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ABSTRACT Arsenite, the trivalent form of arsenic
present in the environment, is a known human carcinogen that
lacked mutagenic activity in bacterial and standard mamma-
lian cell mutation assays. We show herein that when evaluated
in an assay (AL cell assay), in which both intragenic and
multilocus mutations are detectable, that arsenite is in fact a
strong dose-dependent mutagen and that it induces mostly
large deletion mutations. Cotreatment of cells with the oxygen
radical scavenger dimethyl sulfoxide significantly reduces the
mutagenicity of arsenite. Thus, the carcinogenicity of arsenite
can be explained at least in part by it being a mutagen that
depends on reactive oxygen species for its activity.

Environmental carcinogens have been postulated to be an
important etiological factor for the majority of human cancer
(1). A better understanding of the carcinogenic mechanisms of
these agents will facilitate not only the development of treat-
ment modalities but prevention strategies as well. Arsenic, a
known human carcinogen and teratogen, is ubiquitously
present in the environment, where it occurs mainly as com-
pounds of arsenite (As31) and arsenate (As51). Epidemiolog-
ical studies have shown that chronic exposure to arsenic can
result in liver injury, peripheral neuropathy, and an increased
incidence of cancer of the lung, skin, bladder, and liver (1). In
addition, occupational exposure to arsenic increases the lung
cancer incidence among smokers and underground miners in
a manner consistent with a synergistic interaction of arsenic
with tobacco smoke or radon found in mines (2, 3). Animal
models are of little help in understanding its mechanism; for
reasons that are not clear arsenic is not carcinogenic in rodent
models. It is one of the few, possibly the only, well-established
human carcinogen that does not induce tumors in laboratory
animals (4, 5).

In the absence of animal models, in vitro studies become
particularly important in providing information on the carci-
nogenic mechanisms of arsenic. Arsenic and arsenical com-
pounds are toxic to and induce morphological transformants in
Syrian hamster embryo and murine C3H 10T1⁄2 cells (6, 7).
These agents are also potent clastogens both in vivo and in
vitro. They can, for example, induce sister chromatid exchanges
and chromosome aberrations in both human and rodent cells
in culture (4, 6, 8, 9) and in cells of exposed humans (10).
Arsenical compounds have also been shown to induce gene
amplification, arrest cells in mitosis, inhibit DNA repair, and
induce expression of the c-fos gene and the oxidative stress
protein heme oxygenase in mammalian cells (11–13), and they
have been implicated as promoters and comutagens for a
variety of agents (14). In light of these actions, it has been
puzzling that arsenic is only weakly active or, more often,

completely inactive in bacterial and mammalian cell mutation
assays (4–6, 15–17). One plausible explanation is that arsenic
induces mostly multilocus deletions that are incompatible with
cell survival when mutations are measured at gene loci that are
closely linked to essential genes. In other words, it is possible
that many of the types of mutations induced by arsenic are
poorly recovered in these assays because they are lethal. An
elucidation of the genotoxic effects of arsenic promises to shed
light on mechanisms underlying its carcinogenic effects in
humans, as well as its interaction with other environmental
carcinogens such as tobacco smoke and radon. Furthermore,
these studies may provide a model for the genotoxic actions of
other heavy metals as well.

Toward this end we have quantified the induction of S12 and
HPRT2 mutants in human–hamster AL cells treated with
graded doses of sodium arsenite and compared the types of
mutation induced with those arising spontaneously. The hu-
man–hamster hybrid (AL) cells contain a standard set of
hamster chromosomes plus a single human chromosome 11,
which encodes a series of human cell surface antigens (18).
One such antigen, S1¶ encoded by the MIC1 gene at 11p13.5,
is especially useful in mutation studies, because its presence or
loss as a result of mutation can easily be determined in a
complement-mediated cytotoxicity assay (19–21). Because
only a small part of region 11p15.5 is required for the viability
of AL cells, mutations in the human chromosome 11 ranging
in size up to 140 million bases of DNA can be detected. We
report herein that when evaluated at the S1 locus arsenite is a
significant mutagen that induces mainly large chromosomal
mutations and that the mutagenic response is mediated by
reactive oxygen species (ROS).

MATERIALS AND METHODS

Cell Culture. The AL hybrid cells that contain a standard set
of CHO-K1 chromosomes and a single copy of human chro-
mosome 11 were used. Chromosome 11 encodes cellular
surface markers that render AL cells sensitive to killing by
specific monoclonal antibodies in the presence of rabbit serum
complement (HPR, Denver, PA). Antibody E7.1 specific to
the S1 (CD59) antigen was produced from hybridoma culture
as described (19, 22). Cells were maintained in Ham’s F-12
medium supplemented with 8% heat-inactivated fetal bovine
serum, gentamycin (25 mgyml), and 23 normal glycine (2 3
1024 M) at 37°C in a humidified 5% CO2y95% air incubator
and passaged as described (20, 21, 23).

Determination of Arsenic Cytotoxicity. A stock solution of
sodium arsenite (Sigma) at 1 mgyml was prepared in doubled-
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distilled water and sterilized by passing through a 0.22-mm
(pore size) syringe filter. Working concentrations were pre-
pared by diluting the stock with complete F-12 medium. To
determine the dose–response of AL cells to arsenite, expo-
nentially growing cells were trypsinized, replated into 25-cm2

tissue culture flasks at a density of 1 3 105 cells per flask, and
treated 48 hr after plating with arsenite for either 1 or 5 days.
After treatment, cultures were washed twice with balanced salt
solution, trypsinized, and replated into 100-mm diameter Petri
dishes for colony formation. Cultures were incubated for 7–12
days, at which time they were fixed with formaldehyde and
stained with Giemsa. The number of colonies was counted to
determine the surviving fraction as described (20, 23).

Mutation Assay. S1 locus. After treatment, cultures were
replated into T25 flasks and cultured for 7 days. This expres-
sion period is needed to permit surviving cells to recover from
the temporary growth lag caused by arsenite and to multiply
sufficiently so that the progeny of the mutated cells are no
longer expressing lethal amounts of the S1 surface antigen. To
determine mutant fractions, 5 3 104 cells per dish were plated
into six 60-mm dishes in a total of 2 ml of growth medium as
described (20, 21, 23). The cultures were incubated for 2 hr to
allow for cell attachment, after which 0.3% S1 antiserum and
1.5% (volyvol) freshly thawed complement were added to each
dish. After overnight incubation, this medium was removed,
and the cultures were further incubated in standard growth
medium for 8 days. At this time the cells were fixed and stained,
and the number of S12 mutant colonies was scored. Controls
included identical sets of dishes containing antiserum alone,
complement alone, or neither agent. The cultures derived from
each treatment dose were tested for mutant yield for two
consecutive weeks to ensure full expression of the mutations.
The mutant fraction at each dose (MF) was calculated as the
number of surviving colonies divided by the total number of
cells plated after correction for any nonspecific killing due to
complement alone. The mutant yield (MY) is the slope of the
dose–response curve and is independent of the background
mutant level.

HPRT locus. Aliquots of treated AL cells were plated at 2 3
105 cells per dish in 10 ml of medium containing 40 mM
6-thioguanine as described (20, 23). Corresponding dishes
were plated at lower cell density in normal medium to deter-
mine plating efficiencies. Mutant frequencies were expressed
as the number of mutants per 105 survivors.

Treatment with Dimethyl Sulfoxide (DMSO). To examine
the role of ROS in arsenite mutagenesis, exponentially grow-
ing AL cells were exposed to arsenite for 24 hr with or without
concurrent treatment with graded doses of DMSO ranging
from 0.05 to 0.25%. DMSO at the doses used was nontoxic and
nonmutagenic and has been shown in a variety of in vitro and
in vivo studies to be an effective free radical scavenger (24, 25).
After treatment, cultures were washed, trypsinized, and re-
plated for both survival and mutagenesis as described above.

Analysis of Mutant Spectrum by Multiplex PCR. Indepen-
dently derived S12 mutants were isolated by cloning and
expanded in culture as described (21, 23). To ensure their
clonal origin, either a single colony or, at times, two well-
separated colonies per culture dish were isolated. A minimum
of 25 mutants from each treatment group and more than 50
spontaneous mutants were analyzed. DNA was extracted by a
salting-out procedure (21, 23).

Five DNA markers on chromosome 11 (Wilms’ tumor,
parathyroid hormone, catalase, RAS, and apolipoprotein A-1)
were chosen for multiplex PCR analysis because of their map
positions relative to the MIC1 gene, which encodes the S1
antigen (18, 19, 22), and the availability of PCR primers for the
coding regions of these genes (26–28). PCR amplifications
were performed for 30 cycles using a DNA thermal cycler
model 480 (Perkin–ElmeryCetus) in 20-ml reaction mixtures
containing 0.2 mg of the EcoRI-digested DNA sample in 13

Stoffel fragment buffer, all four dNTPs (each at 0.2 mM), 3
mM MgCl2, 0.2 mM each primer, and 2 units of Stoffel
fragment enzyme (21, 29). Each PCR cycle consisted of
denaturation at 94°C for 1 min, annealing at 55°C for 1 min,
and extension at 72°C for 1 min. After the last cycle, the
samples were incubated at 72°C for an additional 20 min,
electrophoresed on 2% agarose gels, and stained with ethidium
bromide.

RESULTS

Toxicity of Arsenite to AL Cells. Arsenite induced a dose-
dependent toxicity in AL cells as shown in Fig. 1, where the
surviving fractions, after either a 1- or a 5-day continuous
exposure, are plotted against drug concentration. The survival
data fit well to a log–linear curve, and the lack of a shoulder
in the dose–response curves is consistent with previous reports
that arsenic inhibits DNA repair or recovery processes that
normally act to produce a shoulder (15, 30). The mean lethal
doses, Do, defined as the concentrations that reduced survival
to 0.37 (1ye) in the log–linear portion of the curves for the 5-
and 1-day treatments, were 1.3 and 1.7 mgyml, respectively.
These curves were used to select appropriate doses for muta-
tion analysis.

Mutagenicity of Arsenite. Dose–response curves for the
induction of HPRT2 and S12 mutants by arsenite are shown in
Fig. 2, where the induced mutant yields (background sub-
tracted) per 105 survivors are plotted against arsenite concen-
tration. The curves were fitted by using the method of least
squares. Consistent with previous studies (4–6), arsenite in-
duced relatively few HPRT2 mutants over the range of doses
examined. The 1-day treatment gave a slight but dose-
dependent increase in HPRT2 mutants with a slope (MY) of 2.5
mutants per 105 clonogenic survivors per mg per ml, 35-fold
less than the MY 5 88 for induction of S12 mutants. The
frequency of spontaneous HPRT2 mutants ranged from 0.8 to
5.4 per 105 clonogenic survivors, whereas the S12 locus
averaged 50 per 105 survivors. Mutant fraction was determined
at 7–14 days after exposure to arsenite, and the incidence
remained fairly constant over the assay period. A perspective

FIG. 1. Survival curve for AL cells exposed to graded doses of
sodium arsenite. Exponentially growing AL cells were treated with the
drug for either 1 or 5 days. Each data point represents an average of
four experiments. The Do values of the curves were 1.7 and 1.3 mgyml,
respectively. Error bars represent 6SEM.
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on this mutagenic potency is provided by comparing the
mutagenicity of arsenite with that of known clastogenic car-
cinogens such as g-rays and chrysotile asbestos. Expressed in
terms of mutant fractions at the DO dose, which we have
previously shown on practical and theoretical grounds to be a
particularly relevant comparison (19, 20, 29), arsenite and
ionizing radiation were about equally mutagenic: the MF per
DO for arsenite was 140 compared with 130 for g-rays (19) and
165 for asbestos fibers (23).

Mutagenicity of Arsenite Depends on Treatment Time. We
found that mutant induction by arsenite depended on the
length of the treatment period. For example, the MY for S12

mutants for a 5-day treatment was 184 (Fig. 2) compared
with 88 for a 1-day exposure. Similarly, the MY for HPRT2

mutants increased from 2.5 at 1 day to 6.5 after a 5-day
treatment period. This represents a 28-fold difference in
mutant yield between the S1 and HPRT loci for a 5-day
treatment.

Analysis of Mutant Spectra. To determine the types of
mutation that cause the S12 phenotype in arsenite-treated AL
cells, we isolated individual clones and applied multiplex PCR
to determine the presence or absence of five chromosome 11
markers located on either side of the MIC1 gene (Fig. 3). These
primers and PCR conditions were selected to amplify only the
human genes and not their CHO cognates (21, 29, 30). Because
AL cells have only one chromosome 11, the presence or
absence of the corresponding PCR products indicates that a
particular segment of DNA containing these genes is present
or missing, respectively. Previous studies have shown that a
small region of the distal end of human chromosome 11 at
11p15.5 is required for survival of the AL cells (30). The
obligate presence of this region identified herein by the RAS
probe in all mutants provides a convenient internal PCR
control. As shown in Fig. 4, the majority of spontaneous S12

mutants (31 of 42 mutants or 74%) retained all five of the
chromosome 11 markers, whereas only 16 of 88 mutants (18%)
from arsenic-treated cells were of this type. These values are
significantly different (P , 0.01). Thus, most of the S12

mutants (82%) from arsenic-treated cells have suffered dele-
tion mutations of .3.6 million base pairs (distance between
the CAT and the WT genes, Fig. 3) compared with 26% of
spontaneous mutants. Furthermore, the proportion of mutants
suffering loss of additional chromosomal markers increased

with treatment period so that at 5 days 10 of 25 mutants or 40%
of the mutants from the cells treated with 2 mgyml had lost all
four markers examined that spanned both arms of the human
chromosome 11.

Mutagenesis of Arsenite Is Mediated by Oxyradicals. ROS
such as superoxide anion, hydroxyl radicals, and hydrogen
peroxides are the intermediates formed during oxidative me-
tabolism. There is recent evidence to suggest that ROS me-
diate the dose-dependent increase in micronuclei in arsenite-
treated CHO cells in vitro (31). Fig. 5 shows the suppressive
effects of 0.1% DMSO on S1 mutant fraction induced by a
concurrent 1-day treatment with arsenite at 2 mgyml. DMSO
alone was neither toxic nor mutagenic at the doses used (Fig.
5). Arsenite alone gave an induced S12 mutant yield of 195.5 6
33 3 1025 compared with 38.5 6 7.7 3 1025 when 0.1% DMSO
was present (P , 0.01). A significant reduction in mutant yield
was also observed with 0.05 or 0.25% DMSO (data not shown).

DISCUSSION

As a naturally occurring metalloid, arsenic is ubiquitously
present in the environment. Epidemiological data gathered for
more than a century have shown that arsenic is a potent human
carcinogen. However, mechanisms by which arsenic induces
cancer are not understood. The lack of suitable animal models
necessitates reliance on in vitro studies to determine the
cellular and molecular pathways involved. Previous genotoxic
studies of arsenic have largely yielded negative findings for
gene mutations but positive results for chromosomal aberra-
tions (4, 6, 15, 16). The failure of arsenic to induce gene
mutations in mammalian cells has been taken as evidence that
a nongenotoxic pathway is responsible for arsenic-induced
cancer through either hypomethylation of DNA (32) or inhi-
bition of DNA ligation (33). Herein we show that arsenic is
indeed mutagenic to endogenous genes in mammalian cells
and that it induces mostly large multilocus deletions that are
mediated through ROS.

Although human chromosome 11 in the AL hybrid resides
in a hamster cell, there is no evidence that its function or

FIG. 2. Mutation induction in AL cells by graded doses of sodium
arsenite, expressed as number of induced mutants per 105 clonogenic
survivors, at the S1 and HPRT loci after either 1- or 5-day treatment.
Induced mutant fractions are the total mutant yield minus back-
ground. Each point represents data pooled from three to five exper-
iments. Error bars represent 6SEM.

FIG. 3. Diagram of human chromosome 11 showing the M1C1
gene used in defining the S12 phenotype and the relative positions of
other markers used in the multiplex PCR analysis to determine the
extent of the S1 mutations. The M1C1 gene maps to 11p13.5. The two
nearest markers flanking M1C1, CAT and WT, are separated by
approximately 3.6 megabase pairs (Mbp) so that the S12 mutants that
retained these neighboring markers could result from a base change to
deletions as large as 3.6 Mbp.
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structure is different than in its human cell habitat. Banding
patterns for the human chromosome 11 in the AL cells are
indistinguishable from any human chromosome number 11
(34). Furthermore, there is no evidence that the high fre-
quencies of S12 mutations induced by a variety of mutagens
such as radiation that induce predominately multilocus
deletions are caused by the intrinsic hypermutability of the
AL cell (19, 20, 29). For example, its mutability at the HPRT
locus is no different from that of other human or rodent cell
lines (19, 35). The main reason that more S12 mutants than
ouabain-resistant or HPRT2 mutants are obtained is that
mutants with large deletions at the HPRT locus are poorly
recovered. On the other hand, a deletion that inactivates the
ouabain binding site that is required for generating ouabain-
resistant mutants also deletes the ATP binding sites thereby
rendering the mutants ouabain sensitive because the enzyme
ATPase also cannot bind ATP and is, therefore, inactive
(36).

In this regard, we recovered no ouabain-resistant mutants (3
mM ouabain) from arsenite-treated AL cell population (data
not shown). The finding of induction of large mutations is
consistent with the ample body of data on induction by arsenic
of chromosome aberrations and micronuclei and with the
recent report that arsenic induced both small and large colony
mutants in the mouse lymphoma TK6 (37). Thus, it appears
that when studied in mutation assays that detect large chro-
mosomal mutations, arsenic is in fact a potent mutageny
clastogen. Our result implicates ROS, especially hydroxyl
radicals, as mediators of arsenite mutagenicity. These data are
consistent with the recent demonstration that antioxidant
enzymes such as superoxide dismutase, glutathione peroxi-

dase, and particularly catalase reduce the incidence of arsen-
ite-induced chromosomal aberrations and sister chromatid
exchanges in cultured mammalian cells (31, 38). Furthermore,
generation of intracellular oxidants in arsenite-treated porcine
endothelial cells was prevented by treatment with the antiox-
idant N-acetylcysteine (39). Our present findings provide
direct collaborating evidence on the role of ROS in mediating
the mutagenic activities of arsenite.

The question arises that if the mutagenicity of arsenic is,
in fact, mediated by ROS, why have gene mutation assays
been negative after arsenic treatment? Part of the explana-
tion is that although ROS can induce some intragenic
mutations in bacteria and in mammalian cells (40, 41), they
also induce large multilocus deletions and chromosome
aberrations (42, 43) that would largely escape detection in
HPRT and OUA. Also insufficient treatment time could be
a factor in previously failed attempts to detect induced
mutants in mammalian cells (4–6, 15, 16) because we show
that the effect is time dependent. In our preliminary studies,
we found that pretreatment of AL cells with buthionine
(S,R)-sulfoximine, which depletes intracellular glutathione
to less than 5% of control value, significantly enhanced the
mutagenic potential of arsenite. Our results clearly demon-
strate, however, that arsenite is a mutagen in cultured
mammalian cells with normal levels of glutathione and that
its mutagenicity, like its lethal and clastogenic effects,
depends on ROS. Thus mutagenicity could underlie its
carcinogenic activity.
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FIG. 4. Deletion spectra of S12 mutants of spontaneous origin or from cells exposed to graded doses of sodium arsenite for either a 1- or a
5-day treatment period. Each line depicts the spectrum of a single independent mutant. The absence or presence of markers among the mutants
was determined by multiplex PCR using DNA from S12 mutants as templates and primers for parathyroid hormone (PTH), Wilms’ tumor (WT),
catalase (CAT), apolipoprotein A1 (APO-A1), and RAS. Blank space shows missing markers.
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FIG. 5. Effects of the free radical scavenger DMSO (0.1%) on
induced mutant yield in AL cells treated with sodium arsenite (2
mgyml) for 24 hr. The survival fraction of the various treatment group
is shown above each bar. Data were pooled from two or three
experiments. Error bars represent 6SEM.
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