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Arsenic enhances skin tumor formation when combined with
other carcinogens, including UV radiation (UVR). In this study
we report that low micromolar concentrations of arsenite syn-
ergistically increases UVR-induced oxidative DNA damage in
human keratinocytes as detected by 8-hydroxyl-2�-deoxygua-
nine (8-OHdG) formation. Poly(ADP-ribose) polymerase-1
(PARP-1) is involved in base excision repair, a process that
repairs 8-OHdG lesions. Arsenite suppresses UVR-induced
PARP-1 activation in a concentration-dependentmanner. Inhi-
bition of PARP-1 activity by 3-aminobenzamide or small inter-
fering RNA silencing of PARP-1 expression significantly
increases UVR-induced 8-OHdG formation, suggesting that
inhibition of PARP-1 activity by arsenite contributes to oxida-
tive DNA damage. PARP-1 is a zinc finger protein, and mass
spectrometry analysis reveals that arsenite can occupy a syn-
thetic apopeptide representing the first zinc finger of PARP-1
(PARPzf). When the PARPzf peptide is preincubated with
Zn(II) followed by incubation with increasing concentrations of
arsenite, the ZnPARPzf signal is decreased while the AsPARPzf
signal intensity is increased as a function of arsenite dose, sug-
gesting a competition between zinc and arsenite for the same
binding site. Addition of Zn(II) abolished arsenite enhancement
of UVR-stimulated 8-OHdG generation and restored PARP-1
activity. Our findings demonstrate that arsenite inhibits oxida-
tive DNAdamage repair and suggest that interaction of arsenite
with the PARP-1 zinc finger domain contributes to the inhibi-
tion of PARP-1 activity by arsenite. Arsenite inhibition of poly-
(ADP-ribosyl)ation is one likelymechanism for the reported co-
carcinogenic activities of arsenic in UVR-induced skin
carcinogenesis.

Arsenic is a naturally occurring element that is present in
food, soil, and water (1, 2). Environmental or occupational
exposures to arsenic are associatedwith both acute and chronic
toxic effects in humans, including increased incidence of skin,

lung, liver, and urinary tract cancers (3). Although human epi-
demiological data link inorganic arsenic in drinking water with
an elevated risk of non-melanoma skin cancer (4), arsenic as a
sole agent is not an effective skin carcinogen in animal models
(5). However, arsenite enhances tumor development in animals
pretreated with other carcinogens (6), chronically stimulated
by growth factors (7), or co-treated with UV radiation (UVR)2
(8). It has been reported that sodium arsenite concentration as
low as 1.25 mg/liter (10 �M) in drinking water enhances UVR-
induced tumorigenicity inmice (8), but themechanisms under-
lying this observation are not fully understood.
Arsenite exposure generates reactive oxygen species (ROS),

and we have directly demonstrated that the production of O2
. ,

H2O2, and �OH in arsenite-exposed keratinocytes is associated
with DNA damage (9, 10). Similarly UVR, particularly UVA,
generates ROS in the skin also leading to oxidative DNA dam-
age (11). Oxidative stress plays a significant role in UVR-in-
duced skin carcinogenesis (12), and excessive ROS generation
causes a range of DNA damages, including DNA strand breaks
(13), DNA-protein cross-links (14), deletion mutations (15),
and 8-hydroxyl-2�-deoxyguanine (8-OHdG) (16). 8-OHdG is a
biomarker of oxidative stress and the major mutagenic form of
oxidativeDNAdamage (17). 8-OHdG lesions can lead toG:C to
T:A transversionmutations (18, 19), and oxidativeDNA lesions
are detected in many human tumors, including human squa-
mous cell carcinoma (reviewed in Ref. 18).
The major pathway eliminating DNA base damage and helix

distortions is excision repair, subdivided into nucleotide exci-
sion repair and base excision repair (20). Oxidized bases,
apurinic/apyrimidinic sites, and DNA single strand breaks
induced by ROS are repaired predominantly by the base exci-
sion repair pathway (17). There is evidence that diverse DNA
repair systems, including base excision repair and nucleotide
excision repair are inhibited by low, non-cytotoxic concentra-
tions of carcinogenic metals such as Ni(II), Co(II), Cd(II), and
As(III) (reviewed by Hartwig et al. (21)). Arsenite (AsIII) inhib-
its the activities of several DNAdamage repair proteins, includ-
ing poly(ADP-ribose) polymerase-1 (PARP-1), formamidopy-
rimidine-DNA glycosylase, and xeroderma pigmentosum
group A protein (XPA), each containing a zinc finger DNA
binding domain (22–24). Sub-micromolar concentrations of
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arsenite reduced PARP-1 activity in mammalian cells (24), and
trivalent arsenicals released zinc from the zinc finger domain of
human XPA protein (25). These findings suggest that DNA
repair proteins with functional zinc fingermotifs hold potential
as targets for inhibition by arsenic.
In the current study, we report that environmentally relevant

concentrations of arsenite interfere with repair of UVR-in-
duced oxidative DNA damage. Arsenite concentrations that do
not detectably increase 8-OHdG lesions enhanceUVR-induced
oxidative DNA damage. We find that (i) PARP-1 activation by
UVR is diminished by 200 nM arsenite, (ii) UVR-induced
8-OHdG formation in DNA is enhanced in the presence of a
PARP-1 inhibitor or PARP-1 siRNA, (iii) arsenite interacts with
a synthetic peptide representing the first zinc finger of PARP-1,
and (iv) inclusion of zinc ions (Zn(II)) counteracts arsenite-de-
pendent inhibition of PARP-1 and enhancement of UVR-in-
duced oxidative DNA damage. These data provide evidence
that inhibition of DNA repair processes by arsenite may repre-
sent an underlying mechanism for the reported co-carcino-
genic activities of arsenic and UVR in skin carcinogenesis and
identify PARP-1 as a novel molecular target for arsenite-de-
pendent disruption of DNA repair.

EXPERIMENTAL PROCEDURES

Cell Culture and Treatment—The human keratinocyte cell
line (HaCaT) was generously provided by Dr. Mitch Denning
(LoyolaUniversityMedical Center,Maywood, IL).HaCaT cells
were maintained in Dulbecco’s modified Eagle’s medium/
F-12 Ham’s medium, supplemented with 10% newborn calf
serum from Invitrogen, 4-fold concentration of minimal
essential medium amino acids solution, 2 mM L-glutamine,
and antibiotics (penicillin, 100 units/ml, and streptomycin,
50 �g/ml). The cells were cultured at 37 °C in 95% air/5%
CO2 humidified incubators.

Stock solutions of sodium arsenite and zinc chloride at 10
mMwere prepared in double-distilledwater and sterilized using
a 0.22-�m syringe filter. The working concentration was pre-
pared by diluting the stock with Dulbecco’s modified Eagle’s
medium/F-12 medium containing 0.1% (w/v) bovine serum
albumin. For all experiments involving incubationwith arsenite
and/or zinc, HaCaT cells were rinsed with PBS and placed into
Dulbecco’s modified Eagle’s medium/F-12 medium with 0.1%
bovine serumalbumin containingmetal concentrations as indi-
cated in the figure legends.
UVR Exposure—Cells were treated with arsenite and/or zinc

as described in the figure legends. Cell culture medium was
removed, cells were rinsed three times with PBS, and then cells

FIGURE 1. Effect of arsenite on UVR-induced oxidative DNA damage.
A, HaCaT cells were incubated with the indicated concentrations of arsenite in
serum-free medium for 24 h and then exposed to 8 J/cm2 UV radiation on ice.
8-OHdG was measured by HPLC-EC 120 min after UVR exposure. The experi-

ment was repeated at least three times. Bars represent the mean �S.D.; *, p �
0.05 compared with UVR alone. B, HaCaT cells were incubated with 2 �M

arsenite in serum-free medium for 24 h and then exposed to 8 J/cm2 UV
radiation on ice. 8-OHdG was detected by immunoperoxidase staining (upper
panel) 120 min after UV exposure and quantified using image analysis soft-
ware (lower panel). The arrows illustrate examples of 8-OHdG-positive stain-
ing. C, HaCaT cells were incubated with 2 �M arsenite (As) in serum-free
medium for 24 h and then exposed to 8 J/cm2 UV radiation on ice. After UVR
exposure, cells were rinsed and incubated in serum-free medium for the indi-
cated times with “0” representing cell collection on ice immediately after UVR
exposure. Each experiment was repeated at least three times. Bars represent
the mean �S.D.; *, p � 0.05 compared with UVR alone.
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were covered with a thin layer of PBS and placed on ice in the
dark. Cells were maintained on ice during UVR exposure. Cells
were exposed to 8 J/cm2 solar-simulated light using a 1000-watt
Solar Ultraviolet Simulator (Oriel Corp., Stratford, CT). This
solar simulator produces a high intensityUVRbeam in both the
UVA (320–400 nm) and UVB (280–320 nm) spectra. After
UVR exposure, PBSwas removed and replacedwith serum-free
medium. Cells were returned to incubators until collection for
further experimental procedures.
HPLC-EC Detection of 8-OHdG—DNA extraction and

hydrolysis procedures were performed according to Ding et al.
(10). Briefly, cellular DNAwas extracted using theDNA extrac-
tion kit from Wako Pure Chemical industry (Osaka, Japan).
Following extraction, DNA samples were hydrolyzed and
transferred to a 30,000-Da microfiltration tube, and centri-
fuged for 30 min at 10,000 � g at 4 °C prior to HPLC-EC anal-
ysis. HPLC-EC was performed with a 15-cm � 4.6-mm, 3-�m
LC-18-DB column (Supelco, Bellefonte, PA) with a flow rate of
1.0 ml/min. The mobile phase consisted of methanol/50 mM
KH2PO4 (5:95, v/v). The samples were analyzed by a separate
UV detector ESA Model 520 (Chelmsford, MA) at 260 nm for
dG and an ESAModel 5600 CoulArray linked in series for elec-
trochemical (EC) detection of 8-OHdG. The level of 8-OHdG
in sample DNA was expressed as the number of 8-OHdG per
106 dG.
Immunoperoxidase Staining for 8-OHdG—Immunoperoxi-

dase staining for 8-OHdG was performed as described previ-
ously (26, 27). Briefly, cells were washed twice with PBS and
fixed with methanol at �20 °C for 10 min followed by washing
with PBS. Fixed cells were treated with RNase (100 �g/ml,
Sigma) for 1 h at 37 °C and proteinase K (10 �g/ml, Sigma) for
10 min at room temperature. After rinsing with PBS, DNA was
denatured by treatment with 4 NHCl for 10min followed by pH
adjustment with 50mMTris (pH 10) for 5min at room temper-
ature. Endogenous peroxidase was blocked by treating the cells
with 3% H2O2 in methanol for 30 min at room temperature.
After washing with PBS, the cells were treated with 10% normal
horse serum at 37 °C for 1 h and then incubated with primary
antibody 4E9 (Trevigen, Gaithersburg, MD, 1:50 dilution) at
4 °C overnight followed by goat antimouse IgG conjugated to
biotin (Vector Laboratories, Burlingame, CA) at 37 °C for 30
min. ABC reagent, avidin conjugated to horseradish peroxidase
(Vector Laboratories) was added, and the slides were incubated
for 30 min at 37 °C followed by extensive washing. To localize
peroxidase, cells were treated with diaminobenzidine (Sigma)
for 10 min at room temperature. Finally, slides were washed
with PBS, ethanol, and xylene and mounted using Permount.
Images were obtained using an Olympus BH2-RFCA fluores-
cence microscope (Melville, NY) and Omegafire digital camera
with MagnaFire 2.1 software (Optronix, Goleta, CA). The rela-
tive intensity of nuclear staining of 30–50 randomly selected
cells wasmeasured using the Image-Pro Plus (Media Cybernet-
ics, Inc., Silver Spring, MD) software and expressed as arbitrary
units.

FIGURE 2. Arsenite inhibition of UVR-induced PARP-1 activation. A, HaCaT
cells were exposed to 8 J/cm2 UV radiation on ice, and then rinsed and incubated
with serum-free medium for the indicated times. Subsequently, PARP-1 activity
was detected by in situ immunochemical detection of poly(ADP-ribose). Results
are representative of at least three experiments. B, HaCaT cells were incubated
with the indicated concentrations of arsenite in serum-free medium for 24 h, then
exposed to 8 J/cm2 UV radiation and placed on ice. After UVR exposure, cells were
rinsed and incubated with serum-free medium for 20 min, and PARP-1 activity
was detected as in A. Images were obtained using an Olympus BH2-RFCA fluores-
cence microscope and Omegafire digital camera with MagnaFire 2.1 software
and quantified as described under “Experimental Procedures.” *, p � 0.05 com-
pared to UVR alone. C, HaCaT cells were incubated with the indicated concentra-
tions of arsenite in serum-free medium for 24 h, and then exposed to UVR as
described above. Cells were incubated for 20 min following UVR exposure, and

cell protein extracts were assayed for PARP activity assessed using the HT
Colorimetric PARP/Apoptosis Assay kit (Trevigen, Inc., Gaithersburg, MD)
according to the manufacturer’s instructions. NT � untreated.
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Transfection of siRNADuplexes—Transfection of siRNAwas
performed according to Liu et al. (28). Briefly, SMARTpool
siRNA specific for human PARP-1 sequence (GenBankTM
accession number: NM_001618) was obtained from Dharma-
con Research, Inc. (Lafayette, CO). SiGLO RISK-Free siRNA
(Dharmacon, Lafayette, CO), a fluorescently labeled siRNA,
was used as a control siRNA. HaCaT cells were seeded at a
density of 3 � 105 cells/well in 6-well plates the day before
transfection in Dulbecco’s modified Eagle’s medium/F-12
containing 10% fetal bovine serum without antibiotics.
Transfection of siRNAs was carried out using DharmaFECT
transfection reagent (Dharmacon). DharmaFECT reagent was
diluted 1:50 in serum-free Dulbecco’s modified Eagle’s medi-
um/F-12 and incubated at room temperature for 5 min. In par-
allel, 2�M siRNA in 1� siRNAbuffer (Dharmacon)was diluted
1:1 in serum-free Dulbecco’s modified Eagle’s medium/F-12.
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 h, the medium was replaced
with complete growth medium, and cells were collected at
times as indicated in the figure legends. Specific silencing was
confirmed by immunoblot analysis.
Measurement of PARP-1 Activity—PARP-1 activation forms

protein-conjugated poly(ADP-ribose) (29), so steady-state lev-
els of poly(ADP-ribosyl)ation in intact cells can be detected by
in situ immunofluorescence detection of poly(ADP-ribose)
using a mouse monoclonal antibody (10H) raised against poly-
(ADP-ribose) (30). Cells were grown as monolayers on cover-
slips, treated as indicated in the figure legends, rinsed with ice-
cold PBS, and fixed in ice-cold 10% trichloroacetic acid for 20
min followed by successive 10-min washing in 75%, 90%, and
absolute ethanol (�20 °C). Coverslips were air-dried, rehy-
drated in PBS, and incubated in blocking reagent (1% bovine
serum albumin in PBS) at 37 °C for 1 h. The coverslips were
then incubated with mouse monoclonal antibody (10H) raised
against poly(ADP-ribose) (Axxora, LLC, SanDiego, CA, diluted
to 10 �g/ml) in blocking reagent in a humid chamber at 37 °C
for 1 h, followed by repeated PBS washes. The secondary,
fluorescein isothiocyanate-conjugated anti-mouse antibody
(Chemicon, Temecula, CA, diluted 1:200 in blocking reagent)
was applied, and sampleswere incubated in a humid chamber at
37 °C for 1 h in the dark. Cover slips were mounted on micro-
slides in Vectashield mounting medium containing 2 �g/ml
4�,6-diamidino-2-phenylindole (Vector Laboratories, Burl-
ingame, CA) to visualize nuclei. Images were obtained using an
Olympus BH2-RFCA fluorescence microscope (Melville, NY)
and Omegafire digital camera with MagnaFire 2.1 software
(Optronix). The National Institutes of Health ImageJ program
(rsb.info.nih.gov/ij/) was used for the quantitative analysis of

FIGURE 3. Inhibition of PARP-1 increases UVR-induced oxidative DNA
damage. A, HaCaT cells were incubated with 2 �M arsenite or 3 mM 3-AB in
serum-free medium for 24 h and then exposed to 8 J/cm2 UV radiation on ice.

After UVR exposure, cells were rinsed and incubated with serum-free medium
for 20 min, and PARP-1 activity was detected as described in the legend to Fig.
2A. Results are representative of at least three experiments. B, HaCaT cells
were incubated with 2 mM 3-AB in serum-free medium for 24 h and then
exposed to 8 J/cm2 UV radiation on ice. 8-OHdG was detected by immunoper-
oxidase staining (upper panel) 120 min after UVR exposure and quantified
using image analysis software (lower panel). The experiment was repeated at
least three times. *, p � 0.05 compared with UVR alone. C, same as B, but
8-OHdG was measured by HPLC-EC. Bars represent the mean of three inde-
pendent experiments �S.D.; *, p � 0.05 compared with UVR alone.
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PARP-1 immunofluorescence intensity after adjusting thresh-
old levels to eliminate background staining. Values shown rep-
resent the average of all cells in each of three independent
experiments. As a separate measure of PARP activity, protein
extracts were assayed for PARP activity using the HT Colori-
metric PARP/Apoptosis Assay kit (Trevigen, Inc., Gaithers-
burg, MD) according to the manufacturer’s instructions.
Mass Spectrometry Analysis—The peptide (grasckkcsesipkd-

kvphwyhfscfwkv) derived from the first zinc finger of human
PARP-1 (apoPARPzf) was commercially synthesized by Gen-
emed Synthesis Inc., (San Antonio TX). Lyophilized peptide
was suspended at a concentration of 1mM in 20mMTris buffer,
pH 6.8, containing 1mMdithiothreitol to allow theCys residues
to remain in the reduced state. Stock solutions of metal ions
were prepared at a concentration of 1 M in 20 mM Tris buffer,
pH 6.8. For experimental analysis both metal ions and peptide
were diluted to working concentrations in 20 mM Tris, pH 6.8.
Aliquots of 200 �M apoPARPzf were incubated 20 mM arsenite
(as AsNaO2) alone or for competition studies with 200 mM
Zn(II) (as ZnCl2) for 15 min at 25 °C followed by addition of
arsenite at 4 mM, 10 mM, and 20 mM and further incubation for
15 min at 25 °C. After the total incubation time, the samples
were diluted 200 times in 10 mg/ml �-cyano-4-hydroxycin-
namic acid (Sigma-Aldrich) in a 1:1 (v/v) acetonitrile/water
solution, and 2 �l of each sample was deposited in duplicate on
theMALDI plate, allowed to dry at room temperature and ana-
lyzed bymass spectrometry. MALDI time-of flight (TOF) anal-
yses were performed on a Applied Biosystems 4700 Proteomics
Analyzer (TOF/TOF, Applied Biosystems/MDX Sciex, Foster
City, CA) operating in MS reflector-positive ion mode. The
total acceleration voltagewas 20 kV.Desorptionwas performed
using a Nd:YAG laser (355 nm, 3-ns pulse width, and 200-Hz
repetition rate).Mass spectra were acquiredwith a total of 1000
laser pulses over a mass range of m/z range from 1000 to 4000
Da using a focus mass of 3400 Da. Final mass spectra were the
summation of eight sub-spectra, each acquired with 125 laser
pulses.
Statistical Analysis—Data were analyzed using the Student’s

t test or analysis of variance (ANOVA). Differences between
means were regarded as significant if p � 0.05, and significant
differences are indicated by an asterisk.

RESULTS

Low Concentrations of Arsenite Enhance UVR-induced Oxi-
dative DNADamage inHumanKeratinocytes—UVB (290–320
nm) andUVA (320–400 nm) both act as complete carcinogens
through DNA damage and regulation of tumor-promoting sig-
nal transduction cascades (31). UVA comprises �90% of the
solar UVR at the Earth’s surface, and ROS induced by UVA
exposure leads to oxidative modifications such as hydroxyla-
tion of dG, protein-DNA cross-linking, base loss, and strand
breaks (32), whereas UVB primarily causes direct DNAdamage
(11). Arsenite exposure also leads to ROS generation and oxi-

FIGURE 4. PARP-1 gene silencing increases UVR-induced oxidative DNA
damage. A, cells were transfected with control or PARP-1 siRNA as described
under “Experimental Procedures.” Upper panel: PARP-1 activity was detected
by in situ immunochemical detection of poly (ADP-ribose). Lower panel:
PARP-1 activity was measured in cell extracts as described in the legend to
Fig. 2C. Values shown represent the mean of three independent experiments
�S.D.; *, p � 0.05 compared with UVR alone. B, cells were transfected with
control or PARP-1 siRNA as described under “Experimental Procedures.” Cells
were incubated without or with 2 �M arsenite in serum-free medium for 24 h,
then exposed to 8 J/cm2 UV radiation and placed on ice. 8-OHdG was meas-
ured by immunoperoxidase staining (upper panel) and quantified using

image analysis software (lower panel) 120 min after UVR exposure. Each
experiment was repeated at least three times. Bars represent the mean �S.D.;
*, p � 0.05 compared with UVR alone. No significant differences were
detected between the UVR plus As(III) and UVR plus PARP-1 siRNA groups.
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dative DNA damage (10), so we investigated whether low con-
centrations of arsenite could amplify UVR-induced oxidative
DNA damage as measured by 8-OHdG formation in a human
keratinocyte cell line (HaCaT). Treatment of HaCaT cells with
low concentrations of arsenite (1–3 �M) for 24 h did not
increase 8-OHdG levels above that detected in untreated con-
trol cells (Fig. 1). Exposure of cells to 8 J/cm2 UVR increased
8-OHdG formation 4- to 5-fold as measured by HPLC-EC
detection (Fig. 1,A andC) and immunoperoxidase staining (Fig.
1B). Pretreatment with � 2 �M arsenite for 24 h significantly
increased 8-OHdG formation beyond that detected in cells
exposed to UVR alone (Fig. 1, A and B). This increase due to
arsenite pretreatment was evident 30 min after UVR exposure
and persisted for at least 240min (Fig. 1C). These findings dem-
onstrate that pretreatment of cells with low concentrations of
arsenite enhances UVR-induced oxidative DNA damage.
Arsenite Inhibits UVR-induced PARP-1 Activity—Inhibition

of DNA repair is one proposed mechanism to account for
arsenic-induced carcinogenicity (21). PARP-1 is a DNA bind-
ing zinc finger protein involved in base excision repair, a proc-
ess responsible for repair of 8-OHdG lesions in DNA (33).
PARP-1 activity was detected in intact cells using in situ immu-
nological detection of poly(ADP-ribose) (30). HaCaT cells were
exposed to 8 J/cm2 UVR, and PARP-1 activity was measured
over time. The product of PARP activity, poly(ADP-ribose),

was detected 10 min after UVR
exposure, maximal at 20 min and
waned by 2 h (Fig. 2A). To test the
impact of arsenite on PARP-1 acti-
vation, HaCaT cells were pretreated
with different concentrations of
arsenite (0.2–2.0 �M) for 24 h,
exposed to 8 J/cm2 UVR, and poly-
(ADP-ribose) was measured 20 min
after UVR exposure. UVR-induced
PARP-1 activation was suppressed
in cells incubated with arsenite (Fig.
2, B and C). A concentration-
dependent inhibition of PARP-1
activity was observed with signifi-
cant decrease in PARP-1 activity
evident at arsenite concentrations
as low as 0.2 �M (Fig. 2B). Cell treat-
ment with 2 �M arsenite nearly
abolished UVR-induced PARP-1
activation as detected by in situ
analysis (Fig. 2B) ormeasurement of
PARP-1 activity in cell extracts (Fig.
2C). These findings illustrate that
low concentrations of arsenite
effectively inhibit PARP-1 activity.
Effect of PARP-1 Inhibition on

UVR-induced 8-OHdG Genera-
tion—To directly test the impor-
tance of PARP-1 activity in the
repair of 8-OHdG, we conducted
experiments using the PARP-1
inhibitor 3-aminobenzamide

(3-AB) (35) and PARP-1 siRNA knockdown approaches.
UVR-induced PARP-1 activity was significantly suppressed
in cells treated with 3 mM 3-AB (Fig. 3A). The level of
PARP-1 inhibition by 3-AB was comparable to that observed
in cells treated with 2 �M arsenite (Fig. 3A, lower panels).
Similarly, UVR-induced 8-OHdG formation was enhanced
in cells treated with 3-AB as detected by immunoperoxidase
staining (Fig. 3B) or HPLC-EC detection (Fig. 3C). This find-
ing implicates PARP-1 activity in the repair of oxidative
DNA damage in response to UVR.
To further investigate the specificity of this observation

for PARP-1, we conducted a parallel experiment using
PARP-1 siRNA to silence PARP-1 gene expression. PARP-1
protein and mRNA expression was decreased by �80% in
HaCaT cells transfected with PARP-1 siRNA (data not
shown). This level of silencing effectively disrupted PARP-1
activation by UVR as detected in intact cells using immuno-
logical detection of poly(ADP-ribose) (Fig. 4A, upper panel)
and PARP-1 activity in cell extracts (Fig. 4A, lower panel).
PARP-1 silencing increased UVR-induced 8-OHdG forma-
tion in DNA (Fig. 4B). The enhancement of 8-OHdG forma-
tion was equivalent in cells treated with 2 �M arsenite or
transfected with PARP-1 siRNA (Fig. 4B). No significant
additional increase in 8-OHdG generation by UVR was
observed in PARP-1-silenced cells pretreated with arsenite

FIGURE 5. MALDI-TOF-MS analysis of As(III) binding to a PARPzf peptide. Arsenite was incubated with a
PARPzf apopeptide (Apo-PARPzf) derived from the first zinc finger for 15 min at 25 °C as described under
“Experimental Procedures.” After incubation the samples were diluted 200-fold in 10 mg/ml �-Cyano-4-hy-
droxycinnamic acid in a 1:1 (v/v) acetonitrile/water solution, and 2 �l of each sample was deposited in dupli-
cate on the MALDI plate, allowed to dry at room temperature, and analyzed by MALDI-TOF performed on a
Applied Biosystems 4700 Proteomics Analyzer (TOF/TOF) as described under “Experimental Procedures.” A
72-Da shift was observed between 3453.8- and 3525.7-Da peaks, which corresponds to one A(III) ion binding
after the release of 3 hydrogens (As(III)-PARPzf).
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(Fig. 4B). These findings suggest
that PARP-1 plays an important
role in the repair of 8-OHdG and
that arsenite augments UVR-in-
duced 8-OHdG formation pre-
dominantly through inhibition of
PARP-1 activity.
Evidence for the Zinc Finger

Domain of PARP-1 as a Site ofMolec-
ular Interaction with Arsenite—Zinc
finger proteins are defined by a
domain containing zinc com-
plexed through four invariant cys-
teine and/or histidine residues
(36). Zinc finger proteins have
been identified as potential targets
for arsenite toxicity (21, 37)
through direct (metal exchange,
mixed metal complex formation)
and indirect (oxidative assault of
adventitious metal species) mech-
anisms (38). Therefore, we investi-
gated arsenite interactions with a
synthetic peptide representing the
first zinc finger of PARP-1
(PARPzf) using mass spectrome-
try. Incubation of arsenite with the
PARPzf apopeptide (3453.8 Da)
leads to the formation of a new
molecule, AsPARPzf, at 3525.7 Da.
The 72-Da shift corresponds to
the covalent binding of arsenite to
PARPzf after the release of 3
hydrogens from the 3 cysteine res-
idues of this C3H1 zinc finger pep-
tide (Fig. 5). This finding demon-
strates that arsenite can interact
with a zinc finger domain of
PARP-1. Incubation of Zn(II) with
the PARPzf apopeptide produces
ZnPARPzf with a 63-Da incre-
ment (peak 3518.2), suggesting
that the apopeptide must release 2
hydrogens before binding to
Zn(II) (Fig. 6, A and B). When the
PARPzf peptide is preincubated
with Zn(II) followed by incubation
with increasing concentrations of
arsenite, the ZnPARPzf signal is
decreased in a dose-dependent
manner while the signal intensity
of AsPARPzf is increased (Fig. 6,
C–E). This result suggests a com-
petition between Zn(II) and arsen-
ite for the same binding site on the
PARPzf peptide and provides evi-
dence that disruption of zinc fin-
ger function may represent a

FIGURE 6. MALDI-TOF-MS analysis of As(III) displacement of Zn(II) from a PARPzf peptide. Zinc was incu-
bated with a PARPzf apopeptide (Apo-PARPzf) for 15 min at 25 °C followed by addition of increasing concen-
trations of As(III) and further incubation for 15 min at 25 °C followed by MS analysis as described unde “Exper-
imental Procedures” and the legend to Fig. 5. The indicated As(III) concentrations represent the final
concentration after dilution for application to the MALDI plate. A, a prominent signal for the apo-PARPzf at m/z
3454.8 Da. B, Zn(II) binding to the apopeptide (Zn(II)PARPzf) and a 63-Da increment (peak 3518.2 Da) suggest-
ing that the apopeptide must release 2 hydrogens before the Zn2� binding. C–E indicate As(III) binding to the
PARPzf as indicated by a 72-Da increase in the 3525.7-Da peak and a reduction of the 3518.4-Da peak (Zn(I-
I)PARPzf). The decrease in the Zn(II)PARPzf peak as a function of increasing As(III) concentration suggests a
competition between Zn(II) and As(III) for the same site of the PARPzf.
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mechanism for the observed inhibition of PARP-1 activity by
arsenite.
Zinc Counteracts Arsenite Effects on UVR-induced PARP-1

Activity and DNA Damage—To determine whether arsenite
interferes with zinc-dependent functions of PARP-1, the
impact of supplemental zinc on arsenite inhibition of PARP-1
activity and increase in UVR-induced oxidative DNA damage
was investigated. HaCaT cells were treated with 2 �M arsenite
alone or in combination with increasing concentrations of
Zn(II) for 24 h, then exposed to UVR. Arsenite inhibited
PARP-1 activation, and inclusion of Zn(II) restored PARP-1
activity in a concentration-dependent manner (Fig. 7A). A sig-
nificant increase in PARP-1 activitywas evident at 0.5�MZn(II)
with near complete restoration of PARP-1 activity apparent at 5
�M Zn(II). Similarly, Zn(II) reversed arsenite-dependent aug-
mentationofUVR-induced8-OHdGgeneration inaconcentra-
tion-dependent manner (Fig. 7B). A significant decrease was
evident at 1 �M Zn(II) with complete reversal of the arsenite
response apparent at 5 �M Zn(II). These findings suggest that
arsenite interferes with zinc-dependent functions of PARP-1,
including activity and repair of oxidative DNA damage.

DISCUSSION

Inorganic arsenite increases UVR-induced skin cancer in
mice (8), and acts as a co-mutagen with benzo[a]pyrene in
mouse skin by significantly increasing the average benzo-
[a]pyrene DNA adduct level (39, 40). The molecular mecha-
nisms involved in these processes are not known, but inhibition
of DNA repair by arsenite has been proposed. Our results dem-
onstrate that lowmicromolar concentrations of arsenite do not
cause significant 8-OHdGgeneration inDNA (Fig. 1); however,
these low arsenite levels synergistically increase UVR-induced
8-OHdG levels (Fig. 1) and inhibit UVR-induced poly(ADP-
ribosyl)ation (Fig. 2 B, and C). It is worth noting that the time
dependence for arsenite enhancement of UVR-induced
8-OHdG formation (Fig. 1C) coincides with that observed for
UVR-induced PARP-1 activation (Fig. 2A). PARP-1 plays mul-
tiple roles in cellular response to genotoxic insult, and our data
show that pre-treating cells with a PARP-1 inhibitor or PARP-1
siRNA significantly increased UVR-induced 8-OHdG lesions
(Figs. 3B, 3C, and 4B), thereby implicating PARP-1 in the repair
of oxidative DNA damage. Based on reports that PARP-1 defi-
ciency enhances cellular sensitivity to arsenite (41) and the
exquisite sensitivity of PARP-1 for inhibition by arsenite (24,
42) (Fig. 2B), we further explored potential mechanisms to
account for arsenite-dependent inhibition of PARP activity.
Our results and those of others suggest that DNA repair pro-

teins, especially those with functional zinc finger motifs, hold
potential as important targets for inhibition by arsenite. We
find that arsenite exacerbates three distinct types of UV-in-
duced DNA damage (oxidative/8-OHdG, strand break, and
CPD (Fig. 1) (43, 44), and Zn(II) treatment reversed arsenite
enhancement of UVR-induced 8-OHdG generation in DNA
(Fig. 7B) and hydrogen peroxide-induced DNA strand break
(45) in a concentration-dependentmanner. These findings sug-
gest that arsenite may compete with Zn(II) for positions within
the zinc finger domains and thus interfere with protein func-
tion. In support of that hypothesis, data from Schwerdtle et al.

(25) found that arsenite released zinc from the zinc finger
domain of the nucleotide excision repair complex DNA repair
protein xeroderma pigmentosum group a (XPA). Although
arsenite caused a concentration-dependent zinc release from
the XPA, the pentavalent methylated metabolites monometh-
ylarsonic acid and dimethylarsinic acid did not effectively
release zinc from the XPA zinc finger (25), and a recent electro-
spray ionization-MS study demonstrated that MMA(III)
released Zn(II) from ZnXPAzf (46). Similarly, trivalent arseni-
cals, either methylated or not, were most effective at inhibiting
poly(ADP-ribosyl)ation of isolated PARP-1 (42), and we find

FIGURE 7. Effect of zinc on arsenite-dependent inhibition of PARP-1 activ-
ity and enhancement of UVR-induced oxidative DNA damage. HaCaT
cells were incubated with 2 �M arsenite alone or together with the indicated
concentrations of zinc ions in serum-free medium for 24 h, then exposed to 8
J/cm2 UV radiation. A, zinc prevented arsenite inhibition of PARP-1 activity
after UVR exposure. After UVR exposure, cells were rinsed and incubated with
serum-free medium for 20 min, and PARP-1 activity was detected by in situ
immunochemical detection of poly(ADP-ribose). Values shown represent the
average fluorescent intensity of all cells in each of three independent exper-
iments �S.D. *, p � 0.05 compared with UVR plus 2 �M As(III). B, zinc-depend-
ent reversal of arsenite-enhanced oxidative DNA damage. Cells were treated
as in A. After UVR exposure, cells were rinsed and incubated with serum-free
medium for 120 min and 8-OHdG was measured by HPLC-EC. Each experi-
ment was repeated for at least three times. Bars represent the mean �S.D. *,
p � 0.05 compared with UVR plus 2 �M As(III).
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that pretreatment of HaCaT cells with pentavalent mono-
methylarsonic acid and dimethylarsinic acid before UVR expo-
sure did not lead to the increased 8-OHdG generation in DNA
(data not shown). Collectively, these findings suggest that there
is preferential disruption of zinc finger function by trivalent
forms of arsenic.
Although published reports suggest that arsenite disrupts

zinc finger function of PARP-1 (25, 47), themechanism has not
been elucidated. Arsenite at low concentrations is highly selec-
tive in reacting with closely spaced (vicinal) dithiol groups in
proteins, and PARP-1 contains such vicinal dithiol groups (34,
48). In this study we provide evidence that arsenite interacts
with a PARP-1 zinc finger peptide (Fig. 5), and the interaction is
at the expense of zinc binding (Fig. 6). This finding, coupled
with the restoration of PARP-1 activity upon zinc supplemen-
tation (Fig. 7), supports amodel whereby arsenite displacement
of zinc from the PARP-1 zinc finger leads to decreased PARP-1
activity. Our results identify PARP-1 as a molecular target that
links the impairment of DNA repair processes by very low con-
centrations of arsenite to enhanced UVR-induced oxidative
DNAdamage. Taken together, the present findings support the
hypothesis that arsenite acts as a co-carcinogen for UVR-in-
duced skin carcinogenesis, at least in part, through inhibition of
DNA repair and suggest that disruption of the zinc-dependent
functions of PARP-1 represents a likely underlyingmechanism.
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