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Long term low-dose arsenic exposure induces loss of DNA methylation
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Abstract

Arsenic ranks as the number one toxic environmental contaminant. In humans, arsenic exposure is associated with various forms of
cancer, cardiovascular and skin diseases, neuropathies of the central nervous system, and genotoxic and immunotoxic effects. Although a
well recognized human carcinogen, arsenic itself is not a potent mutagen and has been thought to act through epigenetic mechanisms that
modify DNA methylation patterns, perhaps in conjunction with DNA-damaging agents. To develop preliminary support for a more
thorough examination of this hypothesis, we have measured the effect of submicromolar and low-micromolar concentrations of arsenite
on the methylation status of DNA and the biochemical reactions that regulate it. We find that arsenic causes the depletion of S-aden-
osylmethionine, the main cellular methyl donor, and represses the expression of the DNA methyltransferase genes DNMT1 and
DNMT3A. Possibly as a consequence of these two complementary mechanisms, long-term exposure to arsenic results in DNA
hypomethylation.
� 2006 Elsevier Inc. All rights reserved.
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Arsenic, a metalloid released from both natural and
anthropogenic sources, ranks as the number one toxic
agent in the ATSDR Priority List of Hazardous Sub-
stances [1]. Chronic low-dose arsenic exposure in humans
is epidemiologically associated with an increased risk of
epithelial cancers of the skin, bladder, liver, kidney, pros-
tate, and lung and with cardiovascular and skin diseases,
neuropathies of the central nervous system, and genotoxic
and immunotoxic effects [2,3]. Arsenic also induces
tumors of the liver, lung, ovaries, and adrenal glands in
adult mice exposed in utero [3,4]. To date, the mechanism
of arsenic-mediated carcinogenesis remains a subject of
debate, with several lines of evidence supporting causes
such as perturbation of signaling cascades, oxidative
stress, and chromosomal aberrations [5]. Although a
known carcinogen, arsenic is not a potent mutagen by
itself, but it can act as a co-mutagen with DNA-damaging
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agents. For this reason, elucidation of the mechanism of
arsenic-induced carcinogenesis has remained difficult.
The lack of any prominent signal transduction mechanism
or satisfactory animal model has led to the extensively
held belief that arsenic is an epigenetic carcinogen; howev-
er, direct evidence for this contention is scarce. We and
others have observed widespread disruption of transcrip-
tional activity following arsenic exposure [6], with exten-
sive changes in global gene expression, suggesting that
diverse regulatory mechanisms of gene expression might
be affected by arsenic exposure. Arsenic has been impli-
cated in the disruption of cellular methylation reactions,
particularly cytosine methylation at CpG islands [7],
which might explain the extensive gene expression changes
resulting from exposure, perhaps as a consequence of epi-
genetic remodeling of chromatin structure. Here, we pres-
ent results that support the hypothesis that competition
with cellular processes for methyl donors and repression
of DNA methyltransferases are two effects of arsenic
exposure that lead to a significant reduction in genomic
DNA methylation.

mailto:Alvaro.Puga@UC.EDU


J.F. Reichard et al. / Biochemical and Biophysical Research Communications 352 (2007) 188–192 189
Materials and methods

Cells and chemical treatments. Human HaCaT keratinocytes [8] were
grown in medium 199, which contains very low levels of folic acid, sup-
plemented with 10% fetal bovine serum, and 1% antibiotics (Antibiotic
Antimycotic Solution, Sigma–Aldrich Co.). Cells were incubated at 37 �C
with 5% CO2 and grown to 80–90% confluence before treatment. Aqueous
solutions of NaAsO2 (hereafter referred to as arsenite) (Sigma) were
prepared as 1000· stocks. Cultures were treated with arsenite or control
vehicle at the concentrations indicated in each individual experiment.

Quantification of total cellular SAM and SAH content. For the deter-
mination of S-adenosylmethionine (SAM) and S-adenosylhomocysteine
(SAH) cells were treated with 25 lM arsenite for 1 h and 24 h and har-
vested in 0.4 M perchloric acid/PBS. SAM and SAH were separated from
other cellular constituents by HPLC using a Gemini� C18 250 · 3 mm
(Phenomenex) column and a mobile phase gradient starting at 84% mobile
phase A (8 mM Na octanesulfonic acid/50 mM NaH2PO4/5% MeOH/pH
3.0) and 16% mobile phase B (5% buffer A/95% MeOH). At a flow rate of
1 ml/min the initial ratio of mobile phase A:B was maintained for 5 min
followed by an increase in mobile phase B to 39% over 30 s that was
maintained for 15 min. Concentrations of eluted SAM and SAH were
determined using their absorbance at 254 nm in comparison to known
standards. SAM concentrations were normalized to input cell numbers.

Quantification of methyl-dCMP content. To measure genomic cytosine
methylation, HaCaT cells were cultured for 10 serial passages in medium
199 containing 0.2 lM arsenite while control cells were similarly grown for
10 passages in medium in the absence of arsenite. At each passage, 1 · 106

cells were replated in a 15-cm plate and the total number of cells collected
per passage was recorded. For a positive demethylation control, cells were
grown for one passage in medium containing 1 lM 5-deoxyazacytidine.
The content of DNA methyl-dCMP was measured as described by others
[9]. Briefly, cells were harvested in TNE lysis buffer (20 mM Tris–HCl, pH
7.5, 10 mM EDTA, and 0.3 M NaCl) and lysed by the addition SDS to a
final concentration of 0.5% (w/v). After proteinase K digestion, total
genomic DNA was obtained by phenol extraction and isopropanol pre-
cipitation. Contaminating RNA was removed by incubation with RNase
A (100 lg/ml) and RNAse T1 (2000 U/ml) for 2 h at 37 �C. After a second
phenol extraction and DNA precipitation, recovered DNA was resus-
pended in 200 ll deoxyribonuclease I (DNase I) digestion buffer (10 mM
Tris–HCl, pH 7.2, 0.1 mM EDTA, and 4 mM MgCl2) and DNA was
hydrolyzed with 10 U/100 ll DNase I for 14 h at 37 �C. DNA was further
digested by incubating samples for 7 h at 37 �C in the presence of 50 lg/ml
nuclease P1, 2 volumes of 30 mM sodium acetate (pH 5.2) and 1 mM zinc
sulfate. Proteins were removed and DNA bases were recovered by a final
chloroform:isoamyl alcohol (24:1) extraction and ethanol precipitation.
Recovered DNA was resuspended in 100 ll ddH2O. Hydrolized DNA was
analyzed for methyl-dCMP content by isocratic reverse-phase HPLC
separation of individual deoxyribonucleotide monophosphates after
dilution to 0.5 lg/ll for separation using a Gemini� C18 250 · 3 mm
(Phenomenex) column with a mobile phase consisting of 50 mM ammo-
nium orthophosphate, pH 4.1 at a flow rate of 1 ml/min. Individual
dNMPs were detected at 278 nm and their peak height was normalized to
the dAMP peak area (loading control). Amount of methyl-CMP present
in each sample was expressed relative to the total dCMP present (methyl-
dCMP + dCMP) and expressed relative to the untreated control levels.

RNA isolation and real-time RT-PCR. Total RNA was extracted using
NucleoSpin RNA II columns (Macherey-Nagel) according to the manu-
facturer’s instructions. cDNA was synthesized by reverse transcription of
1 lg total RNA in a total volume of 20 ll containing 1· reverse trans-
criptase buffer (Invitrogen), 25 lg/ml oligo(dT)12–18 (Invitrogen), 0.5 mM
dNTP mix (GeneChoice), 10 mM dithiothreitol (Invitrogen), 20 U of
RNase inhibitor (RNasin�, Promega), and 100 U of SuperScript� II
reverse transcriptase (Invitrogen). Samples were denatured and annealed
to the (dT)12–18 deoxyribonucleotide primer for 10 min at 70 �C, and
reverse-transcribed for 1 h at 42 �C. Before amplification, the reverse
transcriptase was inactivated by heating to 70 �C for 15 min, and RNA
was hydrolyzed by incubation with 2 U RNase H (Invitrogen) at 37 �C for
20 min. The resulting cDNA products were diluted in a final volume of
200 ll and a 2-ll aliquot was used as template for subsequent quantifi-
cation by real-time PCR amplification. Quantitative real-time PCR was
performed in a 25 ll reaction mixture containing 1· BD QTaq polymerase
reaction mix (BD Biosciences), 1· SybrGreen (Invitrogen) as a marker of
DNA amplification, and 0.1 lM of each primer. Products were amplified
with human DNMT1 primers (forward: 5 0-GCACAAACTGACCTG
CTTCA-30 and reverse: 5 0-GCCTTTTCACCTCCATCAAA-3 0) giving a
product of 213 bp, DNMT3A primers (forward: 5 0-GACAAGAAT
GCCACCAAAGC-3 0 and reverse: 5 0-CGTCTCCGAACCACATGAC-
3 0) giving a product of 190 bp, and HMOX-1 primers (forward: 5 0-CTC
AAACCTCCAAAAGCC-3 0 and reverse: 5 0-TCAAAAACCACCCCAA
CCC-30) giving a product of 220 bp. Amplifications were performed using
an Opticon II thermocycler (MJ Research) where the reaction was heated
to 95 �C for 10 min and immediately cycled 35 times through a denaturing
step at 95 �C, an annealing step at 60 �C and an elongation step at 72 �C
for 30 s each. Cycle threshold (Ct) of each sample was automatically
determined to be the first cycle at which a significant increase in optical
signal above an arbitrary baseline was detected. Amplification of b-actin
cDNA in the same samples was used as an internal control for all PCR
amplification reactions. Relative mRNA expression was quantified using
the comparative Ct (DCt) method and expressed as 2�DDCt. Each assay was
done in triplicate and presented as the mean ± SD.

Results

Arsenic depletes cellular SAM concentrations

The cytotoxicity of arsenic is largely dependent on its
oxidation state and methylation status. In many species,
particularly humans, trivalent inorganic arsenic is metabo-
lized intracellularly in a series of alternating oxidative-
methylation and reduction steps, yielding a number of
intermediate mono- and di-methylated products [6,7]. In
both animal and cell culture model systems, arsenic is bio-
transformed by the transfer of a labile methyl moiety from
SAM to arsenite and monomethylarsenite, yielding
monomethyl- and dimethyl-arsenate, respectively. Envi-
ronmental factors that interfere with the synthesis of
SAM, such as folic acid deficiency, have a profound effect
on cellular SAM concentrations. Conversely, environmen-
tal agents that utilize SAM, such as arsenic, can decrease
SAM concentrations while simultaneously raising SAH
concentrations, producing a net reduction in the
SAM:SAH ratio. Thus, metabolism of arsenic has the
capacity to deplete cells of SAM under conditions where
arsenic availability is unlimited and SAM is utilized at a
rate that exceeds its synthesis, such as during restricted
folate availability.

To investigate the effect of arsenic treatment on the
SAM:SAH ratio, HaCaT keratinocytes were cultured in
Medium 199, which contains 1/400th the folic acid concen-
tration of other cell culture media and can be considered as
being folic acid-depleted, and were treated with 25 lM
sodium arsenite for 24 h. After exposure, SAM and SAH
concentrations were measured using high pressure liquid
chromatography. Arsenite treatment reduced cellular
SAM levels relative to SAH levels, resulting in a 30%
reduction in the SAM/SAH ratio (Fig. 1). This change
was due to a drop in SAM concentration since there was



Fig. 1. Depletion of SAM by arsenic treatment. Asynchronous HaCaT
cell cultures were treated with 25 lM arsenite and harvested at the
indicated time as described in Materials and methods. SAM and SAH
concentrations were determined by HPLC and concentrations determined
relative to known standards using their absorbance at 254 nM. Ratios are
expressed relative to corresponding untreated controls.

Fig. 2. Genomic dCMP methylation. HaCaT cells were cultured with
0.2 lM arsenic for 10 passages or cultured in the presence of 5-
azadeoxycytidine for 1 passage. Levels of genomic 5-methyl-dCMP were
calculated as the fraction of total dCMP (5me-dCMP)/(5me-
dCMP + dCMP) and expressed relative to untreated control levels. The
asterisk denotes significant differences from control (p < 0.05) by one-way
ANOVA.
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no noticeable increase in SAH concentration. These results
support our argument that short-term exposure to arsenite
can deplete SAM, which in turn may have further conse-
quences on the methylation of DNA.

Long-term exposure to arsenite causes genomic DNA

hypomethylation

SAM is a cofactor universally required for cellular meth-
ylation reactions including DNA and histone methylation.
As a consequence, extensive SAM depletion by arsenic
metabolism could impose cofactor limitations on the activ-
ities of other cellular methyltransferase catalyzed reactions,
including DNA and histone methyltransferases, and cause
global cytosine hypomethylation, leading to epigenetic
modification of gene expression. DNA is methylated pre-
dominatly at CpG dinucleotides and, although the precise
patterns of DNA methylation are tissue-specific and can
vary substantially throughout development [9], adult
human somatic cells contain roughly 0.8% of all DNA
bases as 5-methylcytosine, or about 4% of all genomic cyto-
sines. Hence, since global DNA hypomethylation may be
an immediate consequence of SAM reduction, we mea-
sured the effects of arsenic on genomic methylation.
HaCaT cells were cultured for 10 serial passages in medium
199 containing 0.2 lM arsenite, a concentration corre-
sponding to the limit of safe levels in drinking water [1]
and the levels of 5-methyl-dCMP were determined after
enzymatic hydrolysis of their DNA. Genomic methylation
was significantly decreased by this prolonged arsenic expo-
sure, which resulted in a 27% decrease in the level of 5-
methyl-dCMP compared with cells cultured for the same
number of passages in medium without arsenite (Fig. 2).
This change corresponds to a loss of approximately
6 · 106 methylcytosine residues, sufficient to include all
the CpG islands in the human genome—with an average
of 200 CpG dinucleotides per gene. By comparison, the
potent pharmacologic methylation inhibitor 5-azade-
oxycytidine decreased the level of 5-methylcytosine by
38% in one cell doubling (Fig. 2). The concentration of
arsenic producing this level of hypomethylation had little
effect on the proliferation rate of the HaCaT cells, which
grew for the same number of divisions and with a similar
overall growth rate as the untreated controls. In addition,
this arsenite concentration caused little induction of heme
oxygenase 1, a sensitive marker of arsenic exposure (see
Fig. 3).

Arsenite represses DNMT1 and DNMT3A mRNA

expression

The DNA methyltransferase (DNMT) family of
enzymes catalyzes the transfer of a methyl group to the
5 0 position of cytosine using SAM as the methyl donor.
In mammals, DNA methylation is catalyzed by four
DNA methyltransferases, DNMT1, DNMT2, DNMT3A,
and DNMT3B; all of which have differing activities, sub-
strate specificities, and capacities for maintenance and de
novo methylation [10,11]. Broadly, DNMT1 is localized
to replication foci and is the methyltransferase predomi-
nantly responsible for methylating the newly synthesized
DNA strand after replication, while the DNMT3 family
appears to be predominantly associated with establishing
de novo methylation patterns during embryogenesis.
DNMT1 is the major methyltransferase activity in S-phase
cells carrying the majority of de novo methylation activity
in embryo lysates. To investigate whether the reduction
in DNA methylation observed after long-term arsenite
exposure could be due to repression of the DNMT genes,
we measured the levels of DNMT mRNA after a 72-h
exposure of HaCaT cells to various concentrations of arse-
nite. Expression of either DNMT2 or DNMT3B mRNAs
was undetectable in these cells, but both DNMT1 and
DNMT3A mRNAs were detected at high levels in asyn-
chronous exponentially growing cells and both were down
regulated by the low-micromolar concentrations of arsenite



Fig. 3. Arsenic represses DNMT expression in asynchronous HaCaT
cells. (A) Relative expression of DNMT1 and DNMT3A (upper panel)
and HO-1 (lower panel) in exponentially growing HaCaT cells treated
with the indicated concentration of arsenic for 72 h. (B) Relative
expression of DNMT1 following 5 lM arsenite for the indicated period
of time. Gene expression was measured by real-time PCR and expression
level calculated relative to b-actin expression. Values are presented relative
to untreated control mRNA levels for each gene. Significant differences
from control are denoted by *p < 0.05 and #p < 0.01, by one-way
ANOVA.
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that gave rise to a strong induction of HMOX-1 mRNA
(Fig. 3A). A time course of DNMT1 repression demon-
strated that the full extent of down-regulation was estab-
lished by 16 h following arsenic treatment (Fig. 3B).
These data suggest that decreased expression of the DNMT

genes during repeated cycles of cell replication may be
responsible for the hypomethylation caused by arsenite.
Discussion

We show that treatment of human HaCaT keratinocytes
with arsenite causes a decrease in the SAM:SAH ratio due
to SAM depletion, most likely as a result of competing
arsenite methylation reactions. Concomitantly, arsenite
represses expression of the DNA methyltransferase genes
DNMT1 and DNMT3A, coding for methyltransferase iso-
forms responsible for methylation of newly synthesized
DNA during S-phase and embryonic development, respec-
tively. One apparent consequence of these arsenite effects is
the accumulation of globally hypomethylated DNA
observed after several cell passages in the continued pres-
ence of low arsenite concentrations.

It is likely that arsenic regulates DNMT expression by
interfering with the RB/E2F transcriptional axis. Expres-
sion of DNMT1 is regulated by E2F/DP1 and is S-phase
specific, as needed to methylate the newly synthesized
DNA [12]. Increased basal and cell cycle-specific DNMT1

expression has been reported in RB-null prostate epithelial
cells in association with DNA hypermethylation and tran-
scriptional silencing of gene promoter elements [13]. A
likely explanation for this observation is that, in the
absence of RB, active repression of E2F/DP1-dependent
transcription does not take place, leading to the up-regula-
tion of DNMT1. Conversely, along with repression of
other cell cycle proteins, inactivation of E2F would
down-regulate DNMT1 expression. Arsenic has been
shown to induce RB hypophosphorylation [12], the key
event in the inactivation of RB as a repressor. Hence, it
is likely that, through Rb hypophosphorylation, arsenic
inhibits E2F/DP1 activity and consequently DNMT1

transcription.
Several lines of evidence associate environmental factors

with changes in DNA methylation and epigenetic inheri-
tance. Chronic administration of dietary arsenic produced
genome-wide hypomethylation and protooncogene-specific
hypomethylation in mice [14,15]. Short-term transplacental
arsenic exposure, in the absence of any other treatment,
effectively produced a variety of internal tumors in adult
offspring [3,4]. In these mice, arsenic exposure, at concen-
trations that do not greatly exceed those measured in
the drinking water consumed by human populations,
caused tumors of the liver, lungs, ovaries, and adrenal
glands. The relationship between maternal exposure and
cancer development in adult offspring clearly suggests the
possibility of an epigenetic mode of transmission. Hypome-
thylation of DNA is thought to be an early epigenetic
mechanism that coincides with malignant transformation
and a mechanism that transmits inappropriate gene expres-
sion patterns transgenerationally. Given the central role of
DNMT in maintaining chromatin structure, we conclude
that exposure to physiologically relevant concentrations
of arsenic mediates hypomethylation of chromatin by
two complementary mechanisms: (1) competition for meth-
yl donors and inhibition of DNA methyltransferase reac-
tions that utilize SAM as a cofactor; and (2) repression
of DNMT1 and DNMT3A gene expression.
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