 3 h of culture. The cells were tryp-
sinized, collected by ccntrifugation, treated with 0.075 M KC1 for 10 min, and
fixed in methanol:acetic acid (3:1). The cells were dropped onto slides and stained
wth Giemsa (15% in 0.05 M phosphate buffer, pH 6.8, for 15 min). At least
100 metaphases at each dose were scored for numerical and structural changes.
The experiments were repeated twice.

SCEs were also examined 24 — 27 h after the initiation of
5-bromo-2'-deoxyuridine (BrdU) (Sigma Co., St. Louis, MO) treatment; BrdU
(10 /ig/ml) was added at the same time as the chemical treatment. Slides were
stained by FPG treatment (29). The experiment was repeated three times.

Results

The cytotoxic effects of sodium arsenite and sodium arsenate
treatments of Syrian hamster embryo cells were assessed using
a colony-forming assay with the cells grown on a homologous
feeder layer of irradiated cells. The CFE of the untreated cells
was between 12 and 20%. When treated with either arsenical,
the CFE of the cells was actually enhanced at low doses and then
inhibited at higher doses. A small but reproducible increase in
CFE was observed with 0.7 —3/iM sodium arsenite and
10 — 50 /tM sodium arsenate (Figure 1). This increase was also
observed with other cell types, for example V-79 and 3T6 cells
(data not shown). The extent of the increase varied between 10
and 70% in four different experiments, but an increase was con-
sistently observed. At higher doses (3 — 10 /iM sodium arsenite
and 50 — 200 /iM sodium arsenate), a logarithmic decrease in sur-
vival was observed with a linear increase in dose.

The dose-dependence of arsenic-induced morphological trans-
formation of Syrian hamster embryo cells was examined. Both
sodium arsenite and sodium arsenate were effective inducers of
transformation (Figure 2). The divalent form was > 10-fold more
potent than pentavalent arsenic. The shapes of the dose-response
curves were similar (Figure 2); a linear dose-dependence with
a slope of — 1 was observed when the data were plotted on a
log-log graph (slope = 1.19 ± 0.20 for sodium arsenite and
1.20 ± 0.13 for sodium arsenate). Morphological transforma-
tion was observed at both non-toxic and toxic doses of arsenic.

The mutagenic activity of arsenic was also examined in the
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Fig. 1. Cytotoxicity of sodium arsenite and arsenate. Syrian hamster embryo
cells were exposed to various concentrations of arsenicals and incubated for
7 days. The relative survival was determined from (the number of colonies
in the treated cultures divided by the number of colonies in the untreated
culture) x 100. A, sodium arsenite; B, sodium arsenate. The results are the
averages ± S.D. of four experiments except for some of the high doses
which were single experiments (no error bars).
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Fig. 2. Dose-dependence of morphological transformation of Syrian hamster
embryo cells by sodium arsenite ( • ) or sodium arsenate ( • ) . Cells were
treated with the indicated dose of arsenical and grown for 7 days to allow
colony formation. The number of morphologically transformed colonies
were determined by the criteria described (6). The percentage of
morphological transformation is (the number of transformed colonies divided
by the total number of colonies) x 100.

Syrian hamster embryo cells at the doses which induced mor-
phological transformation. Neither sodium arsenite nor sodium
arsenate induced any detectable gene mutations at the Na

+
/K

+

ATPase (Oua
R
) or hypoxanthine phosphoribosyl transferase

(TCF) loci (Table I). B[a]P, used as a positive control in the ex-
periments, was active in these experiments.

The cytogenetic effects of sodium arsenite and sodium arsenate
were studied. Cells treated with either chemical did not have in-
creased chromosome losses or gains; the near diploid chromo-
some number was unaltered by treatment for 48 h (Table TJ).
However, a large increase in polyploidy cells (i.e., cells with
a tetraploid or near tetraploid chromosome number) was observed
at 48 h. These cells may have arisen due to endoreduplication
which was observed in cells treated for 24 h (Figure 3A; Table
II). The percentage of metaphases with endoreduplicated
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Table I. Lack of mutagenicity of arsenic at two genetic

Chemical Dose

loci

Relative

survival (%)

Specific

OuaR

locus mutation frequency

TGr

Control

Sodium arsenate

Sodium arsenite

Benzo[a]pyrene

0

3.1 ^g/ml (10 nM)

10.0 /ig/ml (32 nM)

20.0 /jg/ml (64 nM)

31.0 /ig/mj (100 ^M

0.31/tg/ml (1 /iM)

0.4 /ig/ml (3.1 /jlv

0.8 /ig/ml (6.2

1.3 /jg/ml (10

1.0

MM)

100

106

117

73

42

136

82

9

±

±

±

±

±

±

±

7

20

8

11

22

19

8

95 ± 4 7.5 x 10~» 2.0 x 10~
5

The cells were treated for 48 h with the indicated dose of chemicals, grown for 4 and 7 days, and then plated in selective media (1.1 mm ouabain or 3 /ig/ml
6-thioguanine). Mutant colonies were selected in this media for 7 - 1 0 days and then the cells were fixed and stained and surviving TGr or OuaR colonies
enumerated. The mutation frequency was calculated as described (28) and corrected for toxjcity and recovery efficiency of the mutant cells. Relative survival
was measured in parallel cultures treated with the indicated concentration of chemicals and allowed to form colonies for 7 days. No mutants were observed in
any of the arsenate or arsenite treated cultures at either of the mutant expression times. The experiment was repeated three times.

Table D. Cytogenetic

Treatment

effects of sodium arsenate or sodium

Chromosome number

distribution

42 43 44 45

arsenite treatment

Polyploid

cells

(%)

of Syrian hamster

Endoredupli-

cation (%)

embryo cells'

Aberrationsb

G B F Ex Die

Metaphases

with aber-

rations (%)

Control

Sodium arsenite 0*M)

0.8

3.0

6.2

10

Sodium arsenate 0*M)

10

32

64

98

98

99

98

95

4 94

2 98

3 96

1 15

9

16*

62*

58*

8

14*

33*

32*

0

7*

31*

13*

0

1

12*

6*

1

10

6

2.0

1.3

3.3

14.0*

13.3*

0.6

2.7

7.3*

9.3*

•Cells in metaphase were harvested from cultures treated with the indicated dose of either chemical for 24 h (endoreduplication and chromosome aberrations)

or 48 h (chromosome number and polyploid cells) and then fixed and scored for the indicated abnormalities. Different times of treatment were examined and

the reported treatment times were chosen because maximum induction of the specific cytogenetic effects were observed.
bG, gaps; B, breaks; F, chromosome fragments; Ex, chromarjd exchanges; Die, dicentric chromosomes. 150 cells per treatment were scored.

•Significantly different from control, (p <0.05) by the Fisher exact test.

chromosomes generally decreased at 48 h after treatment (data
not shown) which corresponded with the increase in polyploid
cells. Both sodium arsenite and sodium arsenate induced endo-
reduplication and polyploidy over the dose ranges that induced
transformation. Arsenite was active at 10-fold lower concentra-
tions than arsenate.

Chromosome aberrations were also induced by these arsenicals
in a dose-dependent manner over the same concentration range
required for transformation induction and again the divalent form
was more active than the pentavalent arsenate (Table U).
Chromatid type aberrations were primarily induced (chromatid
gaps, breaks and exchanges) and a few chromosome type aber-
rations (fragments and dicentrics) were observed (Figure 3B and
3C). The latter may have arisen from the chromatid aberrations
following cell replication. SCEs were also induced by both
chemicals (Figure 3D; Table IU).

Discussion

In this study we have determined the dose-dependence for arsenic-
induced effects in the Syrian hamster embryo cell system in which

a number of end-points can be compared including toxicity, cell
transformation, gene mutations and chromosome mutations. We
observed that both sodium arsenite and sodium arsenate were
toxic to these cells, with the trivalent form being > 10-fold more
toxic. This finding is consistent with results of others (7,8,13).
This may relate to differences in cellular uptake (30,31) of the
two forms of arsenic possibly due to differences in ionization
at physiological pH (30). One interesting finding of ours was
that low doses of arsenic actually enhanced the colony forming
ability of the cells. We are not aware of any other in vitro study
showing this effect, although this may not be surprising since
this effect is small and observed only over a narrow dose range;
hence, it may have been overlooked previously. Whether this
effect has any relevance to the well-known growth promoting
effects of arsenicals in vivo (7) is an interesting question for future
research.

We have confirmed the studies of DiPaolo and Casto (4), which
showed that arsenic induces cell transformation. Both arsenical
compounds were effective inducers of morphological transfor-
mation of Syrian hamster embryo cells; arsenite was > 10-fold
more potent than arsenate. The dose-response curves for both
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Fig. 3. Photomicrographs of metaphases with various types of arsenic-induced cytogenetic changes: (A) endoreduplication, (B) chromatid break (long arrow)
and gap (short arrow), (C) chromatid exchanges of simple complete type (long arrow) and incomplete, complex type (short arrow), and (D) metaphase
chromosomes with a high incidence of sister chromatid exchanges.

chemicals were linear with a slope of — 1 on a log-log plot. This
is similar to the results with other chemical carcinogens (32 — 35).
Having established the dose-response curves for transformation,
we determined which genetic changes were also induced by the
chemicals with the same dose-dependence.

Neither sodium arsenite nor arsenate induced any detectable
gene mutations at the Na+ /K+ ATPase or hypoxanthine
phosphoribosyl transferase loci which is consistent with the results

of Rossman et al. (11) with V-79 cells. Oberly el al. (10) reported
that sodium arsenite was a weak mutagen in L5178Y mouse cells
at the thymidine kinase locus. It is possible that this weak activi-
ty (2- to 3-fold increase over background at low survival) could
not be detected in our assay, which employs early passage cells
with a lower cloning efficiency, or that the thymidine kinase locus
is more sensitive to arsenic-induced mutations than the HPRT
or Na

+
/K

+
 ATPase loci. The clastogenic activity of arsenic in-
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Table HI. Effects of sodium arsenite and sodium arsenate on SCEs of
Syrian hamster embryo cells

Treatment Number of

metaphases scored

Number of SCE
per cell ± SE

Control

B[a]P 10 ^M

Sodium arsenite 0*M)

0.8

3.0

6.2

10

Sodium arsenate QiM)

10

32

64

96

50

25

50

50

50

No metaphases

in culture

50

50

7

No metaphases

in culture

10.4 ± 0.5

44.0 ± 5.5*

12.0 ± 0.5*

15.4 ± 0.7*

15.2 ± 0.6*

-

13.0 ± 0.6*

15.7 ± 0.6*

25.3 ± 4.2*

-

•Significantly different from control (p <0.05) by t-test.

dicates a potential mechanism for deletion mutations which may
account for the weak mutational activity at specific genetic loci.
Why thymidine kinase mutants are induced, but not HPRT
mutants, is unclear as both can be induced by deletion mutations
(36,37). However, the results from all the mutational assays sug-
gest that arsenic is at best a weak mutagen and thus, its transfor-
ming activity is unlikely to result from point mutations. Arsenic
is co-mutagenic in bacteria (38), but the relevance of this find-
ing to our results is unclear, as arsenic alone is a very effective
transforming agent.

In contrast to the equivocal results with gene mutation assays,
arsenic is clearly a very active chromosome mutagen. In Syrian
hamster embryo cells, sodium arsenite and sodium arsenate in-
duced polyploidy (possibly from endoreduplication), chromosome
aberrations, and increased SCEs with similar dose-dependences
to induction of cell transformation. These cytogenetic results are
similar to findings of others, who have reported arsenic-induced
endoreduplication (39,40), chromosome aberrations (12 —16) and
SCEs (12,16).

The mechanism by which arsenic induces chromosome aber-
rations is unknown. Evidence for direct DNA damage by
arsenicals, as measured by gene mutation or unscheduled DNA
synthesis, is limited (2,41). In contrast, chromosome damage
(aberrations and SCEs) is reproducibly induced by arsenic in a
variety of cell types (vide supra). Arsenicals are known to affect
a number of enzymes through interactions with sulfhydryl groups
as well as other interactions (8). This raises the interesting
possibility that the target for arsenic-induced transformation is
not DNA but proteins, possibly those involved in DNA replica-
tion (42); the consequence of this putative interaction, however,
may be DNA damage.

We have previously reported that other chemicals including
diethylstilbestrol (43), colcemid (44) and asbestos fibers (34,45),
induce cell transformation in the absence of detectable gene muta-
tions. Therefore, these three chemicals plus arsenic provide useful
probes for studying mechanisms of carcinogenesis (46).
Presumably none of them act by causing point mutations;
however, all of them cause chromosome mutations. Interesting
differences exist in the specificity of observed chromosome
changes. Diethylstilbestrol and colcemid induce primarily
aneuploidy, via non-disjunction (43,44). Asbestos induces

tetraploidy, anaphase abnormalities (resulting in aneuploidy), and
to a lesser extent, chromosome aberrations (45). In comparison,
arsenic apparently does not induce non-disjunction or chromo-
some loss since we did not observe any significant changes in
the chromosome number in the near diploid range. It is possible
that arsenic-induced transformation is caused by numerical
chromosome changes resulting from endoreduplication. Asbestos
and other mineral dusts induce tetraploidy, possibly by inhibi-
tion of cytokinesis (45). However, we have observed with a varie-
ty of mineral dusts that tetraploidy correlates with toxicity, while
aneuploidy and chromosome aberrations induction correlate with
transformation (45). Furthermore, early passage asbestos-
transformed cells have primarily non-random chromosome
changes, trisomy of chromosome 11 (46 and unpublished data).
Arsenic may be acting by inducing segmental aneuploidy or
chromosome rearrangements. Further karyotypic analysis of early
passage cells transformed by these different chemicals will
hopefully identify the critical changes involved. It will be in-
teresting to compare cells transformed by chemicals with dif-
ferent patterns of induced chromosome alterations.

In summary, we have shown that arsenic induces chromo-
somes, but not gene mutations, over the dose-range that cell
transformation is induced. However, the pattern of chromosome
aberrations induced by arsenic differs from other chemicals which
induce transformation but not gene mutations. Arsenic may be
a useful carcinogen for understanding the cytogenetic basis for
cell transformation and possibly for identifying non-DNA targets
for carcinogens.
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