
Abstract. Arsenic is an important environmental carcinogen
that affects millions of people worldwide through contaminated
water supplies. Genotoxicity of arsenic has been a topic of
controversy. Both genetic alterations (mutations) and epigenetic
changes (methylation) have been shown to play a crucial role in
environmental carcinogenesis. Chronic exposure to arsenic has
been shown to induce malignant transformation of mammalian
cells. However, the genetic aberrations induced by arsenic in
this process are unclear. The purpose of this study was to
determine if both lower (1 pg/ml) and higher concentrations
(100 ng/ml) of arsenic induces either mutations or methylation
changes that could lead to the development of genomic
instability in TM3 cells, immortalized Leydig cells derived
from normal mouse testis. Two independent exposure times
were used in this study which resulted in cells of 33 and 100
generations in age. Arsenic-induced genetic and epigenetic
changes were screened at a genome-wide level by random
amplified polymorphic DNA (RAPD), also known as AP-PCR
method with undigested DNA as well as DNA digested by the
methylation sensitive isosizomeric restriction enzymes MSPI
and HpaII and untreated controls. Changes in the DNA finger-
print of both, the restriction enzyme digested DNA (indicating
methylation changes) as well as undigested DNA (indicating
mutations) from arsenic-treated (low as well as high dose)
samples were observed as compared to their controls. Thus,
this study provides the first evidence at DNA sequence level
for mutagenic potential of arsenic. Further characterization of
these altered genomic regions is underway. The understanding
of these genetic and epigenetic changes in arsenic-induced
carcinogenesis will provide a basis for better interventional
approaches in both the treatment and prevention of arsenic-
induced cancer.

Introduction

Inorganic arsenic is considered to be one of the most hazardous
substances in the United States, primarily because of its well

established human carcinogenic potential and chance of
exposure to US populations (1,2). Arsenic, as trivalent arsenite
(AS3+) or pentavalent arsenate (AS5+), is naturally occurring and
is ubiquitous in environment. It is released into the environment
via agricultural and industrial processes as well as medical
applications (3). However, drinking water is the most common
source of arsenic exposure for the general population and is a
serious environmental problem (4). Higher levels of arsenic
in drinking water and the associated adverse health effects are
found in many developing areas around the world, including
China, India, Mexico, and Bangladesh (2). Recent reports
indicate that lower levels of arsenic, such as those found in
drinking water in many areas of the United States, may also
exert a carcinogenic risk to humans (5,6).

Human exposure to arsenic can cause both short- and long-
term health effects. Long or chronic effects occur over many
years and long-term exposure to arsenic has been linked to
cancer of the bladder, lungs, skin, kidneys, and nasal passages,
liver and prostate. Long-term exposure to low doses of arsenite
has been shown to transform non-tumorigenic human keratino-
cytes to cells that were tumorigenic in nude mice (7). Chronic
arsenic exposure of the non-tumorigenic human prostate
epithelial cells to low levels of sodium arsenite resulted in
malignant transformation and produced tumorigenic cells (8).
Thus, the carcinogenic potential of arsenic is well established,
however the mechanism of arsenic-induced carcinogenesis is
not clear.

Various mechanisms, both genotoxic and non-genotoxic,
have been proposed to explain the carcinogenicity of arsenic
at the cellular and molecular levels (9,10). Genomic DNA
hypomethylation and K-ras oncogene activation without
mutations has been reported in arsenic-induced malignant
transformation of human prostate epithelial cells (8). Long-
term exposure of mice to arsenic in drinking water has been
shown to induce global DNA hypomethylation in liver tissue
(11). Arsenic-induced promoter hypermethylation of tumor
suppressor gene, RASSF1A and PRSS3 has been suggested
to play a role in human bladder cancer (12). Arsenic treatment
of Sprague-Dawley rats results in structural chromosomal
aberrations in bone-marrow cells (13). These studies clearly
indicate that arsenic induces methylation changes. There are
reports providing indirect evidence that arsenic has mutagenic
properties based on the fact it can induce apoptosis (14,15).
However, there are no reports of arsenic-induced mutations
at the sequence level in cells with either chronic arsenic
treatment or during arsenic-induced malignant transformation
of cells. The critical sequence of molecular events involved
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in arsenic-induced carcinogenesis is not clear. Moreover,
evidence at molecular level for the genotoxicity of lower
doses of arsenic is lacking.

Studies over the past few decades have identified numerous
genetic alterations in neoplastic cells, providing overwhelming
evidence for the genetic basis of human cancers (16). All
tumors contain genetic alterations, including subtle changes
in DNA sequence and point mutations (17,18). Mutations in
a minimum of six to seven genes are crucial to the process of
cancer development (19). It is in this context that the detection
of the target genomic regions susceptible to mutations induced
by chronic arsenic exposure is crucial for the identification of
genes that may play a role in arsenic-induced carcinogenesis.

Random amplified polymorphic DNA (RAPD)/AP-PCR
technique is a powerful tool for screening genetic alterations.
Using this method, we have identified a novel mutation located
at 17q11.2 in 80% of the sporadic breast tumor samples
analyzed (20). Recently, we have reported somatic mutations
in diethylstilbestrol-induced kidney tumors in Syrian hamsters
(21,22). In this study, by using the arbitrary primed-PCR
(AP-PCR) assay we identified both genetic (mutation) and
epigenetic (methylation) changes induced by arsenic in mouse
testicular Leydig cells. We have performed a comprehensive
analysis of the genotoxic potential of arsenic by including the
short- as well as long-term exposed cells to various arsenic
concentrations.

Materials and methods

Chemicals. We purchased sodium arsenite (NaAsO2; purity,
96.6%) from Sigma Chemical Co. (St. Louis, MO), and
AmpliTaq DNA polymerase (Stoffel fragment), dNTPs and
mineral oil from PE Applied Biosystems, Foster City, CA.
The enzyme assay buffers, 10X Stoffel buffer (100 mM KCl;
100 mM Tris-HCl, pH 8.3), was received from Applied Bio-
systems along with the corresponding enzymes. Sets of
twenty OPA, OPC, OPK, OPE, OPAA and OP 26 oligo-
nucleotide random 10-mer primers were purchased from
Operon Technologies (Alameda, CA). Restriction enzymes
with reaction buffers were purchased from Roche Applied
Sciences (Indianapolis, IN, USA).

Cell culture and treatment. Mouse testicular Leydig cells
(TM3), were obtained from ATCC (CRL-1714) and propagated
in DMEM/F12 growth medium supplemented with 5%
horse serum and 2.5% fetal bovine serum. TM3 cells are
immortalized but non-tumorigenic Leydig cells derived from
normal mouse testes. Cultures were incubated at 37˚C in a
humidified atmosphere containing 5% CO2. For continuous
exposure of cells to sodium arsenite, we followed the earlier
published approach that have shown arsenic-induced trans-
formation of human HaCaT keratinocytes (7) and prostate
epithelial cells (8). Cells were grown in the culture medium
containing sodium arsenite at concentrations of 1 ng/ml,
100 ng/ml, and 1 μg/ml. The cell cultures were grown to
approximately 80% confluence and then were subcultured
in medium containing sodium arsenite. This process has
been previously reported by our laboratory (Harmon N and
DuMond JW, Society of Toxicology Annual Meeting,
Baltimore, MD, 2004). For each concentration tested (including

control), a total of 3 flasks were ran in parallel. Using this
approach the cells were grown in sodium arsenite containing
medium for either 5 or 15 passages. Given the relatively short
cell cycle time of TM3 cells (≈18 h), the cells isolated for
analysis had been exposed for a total of 33 and 100 generations
respectively. Control cultures grown in arsenic free medium
(treated with vehicle, sterile deionised water) were used as
passage-matched controls.

DNA extraction. Genomic DNAs were isolated from arsenic-
treated and control (treated with vehicle) groups of TM3 cells
following the methods as described previously by us (23).
The DNA and RNA were quantified spectrophotometrically
and purity as well as integrity was checked by ethidium
bromide staining after resolving on 1.0% agarose gel.

RAPD-PCR. RAPD-PCR was performed on DNA from
arsenic-treated and untreated control group of TM3 cells
using a previously described method (23). An aliquot of 2 μg
DNA was incubated at 37˚C separately with methylation
sensitive restriction enzyme, MSPI, and methylation insensitive
restriction enzyme HPAII. After overnight incubation for
complete digestion of DNA, the restriction enzyme was heat-
denatured by incubation at 70˚C for 10 min. The digested DNA
samples were then diluted to 20 ng/μl for RAPD analysis.
Briefly, the PCR amplifications were performed in 25 μl of
reaction mixture containing 2.5 μl of 10X enzyme assay buffer,
100 μM each of dATP, dCTP, dGTP and dTTP, 100 nM of
random (10-bp) primer, 1.5 mM MgCl2, 1.5 U of AmpliTaq
DNA polymerase (Stoffel fragment) and 75 ng of either un-
digested or restriction enzyme-digested DNA as template.
The amplification was performed in a Perkin-Elmer Cetus
DNA thermal cycler programmed for 45 cycles as follows:
1st cycle of 3.5 min at 92˚C, 1 min at 34˚C, 2 min at 72˚C,
plus 44 cycles of 1 min at 92˚C, 1 min at 34˚C, 2 min at
72˚C, followed by a final extension cycle of 15 min at 72˚C.
Amplified products were resolved on a 1.5% agarose gel and
visualized by ethidium-bromide staining. Each experiment
was repeated three to four times.

Results

Seventeen random 10-mer primers were used in RAPD-PCR
fingerprinting to analyze the arsenic-induced genomic
instability in TM3 cells. Fifteen out of a total seventeen primers
used produced reproducible and scorable amplification finger-
prints. Nine of the fifteen primers produced similar RAPD
fingerprints from controls and arsenic-treated TM3 cells of
both short as well as chronic treatment groups, rendering it
uninformative in revealing alterations in DNA from arsenic-
treated cells. The remaining six primers detected changes in
RAPD profiles of the arsenic-treated samples compared with
untreated controls. The sequence of these six primers, total
number of amplification products generated by these individual
primers, variable fragments and their sizes in the fingerprints
of arsenic-treated samples and untreated controls are described
in Table I and representative RAPD fingerprints are shown in
Figs. 1-6. Among these six primers, three (OPC11, OPC17,
OPK14) detected mutations only, whereas one primer (OPC20)
detected methylation changes only. The remaining two
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(OPC03, OPC07) detected both mutations as well as methyl-
ation changes. Together, these six primers revealed 48.7%
(19/39, from undigested DNA) RAPD loci associated with
arsenic-induced mutations and 78.26% (18/23, from MspI and
HpaII digested DNA) RAPD loci associated with arsenic-
induced methylation changes. The detail descriptions of the
loci showing arsenic-induced changes are as follows:

Loci without mutation or methylation changes (i.e. similar in
control and arsenic-treated samples). Representative photo-

graphs of monomorphic (similar loci) RAPD-PCR finger-
prints generated by primer OPC15 from arsenic-treated samples
and their controls are shown in Fig. 1. Nine of the fifteen
primers produced similar RAPD fingerprints from controls
and arsenic-treated TM3 cells of short (Fig. 1 upper panel) as
well as chronic (Fig. 1, lower panel) treatment groups.
Although the loci amplified with these nine primers were not
informative in revealing arsenic-induced genetic alterations,
loci without mutation/methylation changes indicate that RAPD-
PCR can detect not only genetically altered regions but
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Table I. Summary of the gains, losses and intensity changes of RAPD-amplified loci in the fingerprints from DNA of arsenic-
treated samples and their controls.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Undigested DNA MspI digested DNA HpaII digested DNA

–––––––––––––––––––––––– –––––––––––––––––––––––– ––––––––––––––––––––––––
Primer (5'➝3') Duration T/V 1 ng 100 ng 1 μg T/V 1 ng 100 ng 1 μg T/V 1 ng 100 ng 1 μg
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
OPC07 S +1300 +1300

(ATTCTGGTTT) 8/8 -1200 -1200 6/6 4/4

+1000 780-I 780-I 780+I 780-I 780-I

+900 +700 +750 750-I -750 -750

+700 +750 +500 +500 +500 +510

+500 -450 -500

-300 -400

C +1100 +890 +1100 +900 +1000 +1000

6/6 -780 6/6 780+I 780+I 780+I 8/8 +900

-750 780+I +750

-650 -650 +610 +590 +610 -610 610+I

+550 +550

+500 +500+I 500-I 500-I -500 -500

-300 -300 -300

OPC03 C - - +1500 +1500 +1500 - - -

(GGGGGTCTTT) 3/1 3/2 3/1

890-I 890-I 890-I

OPC20 C 6/0 6/1 3/1 +1100 +1100

(ACTTCGCCAC) 600+I 600+I 600+I

OPC17 C 5/1 +1100 +1100 +1100

(TTCCCCCCAG)

OPC11 C 4/2 +1000 +1000 +1000

(AAAGCTGCGG) 700+I 700+I 700+I

OPK14 C 7/1 -480 -480 -480

(CCCGCTACAC)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aFragment sizes of the amplification products are given in base pairs (bp). S, samples treated with arsenic for short term (5 passage); C, samples
with chronic treatment (15 passage) of arsenic; T, total number of amplification products; V, number of variable products; -Ireduction in
intensity; +Iincrease in the intensity.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

253-260  6/12/06  20:18  Page 255



also genomic regions that have not been affected by arsenic
treatment. The simultaneous amplification of both the affected
regions and unaffected regions of the genome validates the
sensitivity and reliability of RAPD-PCR fingerprinting.

Loci susceptible to arsenic-induced mutation. Comparison of
fingerprints generated from the undigested DNA of arsenic-
treated samples with their control revealed some loci showing
changes indicating arsenic-induced mutations. The loci

showing changes, their size and the doses (1 ng/ml, 100 ng/ml,
and 1 μg/ml) as well as duration of arsenic treatments (33 or
100 generations) with which it was detected are summarized in
Table I. These mutational changes resulted in either complete
loss or gain of the loci, or changes in the intensity of the loci.
For example, irrespective of the doses (1 ng/ml, 100 ng/ml,
1 μg/ml) of arsenic used for treatment, a gain of 1100 bp
RAPD amplified locus with primer OPC17, and loss of 480 bp
locus with primer OPK14 was observed in the fingerprints of
chronic arsenic-treated samples as compared to their controls
(Fig. 2, Table I). Similarly, the gain of 1000 bp locus and
gain in the intensity of 700 bp locus with primer OPC11 was
observed in fingerprints of DNA from all the three (1 ng/ml,
100 ng/ml, 1 μg/ml) arsenic-treated groups as compared to
their control (Fig. 3). In contrast to these changes that were
common in all the arsenic-treated groups, some changes in
the form of either loss/gain or intensity difference of loci
were unique to or shared with particular treated group(s). For
example, gain of 1300 bp locus in the fingerprints of short-
treatment group (Fig. 4, left panel, lanes 2 and 3) and loss of
650 bp locus in the fingerprints of chronic-treatment group
(Fig. 4, left panel, lanes 2 and 3) with primer OPC07 was
observed in 1 ng and 100 ng/ml but not in 1 μg/ml arsenic-
treated samples as compared to the control. The dose-specific
alterations in the RAPD loci were gains of 700 bp in 1 ng/ml
(Fig. 4, left panel, lane 2); 1000 bp and 750 bp in 100 ng/ml
(Fig. 4, left panel, lane 3); 900 bp and 500 bp in 1 μg/ml
(Fig. 4, left panel, lane 4) of short-term arsenic-treated groups.
Similarly, gains of 890 bp in 100 ng/ml (Fig. 4, right panel,
lane 3); 1100 bp in 1 μg/ml (Fig. 4, right panel, lane 4); and
loss of 780 bp and 750 bp in 100 ng/ml (Fig. 4, right panel,
lane 3) of chronic arsenic-treated groups were dose-specific
altered loci in the fingerprints generated by primer OPC07
(Table I). The loss of intensity of 890 bp amplified fragment
with primer OPC03 was observed only in the fingerprint of
100 ng arsenic-treated sample (Fig. 3, right panel, lane 3).
Interestingly, the loss in the intensity of this amplified locus
was also detected in fingerprints generated with primer OPC03
from 100 ng/ml arsenic-treated samples DNA digested with
MspI and HpaII (Fig. 5, left panel, lanes 3 and 7), indicating
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Figure 1. Representative RAPD profiles from DNA (undigested as well as
restriction enzyme MspI and HpaII digested) of mouse testicular Leydig
cells showing similar DNA fingerprint patterns between arsenic-treated cells
(1 ng/ml, 100 ng/ml, 1 μg/ml) and their control (treated with vehicle). Upper
panel, RAPD profile from shorter treatment (5 passage) batch of cells; lower
panel, RAPD profile from chronic treatment (15 passage) batch of cells. Primer
(OPC15) used for both, upper and lower panels is given at the bottom of
fingerprint.

Figure 2. Representative RAPD fingerprints showing arsenic-induced mutational changes as revealed by loss/gain of amplification products from DNA of arsenic-
treated (1 ng/ml, 100 ng/ml, 1 μg/ml) cells and their corresponding control. Primers used (OPC17, OPK14) are indicated at the bottom of each fingerprint. The
loss/gain of RAPD loci in the fingerprints from arsenic-treated cells are indicated by arrow heads and their sizes (in base pairs, bp) are also shown.
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Figure 3. Representative RAPD fingerprints showing arsenic-induced mutational changes as revealed by loss/gain and intensity differences of amplification
products from DNA of arsenic-treated (1 ng/ml, 100 ng/ml, 1 μg/ml) cells and their corresponding control. Primers used (OPC03, OPC11) are indicated at the
bottom of each fingerprint. The loss/gain of RAPD loci in the fingerprints from arsenic-treated cells are indicated by arrow heads and their sizes (in base pairs,
bp) are also shown.

Figure 5. RAPD fingerprints showing arsenic-induced methylation changes as revealed by loss/gain and intensity differences of amplification products from DNA
of arsenic-treated (1 ng/ml, 100 ng/ml, 1 μg/ml) cells and their corresponding control. Primers used (OPC03, OPC20) are indicated at the bottom of each fingerprint.
The loss/gain of RAPD loci in the fingerprints from arsenic-treated cells are indicated by arrow heads and their sizes (in base pairs, bp) are also shown.

Figure 4. RAPD fingerprints showing arsenic-induced mutational changes as revealed by loss/gain and intensity differences of amplification products from DNA
of arsenic-treated (1 ng/ml, 100 ng/ml, 1 μg/ml) cells and their corresponding control. RAPD fingerprints were generated by primer OPC07 from DNA of cells of
shorter arsenic treatement and their control (left panel) as well as from DNA of cells of chronic arsenic treatment and their control (right panel). The loss/gain and
intensity differences of RAPD loci in the fingerprints from arsenic-treated cells are indicated by arrow heads and their sizes (in base pairs, bp) are also shown.
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that this genomic region has no site for these restriction
enzymes (Table I).

Loci susceptible to arsenic-induced methylation changes.
Restriction enzymes MspI and HpaII are isosizomers that
recognizes same sequence (CCGG) but differ in methylation
sensitivity. If the CG base is methylated, it can be cut by MspI
but not by HpaII. Any effect of arsenic on the DNA methyl-
ation will change enzyme restriction pattern of template DNA.
Thus, comparison of RAPD-PCR fingerprint generated with
these two enzymes digested DNA as template will ultimately
reflect the methylation changes in arsenic-treated group as
compared to their untreated control. We used this strategy to
detect the arsenic-induced methylation changes in the genome.

Out of 23 amplification products (loci) generated by 3
primers (OPC03, OPC07, OPC20), 18 loci (78.26%) were
observed to be variable in the fingerprints generated from
MspI and HpaII digested DNA of arsenic-treated samples
as compared to the controls (Table I). Out of these 18 loci
associated with arsenic-induced methylation changes, 4 loci
(700, 510, 450 and 400 bp with primer OPC07, Fig. 6, left
panel; Table I) were observed exclusively with shorter
treatment of arsenic and 5 loci (1000, 900, 610, 590, 550 and
300 bp with primer OPC07, Fig. 6, right panel; Table I) were
observed exclusively with chronic exposure (100 generations)
of arsenic. Both qualitative (loss/gain of loci) and quantitative
(loss or gain of intensity of loci) changes were observed in the
MspI and HpaII digested DNA from arsenic-treated samples
as compared to their controls. For example, a gain of 1500 bp
amplified locus with primer OPC03 (Fig. 5, left panel, lanes
2-8) was observed in the fingerprint generated from MSPI
digested DNA of arsenic-treated sample as compared to its
control. Similarly, the gain of intensity of 600 bp amplified
locus with primer OPC20 (Fig. 5, right panel, lanes 2-4) was
observed in the fingerprint of MSPI digested DNA of arsenic-
treated sample as compared to the control. These loci were
present with the same intensity in fingerprints of HpaII digested

arsenic-treated samples as well as in their control. Thus, the
gain of 1500 bp locus with primer OPC03, and the gain in the
intensity of 600 bp locus with primer OPC20 in the arsenic-
treated samples as compared to their control indicates the
arsenic-induced hypomethylation of these loci. The absence
of 1500 bp locus in the fingerprint of MspI digested DNA from
control indicates that this site is methylated, thus recognized
and cut by MSPI, and hence this locus did not get amplified
in the fingerprint. Presence of this locus in the fingerprint of
HpaII digested DNA from control indicates that HpaII did
not make any cut in this locus because this site is methylated,
and hence this locus was intact and got amplified in the finger-
print. The presence of this locus in the fingerprints of arsenic-
treated samples indicates that arsenic-induced hypomethyl-
ation in this region to the extent that MspI could no longer
cut this site and hence this locus was intact and available for
amplification. This explanation also holds true for the gain of
intensity of 600 bp amplified locus with primer OPC20 in
MspI digested arsenic-treated samples (Fig. 5, right panel).
The gain of intensity of 780 bp amplified locus with primer
OPC07 in MspI digested DNA from chronic arsenic-treated
samples as compared to its control also indicates the arsenic-
induced hypomethylation of this site (Fig. 6, right panel).
Interestingly, a dose-dependent decrease of this locus was
observed in the fingerprint generated from MspI digested
samples of short-duration arsenic-treated groups (Fig. 6, left
panel).

Loci susceptible to both, arsenic-induced mutations and
methylation changes. We also observed some loci that revealed
changes between arsenic-treated groups (1 ng/ml, 100 ng/ml,
1 μg/ml) as compared to their control. For example, gain of
700 bp amplification product with primer OPC07 was observed
only in the 1 ng/ml arsenic-treated group from undigested
DNA (Fig. 4, left panel, lane 2) as well as MspI digested
DNA (Fig. 6, left panel, lane 2) as compared to their controls
and this locus was absent in HpaII digested DNA (Fig. 6, right
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Figure 6. RAPD fingerprints showing arsenic-induced mutational as well as methylation changes as revealed by loss/gain and intensity differences of
amplification products from DNA of arsenic-treated (1 ng/ml, 100 ng/ml, 1 μg/ml) cells and their corresponding controls. RAPD fingerprints were generated
by primer OPC07 from DNA of cells of shorter arsenic treatment and their control (left panel) as well as from DNA of cells of chronic arsenic treatment and
their control (right panel). The loss/gain and intensity differences of RAPD loci in the fingerprints from arsenic-treated cells are indicated by arrow heads and
their sizes (in base pairs, bp) are also shown.

253-260  6/12/06  20:18  Page 258



panel). Presence of this locus in the 1 ng/ml arsenic-treated
sample as compared to its control can be explained by the
mutation in this locus. Additionally, the presence of this
locus in MspI digest and its absence in HpaII digest can be
explained by the hypomethylation at the priming site of this
locus. Arsenic-induced hypomethylation has resulted into
HpaII mediated cut at priming site and loss of priming and
ultimately no amplification of this locus.

Similarly, the presence of 610 bp amplified locus in the
fingerprint generated with primer OPC07 from HpaII digested
DNA of control (Fig. 6, right panel, lane 5) and its absence
in fingerprint of MspI digested DNA of control (Fig. 6, right
panel, lane 1) from chronic treated batch of cells indicate
endogenous methylation of this site. Presence of this locus in
the fingerprint generated from MspI digested DNA of 1 ng/ml
arsenic-treated samples (Fig. 6, right panel, lane 2) indicate
arsenic-induced hypomethylation of this site. However, the
presence of a smaller than 610 bp locus in the remaining
arsenic-treated samples, ~600 bp in 100 ng/ml (Fig. 6, right
panel, lane 3), and ~580 bp in 1 μg/ml (Fig. 6, right panel,
lane 4) indicates that in addition to methylation, mutational
changes has also taken place in this locus.

Discussion

This is the first comprehensive analysis of mutational as well
as methylation changes at genome-wide level in any arsenic-
exposed mammalian cells. In this study, we report direct
molecular evidence for arsenic-induced mutations as well as
methylation changes in the mouse testicular Leydig cell
genome. These genetic and epigenetic changes were
observed in low as well as high doses of arsenic and also with
short as well as chronic exposure (33 and 100 generations
respectively) of cells to arsenic.

Arsenic exposure has been shown to induce DNA hypo-
methylation in human prostate epithelial cells (8) and mouse
liver tissue (11). Arsenic-induced DNA hypermethylation of
the promoters of tumor suppressor genes RASSF1A and
PRSS3 and its association with human bladder cancer patients
has also been suggested (12). Our finding of changes in
amplified loci in the fingerprint of MspI/HpaII digested DNA
from arsenic-treated samples as compared to their control
further supports the potential of arsenic to induce both hypo-
as well as hyper-methylation in the genome. Moreover, hypo-
methylation changes induced by lower dose of arsenic at
relatively shorter exposure time, as observed in this study is a
significant finding.

Previous studies with Drosophila as well as with bacterial
and mammalian cell mutation assays have shown that arsenic
alone fails to behave as a point mutagen and thus it was
classified largely as an epigenetic carcinogen (24-26).
However, in another recent study, evidence was reported on
the chromosomal aberrations in bone marrow cells of arsenic
exposed rats (13). These observations provide no information
about specific DNA sequence or gene loci that have
undergone mutational changes. Despite these large numbers
of studies, the direct evidence at DNA sequence level for the
arsenic-induced mutations is lacking. Our study revealed
46% of the total loci amplified (18 out 39 loci) that were
altered in the fingerprints generated from undigested DNA of

arsenic-treated cells compared to their control cells. This
higher number of loci showing changes in the finger-prints as
detected by primers used in this study including primer
OPC07 even in relatively shorter treatment duration and
lower dose (1 ng/ml) of arsenic indicates that arsenic is a
potent mutagen. Additionally, this is the first comprehensive
study that has not only provided strong evidence at the DNA
level for the mutagenic potential of arsenic but has also
identified the affected loci. Further characterization of these
affected loci would be helpful in understanding the genetic
mechanism of arsenic-induced carcinogenesis.

The technical limitation could explain why many previous
studies failed to detect arsenic-induced mutation despite its
strong mutagenic potential. Most of the earlier studies for
mutational analysis of arsenic-treated samples were designed
to screen mutation in a particular gene or genomic region(s).
Since mutation is a random phenomenon, its targets can not
be predicted. Thus, any study designed to limit mutation
screening in a particular gene or genomic region may not detect
mutations that may be present in other than that particular
genomic region. In this context, RAPD-PCR is a better
approach since it is not biased to any particular gene/genomic
region and hence mutation can be screened at genome-wide
level. This has been proved practically in this study as well
as in our previous study showing strong mutagenic potential
of diethylstilbestrol (DES), an estrogenic-chemical that induces
renal tumor in Syrian hamster (21,22).

We observed changes in some loci that were only from
short-term arsenic exposed cells but not in long-term arsenic
exposed cells. We also observed the reversal of some changes,
such as, increase in the intensity of loci in short-term exposure
and decrease in the intensity of same loci in long-term
exposure. These transient genetic changes in short-term
exposed cells or the reversal of genetic changes between
short-term vs. long-term exposed cells can be associated with
the increase tolerance and adaptation of cells over time. Our
argument is supported by a previous report showing that
long-term exposure to low doses of arsenite resulted in
increased tolerance of acute arsenic exposure (27).

In summary, our results demonstrate that not only the
long-term but relatively short-term exposure to low doses of
arsenic can cause both genetic (mutations) as well as epi-
genetic (methylation) changes. Further characterization of the
loci susceptible to arsenic-induced genetic and epigenetic
changes as identified in this study would help to understand the
genetic pathway involved in arsenic-induced carcinogenesis. 
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