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Abstract
Epidemiological studies have associated arsenic exposure with many types of human cancers.
Arsenic has also been shown to act as a co-carcinogen even at low concentrations. However, the
precise mechanism of its co-carcinogenic action is unknown. Recent studies indicate that arsenic can
interfere with DNA repair processes. Poly (ADP-ribose) polymerase (PARP)-1 is a zinc-finger DNA
repair protein, which can promptly sense DNA strand breaks and initiate DNA repair pathways. In
the present study, we tested the hypothesis that low concentrations of arsenic could inhibit PAPR-1
activity and so exacerbate levels of ultraviolet radiation (UVR)-induced DNA strand breaks. HaCat
cells were treated with arsenite and/or UVR, and then DNA strand breaks were assessed by comet
assay. Low concentrations of arsenite (≤2 μM) alone did not induce significant DNA strand breaks,
but greatly enhanced the DNA strand breaks induced by UVR. Further studies showed that 2 μM
arsenite effectively inhibited PARP-1 activity. Zinc supplementation of arsenite-treated cells restored
PARP-1 activity and significantly diminished the exacerbating effect of arsenite on UVR-induced
DNA strand breaks. Importantly, neither arsenite treatment, nor zinc supplementation changed UVR-
triggered reactive oxygen species (ROS) formation, suggesting their effects upon UVR-induced
DNA strand breaks is not through a direct free radical mechanism. Combination treatments of arsenite
with PARP-1 inhibitor 3-aminobenzamide or PARP-1 siRNA demonstrate that PARP-1 is the target
of arsenite. Together, these findings show that arsenite at low concentration exacerbates UVR-
induced DNA strand breaks by inhibiting PARP-1 activity, which may represent an important
mechanism underlying the co-carcinogenicity of arsenic.
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Introduction
Arsenic is a toxic metalloid, which is a naturally-occurring element found in water, soil, and
air. High concentrations of arsenic in drinking water are found both within the United States
(in the western and southwestern states and in Alaska), and in India, Mexico, Chile, Bangladesh
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and China (Kitchin, 2001; Huang et al., 2004; Hughes et al., 2007). Epidemiological studies
have associated arsenic exposure not only with non-carcinogenic effects, but also many human
cancers, including skin, lung, bladder, kidney and liver (Tchounwou et al., 2003; (IARC),
2004; Tapio and Grosche, 2006; Wang et al., 2007). An important mechanism of arsenic
toxicity is the induction of DNA damage, a process involving reactive oxygen species (ROS)
(Kessel et al., 2002; Kitchin and Ahmad, 2003; Shi et al., 2004b; Lantz and Hays, 2006; Valko
et al., 2006). Our previous studies have demonstrated that arsenic can cause DNA damage via
generating hydroxyl radical, superoxide anion, and hydrogen peroxide (Shi et al., 2004a; Ding
et al., 2005). The International Agency for Research On Cancer (IARC) has classified arsenic
as a human carcinogen ((IARC), 2004). U.S. Environmental Protection Agency (EPA) recently
reduced the maximum contaminant level (MCL) standard for arsenic in drinking water from
50 μg/L to 10 μg/L (EPA, 2002). This reduction was because a growing number of laboratory
studies, both in cell cultures and in experimental animals, have demonstrated biologic effects
of arsenic at levels equivalent to or below the new 10 μg/L standard. Such effects, including
endocrine disruption, activation of cell signaling pathways, alterations in cell cycle kinetics
and proliferative response, are involved in carcinogenesis and other disease processes
(Rossman, 2003; Andrew et al., 2006). Moreover, arsenic has been shown to potentiate the
genotoxicity of other mutagen-carcinogens, including ultraviolet radiation (UVR). UV from
sunlight is the most prominent carcinogen in our natural environment and the most important
cause of skin cancers (de Gruijl, 1999; Guzman et al., 2003; Pi et al., 2005). It is estimated
that in the United States 1.3 million new cases of skin cancer are diagnosed annually, making
it by far the most prevalent cancer. Studies have found that low concentrations of arsenic, which
are not mutagenic, can enhance the mutagenicity of UVR (Rossman et al., 2001; Rossman et
al., 2002). Further investigations have attributed the cancer-enhancing effect of arsenic to
decreased DNA repair (Hartwig et al., 1997; Hartwig et al., 2002; Andrew et al., 2006), but
the mechanisms by which arsenic inhibits DNA repair are not clearly understood.

An important role in the regulation of DNA damage repair is played by the members of the
poly (ADP-ribose) polymerase (PARP) family. Whereas 17 different PARP members have
been found so far, PARP-1 activity accounts for about 90% of the total cellular poly(ADP-
ribose) formation (Burkle et al., 2005; Schreiber et al., 2006). PARP-1 functions as a “nick
sensor”. It is constitutively expressed in most tissues, but its activity is stimulated 500-fold by
DNA with single-strand or double-strand breaks (SSBs and DSBs respectively). SSBs are the
most common lesions induced by exogenous genotoxins (Caldecott, 2004). Moreover, SSBs
encountered by a replication fork are most likely converted into DSBs (Strumberg et al.,
2000; Kuzminov, 2001). DSB is one of the most toxic and mutagenic DNA lesions experienced
in human cells: a single DSB can potentially lead to loss of more than 100 million base pairs
of genetic information. Both SSBs and DSBs are closely involved in tumor initiation and
progression (Helleday et al., 2007).

PARP-1 not only directly participates in the DNA repair, but also can affect a number of other
DNA-repair and DNA-damage checkpoint proteins. When DNA is damaged (by ionizing
radiation, alkylating agents, or oxidants), activated PARP-1 immediately transfers numerous
ADP-ribosyl moieties from NAD+ to itself and other nuclear proteins. These include DNA
methyltransferase 1, p53, p21, XPA, MSH6, DNA ligase III, XRCC1, DNA polymerase-ε,
DNA-PKcs, Ku70, NF-κB, and telomerase, thus regulating DNA repair (Pleschke et al.,
2000; Rossman et al., 2004). Hartwig, et al, found that very low concentrations (0.01-1 μM)
of arsenic suppress PARP-1 activity induced by hydrogen peroxide in Hela S3 cells (Hartwig
et al., 2003b). Our previous unpublished data has shown that 2 μM arsenic greatly inhibited
PARP-1 activity induced by UVR in HaCat cells. At such a low concentration, arsenic itself
did not induce significant oxidative DNA damage, which, could only be detected above
background levels after exposure to concentrations of 10 μM or higher (Ding et al., 2005).
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In the present study, we hypothesized that arsenic, at low concentration, exacerbates UVR-
mediated DNA strand breaks by interfering with PAPR-1 activity. We found that 2 μM arsenite
itself did not induce significant DNA strand breaks, but it greatly increased the DNA strand
breaks induced by UVR. More importantly, we manipulated PARP-1 activity by using zinc,
the PARP-1 inhibitor 3-aminobenzamide (3-AB), and PARP-1 siRNA: this demonstrated that
arsenite exacerbated overall DNA strand breaks induced by UVR through inhibiting PARP-1
activity.

Materials and methods
Cell culture and treatments

The human keratinocyte cell line (HaCat) was generously provided by Dr. Mitch Denning
(Loyola University Medical Center, Maywood, IL). HaCat cells were cultured in Dulbecco's
Modified Eagle's Medium F:12 HAM (DMEM/F:12), supplemented with 10% newborn calf
serum from Life Technologies/Gibco, four-fold final concentration of MEM amino acids, 2
mM L-glutamine and antibiotics (penicillin, 100 U/ml and streptomycin, 100 μg/ml) (Ding et
al., 2005). The cells were cultured at 37 °C in 95% air/5% CO2 humidified incubator. When
HaCat cells reached 60-70% confluence in 6-well plate, cells were placed into serum-free
DMEM/F12 medium overnight prior to treatments. Sodium arsenite (As), zinc chloride (Zn)
and 3-AB solutions were sterilized by passing through a 0.22 μm syringe filter. The working
concentrations were diluted with serum-free DMEM/F12 medium. For all experiments
involving incubation with arsenic and/or zinc (or 3-AB), HaCat cells were rinsed with PBS
and placed into serum-free DMEM/F12 medium containing concentrations of arsenic and/or
zinc (or 3-AB) as indicated in the figure legends. Serum-free conditions were used to eliminate
potential effects of serum on the arsenite-stimulated responses. After 24 hours incubation, the
medium was removed and the cells were rinsed three times with PBS. Then the cells were
covered with a thin layer of PBS (0.5ml/well of 6-well plate) and placed on ice during UVR
exposure. Cells were exposed to 1 J/cm2 solar-simulated light using an Oriel 1600 W Watt
Solar Ultraviolet Simulator (Oriel Corp., Stratford, CT). This solar simulator produces a high
intensity UVR beam in both the UVA (320-400 nm) and UVB (280-320nm) spectrum. After
UVR exposure, PBS was removed and replaced with serum-free medium. Cells were incubated
for another 6 hours before collected for further experimental procedures.

Comet assay
Cells grown in cell-culture plates were detached with 0.25% trypsin-EDTA and harvested by
centrifugation. Cells were resuspended at 1 × 105 cells/ml in ice cold PBS (Ca++ and Mg++

free). Then the cells (1×105ml) were combined with molten LMAgarose (Trevigen,
Gaithersburg, MD) (at 37 °C) at a ratio of 1: 10 (v/v), and 40 μl of the mixture was immediately
pipetted onto each well of a CometSlide™ (20 well slide) (Trevigen). The slides were placed
at 4 °C in the dark in refrigerator for 30 min. A 0.5 mm clear ring appears at edge area of each
well. The slides were immersed in prechilled Lysis Solution (Trevigen) and left at 4 °C in a
refrigerator for 50 min. Then the slides were immersed in freshly prepared Alkaline Solution
(300 mM NaOH and 1 mM EDTA, pH>13) and left at room temperature in the dark for 30
min. The slides were transferred to a horizontal electrophoresis apparatus. They were placed
flat on a gel tray and aligned equidistant from the electrodes. The Alkaline Solution was
carefully poured until the solution level just covered samples. The voltage was set to about 1
Volt/cm and buffer was added or removed until the current was approximately 300 mA and
electrophoresis was performed for 35 min. The slides were rinsed by dipping several times in
distilled H2O and then immersed in 70% ethanol for 5 min and then air dried. 50 μl of diluted
SYBR Green I (1:10 000 SYBR Green in TE buffer) was placed onto each circle of dried
agarose. Then the slides were viewed by an Olympus BH2-RFCA fluorescence microscope
(Olympus, Melville, NY) (SYBR Green I's maximum excitation and emission are respectively
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494nm/521nm). Images were taken by Omegafire digital camera with MagnaFire 2.1 software
(Optronix, Goleta, CA) and analyzed using the Comet Assay Software Project (CASP). The
results were presented as the mean comet-tail moment. The comet-tail moment is defined as
the product of the fraction of cellular DNA in the comet tail and the tail length. A higher comet-
tail moment value represents a greater number of cellular DNA strand breaks (Lockett et al.,
2006; Ueno et al., 2007). 50 cells on each slide and at least three slides in each group were
analyzed.

Detection of cellular poly (ADP-ribosyl)ation level
The level of poly (ADP-ribosyl)ation (PAR) was detected in HaCat cells according to Hartwig
(Hartwig et al., 2003b) with some modifications. Coverslips with cells were rinsed with ice-
cold PBS and fixed in ice-cold 10% trichloroacetic acid (TCA) for 20 min followed by
successive 10 min washing in 75%, 90%, and 100% ethanol (−20 °C). Then the coverslips
were air-dried, rehydrated in PBS and incubated in blocking reagent (1% BSA in PBS) at 37
°C for 1 hr. The coverslips were then incubated with mouse monoclonal antibody raised against
poly(ADP-ribose) (Axxora, LLC. San Diego, CA) (diluted to 10 μg/ml in blocking reagent) in
a humid chamber at 37 °C for 1 hr. The secondary, FITC-conjugated anti-mouse antibody
(Chemicon, Temecula, CA) (diluted 1:200 in blocking reagent) was applied and the samples
were incubated in a dark humid chamber at 37 °C for 1 hr. Then the coverslips were mounted
on microscope slides using Vectashield mounting medium containing 2 μg/ml DAPI (Vector
Labs, Burlingame, CA) to visualize nuclei. Images were obtained using an Olympus BH2-
RFCA fluorescence microscope and Omegafire digital camera with MagnaFire 2.1 software.

Measurement of reactive oxygen species
Intracellular ROS production was assessed using dihydroethedium (DHE, Molecular Probes,
Carlsbad, CA) as previously (Cooper et al., 2007). HaCat cells were cultured on plastic
coverslips (NUNC, Rochester, NY) in 24-well plates. When the cells reached 70% confluence,
they were incubated with arsenic (2 μM) and/or zinc (2 μM) for 24 hrs. Cells were exposed to
1 J/cm2 UV. 30 min after exposure, DHE (5 μM) was added as a fluorescent indicator of ROS
and incubated for another 30 min in cell culture incubator. Then coverslips were washed three
times with PBS, fixed with 4% paraformaldehyde, and mounted to glass slides with Vecta-
Shield (Vector Labs). Images were collected with an Olympus IX70 fluorescence microscope
fitted with an Olympus America camera and MagnaFire2.1 software. Relative fluorescence
intensity was quantified by measuring pixel intensity along a line drawn through the center of
a cluster cells using Metamorph software (version 6.3r6). A minimum of 3 independent samples
were analyzed per treatment. The upper 95% of each measurement was pooled and averaged
and the resulting data analyzed for significance.

PARP-1 knockdown by transfection of PARP-1 siRNA
Transfection of siRNA was performed according to the procedure described by Liu (Liu et
al., 2006). Briefly, SMARTpool siRNA specific for human PARP-1 sequence (GenBank
accession number: NM_001618) was obtained from Dharmacon Research, Inc. (Lafayette,
CO). SiGLO RISC-Free siRNA (Dharmacon) was used as a control siRNA. HaCaT cells were
seeded at a density of 2 × 105 cells/well in 6-well plate the day before transfection in DMEM/
F12 containing 10% FBS without antibiotics. Transfection of siRNAs was carried out using
DharmaFECT transfection reagent (Dharmacon). DharmaFECT reagent was diluted 1:50 in
serum free DMEM/F12 and incubated at room temperature for 5 min. In parallel, 2 μM siRNA
in 1×siRNA buffer (Dharmacon) was diluted 1:1 in serum-free DMEM/F12. The two mixtures
were combined and incubated for 20 min at room temperature prior to addition to cells with a
final siRNA concentration of 100 nM. After 24 hrs, the medium was replaced with a complete
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growth medium. After another 48 hrs, cells were treated with arsenic and/or UVR, as indicated
in the figure legends. Specific silencing was confirmed by Western Blot analysis.

Western Blot analysis of PARP-1 knockdown
Cells in 6-well plate were washed twice with ice-cold PBS and harvested. 50 μl Chaps Cell
Extract Buffer (Cell Signaling, Danvers, MA) supplemented with complete proteinase inhibitor
cocktail was added and then samples were lysed on ice for 30 min. After being frozen and
thawed three times, the extracts were clarified by centrifugation at 14,000 g for 15 min at 4 °
C. Protein concentrations were determined by the Coomassie Plus Protein assay (Pierce,
Rockford, IL). Cell lysate (30 μg of protein) was resolved in an 8% SDS-polyacrylamide gel
and transferred onto nitrocellulose membrane (Bio-Rad, Hercules, CA), and incubated for 1
hr in TBST (10 mM Tris, pH 8.0, 150 mM NaCl and 0.1% Tween 20) containing 5% non-fat
milk at room temperature. The membrane was then incubated with the rabbit polyclonal anti-
PARP-1 antibody (1:500, Santa Cruz, CA) overnight at 4 °C. After washing with TBST, the
membrane was incubated for 1 hr with horseradish peroxidase conjugated secondary antibody
(1:1000, Cell Signaling, Danvers, MA), and signal was detected using the SuperSignal West
Pico chemiluminescent kit (Pierce) on a Kodak Image Station 4000MM following the
manufacturer's instructions. To control sample loading and protein transfer, the membrane was
stripped and re-probed to detect β-actin (1:1000, Santa Cruz). The intensities were quantified
by KODAK Molecular Imaging Software version 4.0. The PARP-1 protein levels were
normalized to β-actin as compared with the untreated control (set to 1).

Data analysis
Data were presented as means ± S.D. Statistical analysis was performed using ANOVA and
Student's t-test. A value of P < 0.05 was considered statistically significant.

Results
Low concentration of arsenite increases DNA strand breaks induced by UVR

UVR is the most prominent and ubiquitous physical carcinogen in our natural environment
(de Gruijl, 1999). UVR can induce many kinds of DNA damage, such as 8-OHdG, SSBs, DSBs,
base loss, cyclobutane-pyrimidine dimers (CDPs) and pyrimidine-pyrimidone (6-4)
photoproducts ((6-4)-PP). The comet assay is a sensitive and rapid method for detection of
both SSBs and DSBs in individual cells (Fairbairn et al., 1995). In the present study, the total
DNA strand breaks (TSBs =SSBs+DSBs) were detected by alkaline comet assay. As shown
in Figure 1, DNA strand breaks produced by arsenite treatment alone were detectable after
exposure to 10 μM or higher concentrations of arsenite, but not at 3 μM or lower concentrations.
In contrast, UVR alone greatly increased DNA strand breaks. Most noticeably, pre-incubation
of HaCat cells with arsenite concentrations as low as 1 μM increased UVR-induced TSB in a
dose-dependent manner (Figure 1B and 1C). These results suggest that arsenite itself, at high
concentrations (10 μM or higher), induces DNA strand breaks in HaCat cells. More
importantly, arsenite exacerbates UVR-induced DNA strand breaks at much lower
concentration, i.e., 1 μM under our experimental conditions.

Low concentration of arsenite inhibits PARP-1 activity induced by UVR
PARP-1 is activated by DNA strand breaks and is directly involved in their repair (Miwa and
Masutani, 2007). Our data above (Figure 1) confirmed the production of DNA strand breaks
induced by UVR. We next determined whether low concentrations of arsenite could inhibit
UVR-induced PARP-1 activation. Activated PARP-1 consumes NAD+ and produces PAR.
Therefore, PARP-1 activity can be measured by detecting the level of PAR (Kupper et al.,
1990; Hartwig et al., 2003b). As shown in Figure 2, the control (untreated) cells did not show
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any visible PARP-1 activity. After the cells were treated with UVR, PARP-1 was activated
and the fluorescence intensity was strong (Figure 2, UVR). Pre-incubating the cells with 2
μM arsenite effectively abolished UVR-stimulated fluorescent PAR production, suggesting
that arsenite inhibited the activity of PARP-1 (Figure 2, As+UVR). PARP-1 is a protein with
two zinc finger domains that are essential for DNA binding (Ikejima et al., 1990). Literature
reports suggest that arsenite could replace the zinc in the zinc finger (Hartwig et al., 2003a;
Kitchin and Wallace, 2005). We therefore speculated that arsenite may interfere the zinc finger
domains of PARP-1 by replacing zinc. If this is the case, zinc supplementation might be able
to reverse the process, resulting in the revival of PARP-1 activity. To test this possibility, we
co-incubated cells with 2 μM arsenite and 2 μM zinc before UVR exposure. Indeed, zinc
supplementation partially restored PARP-1 activity (Figure 2, As+Zn+UVR). These results
demonstrate that arsenite at low concentration (2 μM)can effectively inhibit UVR-stimulated
PARP-1 activity through interfering with the function of its zinc finger domains. It is important
to note that PARP-1 activity was not detectable in the arsenic alone treated cells, even with
zinc supplementation (Figure 2, As+Zn). The most plausible explanation is that 2 μM arsenic
did not cause significant DNA strand breaks, so PARP-1 activity was below the detection limit.

Protection of zinc against arsenite-exacerbated DNA strand breaks induced by UVR
Our results in Figure 2 showed that arsenite inhibition of PARP-1 activity could be reversed
by zinc. We next examined whether the protection of PARP-1 activity by zinc is functional in
terms of DNA strand break repair. The cells were co-treated with arsenite and/or zinc before
UVR. DNA strand breaks were determined by comet assay. As shown in Figure 3, 2 μM arsenite
and/or 2 μM zinc did not induce DNA strand breaks, whereas UVR alone did. Pre-treating cells
with 2 μM arsenite significantly exacerbated the UVR-induced DNA strand break level.
Consistent with its protective effect on PARP-1 activity, zinc supplementation effectively
prevented the exacerbating effect of arsenite on UVR-induced DNA strand breaks. These
results suggest that inhibition of PARP-1 by arsenite may be an important mechanism
underlying its exacerbating effect on UVR-induced DNA strand breaks.

The effects of arsenite or zinc on UVR-induced DNA strand breaks is not through altering
ROS generation

Zinc has been reported to possess antioxidant properties (Powell, 2000; Rostan et al., 2002),
while arsenite is well-known oxidative stressor (Valko et al., 2005; Lantz and Hays, 2006).
There is therefore a possibility that they affect UVR-induced DNA strand breaks directly by
altering ROS generation, providing an alternative explanation for our observed results in Figure
1 and 3. DHE staining was used to measure cellular ROS generation. As shown in Figure 4A,
there was no significant increase of ROS in the cells treated with 2 μM arsenite and/or zinc,
whereas UVR greatly increased ROS generation. However, pre-treatment with arsenite and/or
zinc did not cause any significant difference in the UVR-induced ROS generation.
Fluorescence intensity was quantified using Metamorph software, and the quantitative
fluorescence intensities were shown in Figure 4B. These results demonstrated that arsenite or
zinc did not affect UVR-induced ROS generation. Thus, the increased DNA strand breaks by
arsenite (Figure 1) or the decreased DNA strand breaks by zinc (Figure 3) were not due to
increased ROS production.

PARP-1 inhibitor 3-AB or PARP-1 siRNA exacerbates UVR-induced DNA strand breaks
Findings from the above experiments suggest that arsenite can inhibit the activity of PARP-1,
which leads to decreased repair of DNA strand break, ultimately resulting in an increase in the
observed DNA strand break level. In order to further verify this hypothesis PARP-1 activity
was modulated by the inhibitor 3-AB or PARP-1 siRNA. PARP-1 siRNA decreased the protein
level by nearly 88% (Figure 5A), demonstrating efficient knockdown. Pre-treatment of 3-AB
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or PARP-1 siRNA greatly increased UVR-induced DNA strand break formation, confirming
PARP-1 is involved in the repair of DNA strand breaks (Figure 5B and 5C). Moreover, 3-AB
or PARP-1 siRNA did not cause any further increase of UVR-induced DNA strand breaks in
the presence of 2 μM arsenite (Figure 5B and 5C). These results suggest that arsenite, 3-AB,
and PARP-1 siRNA were acting on the same target, PARP-1 protein.

Discussion
Arsenic has been well documented to stimulate ROS generation in many cell types at high
concentrations (Kessel et al., 2002; Kitchin and Ahmad, 2003). Oxidative DNA damage by
arsenite-derived ROS has long been considered as one of the most important mechanisms
underlying arsenic carcinogenicity (Kessel et al., 2002; Shi et al., 2004b; Valko et al., 2006).
However, most human exposure does not involve high levels, but rather are to low
concentrations of arsenic. Accumulating evidence indicates that even a low concentration of
arsenic is closely associated with carcinogenesis, by acting as a co-carcinogen or co-promoter
(Rossman et al., 2002; Rossman et al., 2004; Salnikow and Zhitkovich, 2008). For example,
recent studies showed that oral arsenic greatly enhances the incidence and progression of skin
malignancies induced by UVR (Germolec et al., 1998; Rossman et al., 2001; Pi et al., 2005).
In the present study, using the human keratinocyte HaCat cell line, treatment with arsenite
alone did not produce significant amount of DNA strand breaks at arsenite concentrations of
3 μM or less. It is only when treated with arsenite at concentrations of 10 μM or more that the
DNA strand breaks became detectable (Figure 1C). Even then, the total amount of DNA strand
breaks, as measured by the tail moment of the comet assay, was much less than that induced
by UVR (Figure 1C). In contrast, at low concentration of 1μM, arsenite significantly increased
the DNA strand breaks induced by UVR, even though 1μM arsenite did not induce detectable
DNA strand breaks (Figure 1). Thus a much lower concentration of arsenite is needed to
enhance UVR-induced DNA strand breaks than to produce similar damage alone. These
findings imply that arsenite is a much more effective co-carcinogen to UVR (and perhaps other
oxidants as well) than a carcinogen by itself.

Although the precise mechanism underlying the co-carcinogenicity of arsenic remains
unknown, many studies suggest that arsenic may interfere with DNA repair processes. Hartwig
et al found that low concentration (2.5 μM) of arsenite reduced the efficiency of nucleotide
excision repair, and incision frequency after UVR exposure (Hartwig et al., 1997). Andrew et
al found arsenite exposure is associated with decreased DNA repair by inhibiting excision
repair cross-complement 1 (ERCC1) (Andrew et al., 2003; Andrew et al., 2006). PARP-1 is
the earliest DNA repair protein activated by DNA strand breaks and initiates repair pathways.
Previous studies have found that arsenite could inhibit PARP-1 activity (Yager and Wiencke,
1997; Hartwig et al., 2003b). In the present study, PARP-1 was activated by UVR. This
activation could be effectively inhibited by low concentration arsenite (2 μM) (Figure 2).
PARP-1 is a highly important zinc-finger DNA repair protein. This enzyme possesses two zinc
fingers within its DNA-binding domain through which it binds tightly to DNA SSBs or DSBs,
arising either as primary DNA damage or as DNA repair intermediates. Zinc finger motifs are
protein domains containing typically 30-40 amino acid residues, whose structures are
maintained by coordination of Zn(II) ions to side chain donors of histidine and/or cysteine
residues in a tetrahedral geometry (Papworth et al., 2006; Witkiewicz-Kucharczyk and Bal,
2006). Zinc fingers in DNA repair proteins are suggested as sensitive intracellular target of
arsenite (Hartwig, 2001; Hartwig et al., 2003a). The proposed modes of zinc finger damage
by toxic metals include isostructural substitution, substitution with altered geometry, mixed
complex formation, and catalysis of thiol oxidation (Virag, 2005). So we reasoned that zinc
supplementation might be able to reverse the process, resulting in the restoration of PARP-1
activity. As expected, zinc treatment partially recovered PARP-1 activity (Figure 2), suggesting
that arsenite may interfere with the zinc finger motifs of the PARP-1 and thus inhibit its activity.
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As zinc could retrieve the arsenite-inhibited PARP-1 activity, it is reasonable to deduce that
zinc supplementation has protection on arsenite-exacerbated DNA strand breaks induced by
UVR. This hypothesis was confirmed by the effective protection of zinc on arsenite-
exacerbated DNA strand breaks by UVR (Figure 3), suggesting that inhibited PARP-1 activity
by low concentration arsenite contributed to the exacerbated DNA strand breaks.

Zinc possesses antioxidant properties (Powell, 2000; Rostan et al., 2002), while arsenite is a
well-known oxidative stressor (Valko et al., 2005; Lantz and Hays, 2006). It was therefore
possible that arsenic or zinc may affect UVR-induced DNA strand breaks by altering ROS
generation. Our finding that low concentration of arsenite or zinc supplementation did not
change UVR-induced ROS generation rules out this possibility. To further confirm the
important role of PARP-1 in repairing UVR-induced DNA strand breaks, we tested the effects
of PARP-1 inhibitor 3-AB and PARP-1 siRNA on DNA strand break formation. Our results
clearly showed that inhibition of PARP-1 by 3-AB or siRNA greatly increased the DNA strand
breaks induced by UVR. The finding that 3-AB or PARP-1 siRNA did not further increase
UVR-induced DNA strand breaks in the presence of 2 μM arsenite indirectly supports that
PARP-1 is an important target of arsenite, as 2 μM arsenite had already inhibited UVR-
triggered PARP-1 activation.

In conclusion, the results presented demonstrate that arsenite at low concentrations could
greatly exacerbate UVR-induced DNA strand breaks through inhibiting PARP-1 mediated
DNA repairing process. This may represent an important mechanism underlying the co-
carcinogenicity of arsenic.
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Fig. 1.
DNA strand breaks induced by different concentrations of arsenite with or without UVR. (A)
(B). HaCat cells were incubated with different concentrations of arsenite (0.1, 0.3, 1, 3, 10, 30
μM) for 24 hrs. Then the indicated groups were exposed to UVR (1J/cm2). The DNA strand
breaks were measured by comet assay 6 hrs after UVR. Images were obtained using an
Olympus BH2-RFCA fluorescence microscope and Omegafire digital camera with MagnaFire
2.1 software. Scale bar = 200 μm. (C). The results from (A) and (B) were quantified by
measuring the comet-tail moment using CASP software. The experiment was repeated at least
3 times. Data were presented as means. ± S.D. * p<0.05 vs Control, # p<0.05 vs UVR.
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Fig. 2.
Effect of arsenite and/or zinc on PARP-1 activity induced by UVR. HaCat cells were incubated
with 2 μM arsenite with or without 2 μM zinc for 24 hrs before UVR (1J/cm2). The PARP-1
activity was detected by measuring the production of PAR using immunofluorescence. Images
were obtained using an Olympus BH2-RFCA fluorescence microscope and Omegafire digital
camera with MagnaFire 2.1 software. Scale bar = 100 μm.
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Fig. 3.
Effect of zinc on arsenite-exacerbated DNA strand breaks induced by UVR. (A). HaCat cells
were incubated with 2 μM arsenite with or without 2 μM zinc for 24 hrs before UVR (1J/
cm2). DNA strand breaks were measured by comet assay 6 hrs after UVR. Images were
obtained using an Olympus BH2-RFCA fluorescence microscope and Omegafire digital
camera with MagnaFire 2.1 software. Scale bar = 200 μm. (B). The above images were
quantified by measuring the comet-tail moment using CASP software. The experiment was
repeated at least 3 times. Data were presented as means ± S.D. * p<0.05 vs Control, # p<0.05
vs As+UVR.
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Fig. 4.
Effect of arsenite or zinc on the generation of ROS induced by UVR. (A). HaCat cells were
incubated with 2 μM arsenite and/or 2 μM zinc for 24 hrs before UVR (1J/cm2). DHE (5 μM)
was added as a fluorescent indicator of ROS 30 min after UVR and incubated for another 30
min. Images were obtained using an Olympus BH2-RFCA fluorescence microscope and
Omegafire digital camera with MagnaFire 2.1 software. Scale bar = 100 μm. (B). Relative
fluorescence intensity was quantified using Metamorph software. The experiment was repeated
at least 3 times. The relative level of ROS were presented as means ± S.D. * p<0.05 vs Control.
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Fig. 5.
Effect of PARP-1 inhibition on the arsenite-exacerbated DNA strand breaks induced by UVR.
(A). Effect of PARP-1 siRNA on PARP-1 protein level. HaCat cells were incubated with
PARP-1 siRNA or control siRNA for 24 hrs. Then the medium was replaced with complete
growth medium. After another 48 hrs, the cells were collected to measuring the PARP-1 protein
by Western-Blot. The experiment was repeated at least 3 times. Data were presented as means
± S.D. * p<0.05 vs control group. (B). Effect of PARP-1 inhibitor (3-AB) on the arsenite-
exacerbated DNA strand breaks induced by UVR. HaCat cells were incubated with 2 μM
arsenite and/or 2 mM 3-AB for 24 hrs before UVR (1J/cm2). DNA strand breaks were measured
by comet assay 6 hrs after UVR. The experiment was repeated at least 3 times. The results
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were quantified by measuring the comet-tail moment using CASP software. Data were
presented as means ± S.D. * p<0.05 vs UVR. (C). Effect of PARP-1 siRNA on the arsenite-
exacerbated DNA strand breaks induced by UVR. After PARP-1 was knockdowned by siRNA
described as (A), the cells were incubated with 2 μM arsenite for 24 hrs before UVR (1J/
cm2). DNA strand breaks were measured by comet assay 6 hrs after UVR. The experiment was
repeated at least 3 times. The results were quantified by measuring the comet-tail moment using
CASP software. Data were presented as means ± S.D. * p<0.05 vs UVR, # p<0.05 vs As+UVR.
Scale bar = 200 μm.
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