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Abstract

Arsenic enhances genotoxicity of other carcinogenic agents such as ultraviolet radiation and
benzo[a]pyrene. Recent reports suggest that inhibition of DNA repair is an important aspect of
arsenic co-carcinogenesis, and DNA repair proteins such as poly (ADP ribose) polymerase
(PARP)-1 are direct molecular targets of arsenic. Although arsenic has been shown to generate
reactive oxygen/nitrogen species (ROS/RNS), little is known about the role of arsenic-induced
ROS/RNS in the mechanism underlying arsenic inhibition of DNA repair. We report herein that
arsenite-generated ROS/RNS inhibits PARP-1 activity in cells. Cellular exposure to arsenite, as
well as hydrogen peroxide and NONOate (nitric oxide donor), decreased PARP-1 zinc content,
enzymatic activity, and PARP-1 DNA binding. Furthermore, the effects of arsenite on PARP-1
activity, DNA binding, and zinc content were partially reversed by the antioxidant ascorbic acid,
catalase, and the NOS inhibitor, aminoguanidine. Most importantly, arsenite incubation with
purified PARP-1 protein in vitro did not alter PARP-1 activity or DNA binding ability, whereas
hydrogen peroxide or NONOate retained PARP-1 inhibitory activity. These results strongly
suggest that cellular generation of ROS/RNS plays an important role in arsenite inhibition of
PARP-1 activity, leading to the loss of PARP-1 DNA binding ability and enzymatic activity.

Keywords
arsenic; PARP-1; ROS; RNS

© 2013 Elsevier Inc. All rights reserved.
"To whom correspondence should be addressed: Ke Jian Liu, PhD, College of Pharmacy, University of New Mexico, Albuquerque,
NM 87131-0001, USA,; Tel: 505-272-9546; FAX: 505-272-0704; kliu@salud.unm.edu;. Laurie G. Hudson, PhD, College of
Pharmacy, University of New Mexico, Albugquerque, NM 87131-0001, USA; Tel: 505-272-2482; FAX: 505-272-0704;
hudson@salud.unm.edu.

FW and XZ contributed equally to this paper.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al. Page 2

INTRODUCTION

The balance between DNA damage and repair maintains genomic stability and disruption of
this balance leads to DNA damage accumulation and consequent tumorigenesis. Many
different enzymes participate in DNA damage repair and among these enzymes, Poly (ADP-
ribose) polymerase (PARP) 1 is an important contributor to the repair processes. The PARP
family of proteins include 17 different members and PARP-1 activity accounts for about
90% of the total cellular poly(ADP-ribose) formation [1, 2]. Activation of PARP-1 occurs as
an immediate cellular response to DNA strand breaks, which can be induced by ionizing
radiation, alkylating agents, or oxidative stress [1, 3]. PARP-1 is comprised of three
functional domains [4]. The amino-terminal DNA-binding domain contains two zinc fingers
that are important for the binding of PARP-1 to single-strand and double-strand breaks [1,
4]. A third zinc finger was described and found to be dispensable for DNA binding, but is
important for coupling damage-induced changes in the DNA-binding domain to the catalytic
domain leading to alterations in PARP-1 activity [5].

Our previous studies demonstrated that arsenic reduces ultraviolet radiation (UVR)-induced
PARP-1 activation, and we found that the activity of PARP-1 could be depressed by
exposure to low concentrations of arsenic in human keratinocyte cells [6, 7]. There is
abundant evidence that cellular exposure to arsenic exposure generates reactive oxygen
species (ROS) and reactive nitrogen species (RNS). The production of O,~, H,O,, and ‘OH
has been reported in arsenite-exposed keratinocytes [7-11], and RNS is capable of
interacting with certain DNA repair enzymes, including hOGG-1 and PARP-1 [7, 10, 12]. In
this report we examined the potential relationship between cellular generation of ROS/RNS
by arsenic and inhibition of PARP-1. We hypothesized that ROS/RNS induced by arsenic in
cells play a major role in arsenic inhibition of PARP-1 activity.

MATERIAL AND METHODS

Cell culture and treatment

Immortalized human keratinocyte cells (HaCat) were cultured in Dulbecco’s Modified
Eagle’s Medium F:12 HAM (Sigma-Aldrich, St. Louis, MO), supplemented with 10%
newborn calf serum (Invitrogen, Carlsbad, CA), four-fold final concentration of MEM
amino acids, 2 mM I-glutamine, and antibiotics (penicillin, 100 U/ml and streptomycin, 100
pg/ml) (all from Sigma-Aldrich, St. Louis, MO). Normal Human Epidermal Keratinocytes
neonatal (HEKnN) cells (Lifeline Cell Technology, Frederick, MD) were cultured in
DermaLife K Medium Complete Kit (Lifeline Cell Technology, Frederick, MD) according
to manufacturer’s instruction. Cells were cultured at 37°C in 95% air/5% CO, inside a
humidified incubator. For HaCat cell-based studies, cells at 60-70% confluence were placed
into 1% serum containing DMEM/F12 medium overnight, then treated with sodium arsenite
(As) (Sigma-Aldrich, St. Louis, MO), hydrogen peroxide (H,0,) (Bio-Rad Laboratories,
Hercules, CA), NO donor NONOate (Cayman Chemicals, Ann Arbor, Ml), vitamin C
(Sigma-Aldrich, St. Louis, MO), or NOS inhibitor aminoguanidine hydrochloride (AG)
(Cayman Chemicals, Ann Arbor, MI). For HEKn cells, cells at 70% confluence were treated
with sodium arsenite (As), hydrogen peroxide, NONQate or catalase (EMD Millipore,
Billerica, MA). Following incubation for 48 hours, PARP-1 was isolated by
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immunoprecipitation with PARP-1 antibody (Cell Signaling Technology, Danvers, MA).
Alternatively, for studies with isolated PARP-1 protein, the protein was isolated from
untreated HaCat cells by immunoprecipitation.

Isolation of PARP-1 from cells by immunoprecipitation (IP)

Cells were rinsed with ice-cold PBS 3 times, followed by addition of 500 pL ice-cold RIPA
lysis buffer (Cell Signaling Inc., Danvers, MA) (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA, ImM EGTA, 1% triton X-100, 2.5 mM sodium pyrophosphate, 1 mM §-
glycerophosphate, 1mM sodium vanadate, 1 pg/ml leupeptin and 1 mM PMSF). Cells were
incubated on ice for 5 min before sonication and preparation of lysate by centrifugation at
12,000 rpm for 10 min at 4°C. Two pl monoclonal PARP-1 antibody were added to 200 pl
supernatant and the samples were incubated at 4°C overnight with gentle shaking. Twenty pl
Protein A beads (Sigma-Aldrich, St. Louis, MO) were then added to each tube and further
incubated for 5 hours at 4°C. PARP-1 immunoprecipitates were isolated by centrifugation at
12,000 rpm for 10 min at 4°C and the pellets were washed 5 times with ice-cold RIPA lysis
buffer.

Measurement of PARP-1 activity by ELISA

PARP-1 activity was measured using the HT Colorimetric PARP/Apoptosis Assay kit
(Trevigen Inc., Gaithersburg, MD) according to the manufacturer’s instructions. Activity
was visualized by the addition of the TACS-Sapphire colorimetric substrate and the
absorbance was read with a SpectraMax 340 plate reader at 450 nm wavelength. Activity of
PARP-1 was calculated from the absorbance and the generated standard curve.

Western blot analysis of PARP-1

Western blots were performed to determine the levels of PARP-1 protein expression. Total
protein lysate (4 pg) was resolved on an 8% SDS-polyacrylamide gel and transferred onto a
nitrocellulose membrane (Bio-Rad, Hercules, CA), then incubated for 1 h in TBST (10 mM
Tris, pH 8.0, 150 mM NaCl and 0.1% Tween20) containing 5% non-fat milk at room
temperature. The membrane was then incubated with the rabbit polyclonal anti-PARP-1
antibody (1:2000, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) overnight at 4°C. After
washing with TBST, the membrane was incubated for 1 h with horseradish peroxidase
conjugated secondary antibody (1:2000, Cell Signaling Technology, Danvers, MA), and the
resulting signal was detected using the Super Signal West Pico chemiluminescent kit
(Thermo Fisher Scientific Inc., Rockford, IL) 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 p-actin (1:2000, Cell Signaling Technology,
Danvers, MA). The intensities were quantified by KODAK Molecular Imaging Software
version 4.0. The PARP-1 protein levels were normalized to f-actin as compared with the
untreated control.

PARP-1 DNA binding activity measurement with EMSA

Electrophoretic mobility shift assay (EMSA) was performed to measure PARP-1 binding to
double strand DNA (20). The synthetic, 42-nucleotide double strand DNA poly-nucleotides
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(Integrated DNA Technologies, Coralville, IA) used as a probe in the studies had an upper
strand nucleotide sequence of 5’-
GAGTGTTGCATTCCTCTCTGGGCGCCGGGCAGGTACC-TGCTG-3'. The binding of
PARP-1 with the double stranded DNA was measured using an EMSA kit (Molecular
Probes, Eugene, OR) according to the vendor’s instructions. Briefly, the volume of the
binding system is 10 pl (PARP-1 protein 2 pl, ds DNA probe 2 pl, 5xbinding buffer 2 pl,
deionized water 4 pl), mixed gently but thoroughly, and incubated during the reaction for 30
min at room temperature. At the end of the incubation period, 2 ul of 6XEMSA gel-loading
solution was added for each 10 pl of reaction mixture, and mixed gently. The DNA-PARP-1
complexes were separated by electrophoresis using a native 6% polyacrylamide gel. After
electrophoresis, the gels were stained for nucleic acids with SYBR Green EMSA Nucleic
Acid Gel Stain. The results of the stained nucleic acids were visualized using 254 nm UV
epi-illumination in a KODAK IS4000MM Image. The excitation wavelength is 465 nm and
the Emission wavelength was 535 nm.

Detection of the zinc content of isolated PARP-1

Zinc content was measured by adding 10 pl of 1 mM 4,(2-pyridylazo)-resorcinol (Sigma-
Aldrich, St. Louis, MO) to 100 pl of protein sample that was pre-treated with 10 mM H,0»
and scanning the spectra at 350-550 nm on a Beckman Coulter DU 800 spectrophotometer.
The resorcinol indicator absorbance shifts from 411 to 493 nm in the presence of zinc and
the peak at 493 nm is recorded and compared to a standard curve for zinc content [13]. The
relative zinc content was normalized to protein concentration.

Data Analysis

Data was presented as the means = S.D. Statistical analysis was carried out by analysis of
variance (ANOVA) followed by multiple comparison tests (LSD). If the variance among
groups was not homogenous, then a Kruscal-wallis H test was performed. A value of P <
0.05 was considered statistically significant and labeled by an asterisk (*).

RESULTS

Low concentrations of arsenite do not affect PARP-1 protein level

Enzyme activity in cells could be changed due to alteration of protein level. HaCat cells
were incubated with low concentrations of arsenite (0-2 uM) for 48 hours and PARP-1
protein level was determined by western blotting (Fig. 1A). There is no significant
difference in PARP-1 protein level with or without arsenite treatments (Fig. 1B) indicating
that low concentrations of arsenite did not affect the total amount of the PARP-1 protein in
HaCat cells under these conditions.

Exposure to low concentrations of arsenite, hydrogen peroxide or NONOate reduces
PARP-1 activity in HaCat cells

To investigate the effect of arsenite on PARP-1 activity, HaCat cells were exposed to low
concentrations of arsenite for 48 hrs and the activity of immunoprecipitated PARP-1 protein
was determined using the HT Colorimetric PARP/Apoptosis assay. The activity of PARP-1
decreased significantly after arsenite treatment in an arsenite concentration-dependent
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manner (Fig. 2A). This result is consistent with the results of other reports [6, 14]. Since
arsenite exposure is known to generate ROS/RNS in human keratinocytes [8], we wanted to
test whether ROS/RNS exposure has any impact on PARP-1 activity. HaCat cells were
treated with hydrogen peroxide or NONOate, and the changes of PARP-1 activity were
measured. As shown in Fig. 2B, the activity of PARP-1 decreased in HaCat cells in a
hydrogen peroxide concentration-dependent manner. The reduction of PARP-1 activity is
statistically significant at concentration of hydrogen peroxide at or above 20 pM. Similarly,
we investigated the effect of NO on PARP-1 activity. NONOate is a NO donor which can
liberate 2 mol of NO per mol of parent compound [15]. After HaCat cells were incubated
with different concentrations of NONOate for 48 hrs, PARP-1 activity decreased in a NO
concentration dependent manner (Fig. 2C). In order to demonstrate that the observed
inhibitory effect on PARP-1 is not only restricted to HaCat cells, we also carried out the
identical experiments using HEKn cells. Very similar results were obtained (Fig. 2D-F).
These findings indicate that in cells, ROS/RNS can inhibit PARP-1 activity.

Vitamin C, AG, and Catalase partially reverse arsenite inhibition of PARP-1 activity in

HaCat cells

Vitamin C is a water soluble antioxidant that can remove ROS. To prevent lowering the pH
value of the cell culture medium, we used the conjugate base, sodium L-ascorbate. AG is an
inhibitor of NOS used to prevent cell production of NO. Catalase is an enzyme that
catalyzes the decomposition of hydrogen peroxide to water and oxygen. In order to
determine the role of ROS and RNS on PARP-1 activity, we blocked the ROS/RNS
generation pathways induced by arsenite using vitamin C, AG or catalase, and then
measured PARP-1 activity. HaCat cells were treated with Vitamin C, AG or catalase
together with arsenite for 48 hours, and the activity of PARP-1 protein isolated from the
cells was measured. As shown in Fig. 3, arsenite inhibition of PARP-1 activity was partially
reversed by Vitamin C, AG or catalase treatment. These results suggest that arsenite-induced
ROS/RNS generation plays an important role in arsenite inhibition of PARP-1 activity.

Arsenic, hydrogen peroxide or NONOate inhibit PARP-1 DNA binding activity

DNA binding activity is critically important in the functionality of PARP-1 so we
investigated the effect of arsenite, hydrogen peroxide, or NONOate on the ability of PARP-1
to bind DNA. After HaCat cells were treated with arsenite for 48 hours, PARP-1 was
isolated by immunoprecipitation and PARP-1 DNA-binding was measured by EMSA. We
found that exposure of cells to arsenite concentrations of 1.0 uM or above significantly
decreased the DNA binding activity of PARP-1 (Fig. 4A, 4B). Similar results were obtained
following cell treatment with hydrogen peroxide or NONOate (Fig. 4A, 4C and 4D). These
results suggest that arsenite-induced ROS/RNS generation could be a mechanism for
arsenite inhibition of PARP-1 DNA binding activity. In order to test this hypothesis, we
treated HaCat cells with 2 pM arsenite together with 400 pM vitamin C or 400 uM AG.
EMSA results revealed that treatment with vitamin C or AG partially restored PARP-1
DNA-binding ability (Fig. 4E). These findings demonstrate that blocking ROS/RNS during
arsenite exposure can rescue the reduced PARP-1 DNA binding activity caused by arsenite.
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Treatment of arsenite, hydrogen peroxide, or NONOate reduces zinc content in PARP-1
protein isolated from exposed cells

PARP-1 zinc finger domains are essential for DNA binding [1, 4]. Others have reported that
the zinc finger domain is vulnerable to oxidative stress, causing zinc release [16, 17]. It is
possible that ROS/RNS, either authentic or generated by arsenite, could interact with the
zinc finger domain of PARP-1, resulting in zinc loss and decreased PARP-1 activity. To test
this hypothesis, we measured zinc content in PARP-1 protein immunoprecipitated from cells
exposed to arsenite, hydrogen peroxide, or NONOate for 48 hrs. Under our experimental
conditions, these treatments had no significant effect on cell viability (data not shown). As
shown in Fig. 5A, arsenite exposure reduced the amount of zinc associated with the PARP-1
in an arsenite concentration-dependent manner. The effects of hydrogen peroxide and
NONOate on the zinc content of PARP-1 were similar (Fig. 5B and 5C). These results
suggest that the decreased PARP-1 enzymatic activity (Fig. 2) and DNA binding (Fig. 4)
due to the exposures were likely caused by the loss of zinc from the protein. In order to test
whether the zinc loss induced by arsenite was related to ROS/RNS generation, HaCat cells
were pretreated with vitamin C or AG before exposure to 2 uM arsenite for 48 hrs. We
found that both vitamin C and AG partially prevented zinc loss from PARP-1 protein (Fig.
5D), suggesting that arsenite induced zinc loss in PARP-1 is through arsenite-generated
ROS/RNS.

Low concentrations of arsenite does not inhibit the activity of purified PARP-1

The above results demonstrate that arsenite inhibits PARP-1 activity in HaCat cells, and that
the generation of ROS/RNS induced by arsenite in the cellular environment contributes to
the response. To determine whether arsenite alone, in the absence of ROS/RNS, could
inhibit PARP-1 activity, we performed PARP-1 activity assay using isolated protein from
untreated HaCat cells. The PARP-1 immunoprecipitates were incubated with different
concentrations of arsenite for 48 hrs before measurement of PARP-1 activity. As shown in
Fig. 6A, arsenite did not significantly affect the PARP-1 activity until the concentration
reached non-physiologic levels of 1,000 uM. This is in sharp contrast to the results observed
in arsenite treated HaCat cells, where even 0.5 UM arsenite caused a significant reduction in
PARP-1 activity (Fig. 2). These results suggest that arsenite alone is incapable of inhibiting
PARP-1 activity and that arsenite inhibition of PARP-1 activity likely requires the
generation of ROS/RNS within the cellular environment.

Hydrogen peroxide or NONOate reduces the activity of purified PARP-1 protein

Since arsenite does not inhibit the activity of purified PARP-1 (Fig. 6A), we next
investigated whether authentic ROS/RNS is capable of inhibiting PARP-1 protein
immunoprecipitated from untreated HaCat cells. PARP-1 was incubated with hydrogen
peroxide or NONOate at 4°C for 48 hrs, and then the activity of PARP-1 was measured.
Results shown in Fig. 6B and 6C demonstrate that unlike arsenite, both hydrogen peroxide
and NONOate inhibit the activity of purified PARP-1 in a concentration dependent manner.
These results show that hydrogen peroxide and NONOate inhibit PARP-1 activity, either in
cellular environment or purified protein, suggesting that ROS and RNS have a direct effect
on PARP-1.
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Hydrogen peroxide and NONOate, but not arsenite, can reduce DNA binding activity of
purified PARP-1

To further investigate the differential effect of arsenite versus hydrogen peroxide and
NONOate on purified PARP-1 protein, we exposed purified PARP-1 with each of the three
compounds at 4°C for 48 hrs, and PARP-1 DNA binding was measured by EMSA. Arsenite
at concentrations up to 500 uM did not significantly alter the DNA binding ability of
PARP-1 (Fig. 7A, 7B), which is in sharp contrast to the pronounced inhibitive effect of
arsenite observed in cells at concentration as low as 1 uM (Fig. 4). Importantly, PARP-1
DNA binding activity decreased with the increasing concentration of hydrogen peroxide or
NONOate (Fig. 7C & 7D), in a similar pattern as observed in cells (Fig. 4). These results
demonstrate that while hydrogen peroxide and NONOate can inhibit PARP-1 DNA binding
activity both in HaCat cells and in purified form, arsenite is only capable of doing so in
cells, but not with purified protein.

Hydrogen peroxide and NONOate, but not arsenite, deplete the zinc content of PARP-1
isolated from HaCat cells

The above findings demonstrate that arsenite does not affect the DNA-binding ability of
purified PARP-1, in contrast to hydrogen peroxide and NONOate. In order to test whether
these differential effects in DNA-binding are caused by disruption of the PARP-1 zinc finger
as assessed by zinc loss from the protein, we measured the zinc content of PARP-1
following treatment with each of the three compounds at a selected concentration. As shown
in Fig. 8, 50 uM hydrogen peroxide and 20 pM NONOate decreased the zinc content of the
purified PARP-1, but 50 uM arsenite failed to affect the zinc content of purified PARP-1,
which is in sharp contrast to the result in cells where 2 pM arsenite lead to the loss of more
than 75% of zinc in the protein (Fig. 5A). These results suggest that the mechanism through
which arsenite reduces the enzyme’s activity is likely through interaction with the zinc
finger domains of PARP-1 via generation of ROS/RNS.

DISCUSSION

Extensive evidence in the literature demonstrates that ROS and RNS generation pathways
can be activated by arsenite. We have shown that treatment of keratinocytes with low micro-
molar concentrations of arsenite lead to persistent generation of ROS [10] and NO [7]. The
findings presented in this study demonstrate that low concentrations of arsenite (2 uM or
below) can decrease the activity of PARP-1 in cells through the actions of ROS/RNS that
are induced by arsenite exposure. Furthermore, the interaction of ROS/RNS with the zinc-
finger domains of PARP-1 results in the loss of zinc from the protein, leading to the loss of
the DNA binding ability of PARP-1. This finding was evident in cells or purified protein
treated with H,O, or NONOate, demonstrating that both ROS and RNS can directly
interrupt PARP-1 function either in the cellular or in vitro environment.

Arsenite-induced ROS and RNS generation inhibits PARP-1 activity

Although mounting evidence has indicated that arsenic can inhibit the activity of PARP-1 in
cells, little is known about the molecular mechanism of arsenic action. Arsenic has been
well documented to stimulate ROS/RNS generation in many different cell types [18, 19].
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We and other labs have reported that arsenite exposure generates ROS/RNS, such as O,
H,0, and NO, in HaCat cells, leading to increased DNA damage [9, 10, 20, 21]. The
findings presented in the current study show that low concentrations of arsenite could
decrease the activity of PARP-1, having the similar effects as the treatment with H,O» or
NONOate, in both HaCat and HEKn cells (Fig. 2). These findings suggest that arsenite-
induced ROS and RNS generation may inhibit PARP-1. To confirm this hypothesis, we
treated the HaCat cells with arsenite in the presence of vitamin C, AG or catalase, which
eliminate ROS or RNS, and we found that the activity of PARP-1 was partially restored
(Fig. 3). These results provide evidence that arsenite-generated ROS/RNS is involved in the
mechanism of arsenite inhibition of PARP-1 activity. Importantly, when arsenite was
incubated with the purified protein, little inhibitory effect of arsenite on PARP-1 activity
was observed, while hydrogen peroxide or NONOate remained effective (Fig. 6). The most
logical explanation for the lack of effect by arsenite is that arsenite requires iNOS [7] and
NADPH oxidase [10] in cells to generate ROS and RNS, respectively, and this aspect of
arsenite action is lacking in the assays of purified PARP-1 protein.

Low concentrations of arsenite did not affect the transcription and/or translation of PARP-1
protein (Fig. 1), suggesting that arsenic inhibitory effect must be through other mechanisms.
Numerous reports have shown that ROS/RNS may damage zinc finger structures through
interaction with cysteine thiols, thereby releasing zinc [17, 22—-24]. NO and nitroxyl (HNO)
donors was found to inhibit activity of purified PARP-1 protein, indicating that PARP-1
could be modified by nitrosative and oxidative conditions [25]. However, it is not clear
whether these nitrosative and oxidative modification would occur in cells, especially under
conditions like arsenic exposure where relatively low level of ROS/RNS are generated. The
current study was designed to answer this question.

Zinc finger domain is the site of ROS/RNS interaction

PARP-1 protein contains three zinc finger domains, two of which are critically important for
DNA binding [1, 4]. Our results presented here provide evidence for the interaction of
arsenite-induced ROS and RNS with the zinc finger domains of PARP-1 and the subsequent
zinc release from the protein (Figs. 5 & 8). Further studies are needed to investigate how
exactly ROS and RNS interact with the zinc finger, and what specific structural modification
(e.g., oxidation and nitrosation) occurs as a result of the interaction. It is important to note
that our recent reports suggest that arsenic can also interact with the zinc finger domain
directly [7, 26]. The fact that hydrogen peroxide or NONOate did not completely abolish
PARP-1 activity (Fig. 2) and eliminating ROS/RNS did not completely restore PARP-1
function (Fig. 3&4) illustrates that the mechanism of arsenic inhibition of PARP-1 activity
may be complex, perhaps involving multiple mechanisms. Clarifying these key issues will
require additional studies. It is also worth noting that there are two seemingly “conflicting”
processes going on at the same time when cells are exposed to ROS/RNS generated by
arsenic: PARP-1 activation by ROS/RNS-induced DNA damage and any inhibition of
PARP-1 catalytic activity by ROS/RNS. Depending on the experimental conditions and
measured parameters, one could either find arsenic inhibiting the intrinsic activity of
PARP-1 protein isolated from treated cells (such as [27]), or arsenic enhancing PARP-1
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activity in cellular environment (such as [28]). Both findings are real and correct, and are not
in conflict to each other.

Arsenic has been shown to enhance tumor development in animals either pretreated with
other carcinogens [29, 30], or co-treated with ultraviolet radiation [31]. It is well known that
DNA damage is an important contributing factor to the development of cancer. Arsenic
could either directly induce the DNA damage itself [32] or inhibit the activity of DNA repair
enzymes, such as PARP-1, thus enhancing carcinogenic effects of other agents. The novel
findings presented here provide a better understanding of the underlying mechanism of
arsenic co-carcinogenesis, highlighting the oxidation and/or nitrosation of the redox
sensitive zinc finger proteins by arsenic-generated ROS and RNS as a critical deleterious
molecular event following arsenic exposure.
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Abbreviations

ROS Reactive oxygen species

RNS Reactive nitrogen species

PARP-1 poly (ADP ribose) polymerase 1

AG Aminoguanidine

IP Immunoprecipitation

NOS Nitric oxide synthase

ELISA Enzyme linked immunosorbent assay

EMSA Electrophoretic mobility shift assay

RIPA Radioimmunoprecipitation assay
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Fig. 1.
Effect of arsenite (As) on PARP-1 protein level in HaCat cells. A) Western blotting analysis

of PARP-1 protein level in cell lysates. HaCat cells were treated with indicated
concentrations of sodium arsenite for 48 h. B) Quantification of western blot result with
control group (As, 0 uM) normalized to 1.0. Data are presented as mean + S.D., n=6.
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Effects of arsenite, hydrogen peroxide, and NONOate on PARP-1 activity in HaCat (A, B,
C) and HEKn (D, E, F) cells. Cells were treated with sodium arsenite (A, D), hydrogen
peroxide (B, E), or NONOate (C, F) separately for 48hours, and then PARP-1 protein was
isolated by immunoprecipitation. PARP-1 activity was determined using a HT Colorimetric
PARP/Apoptosis Assay kit. Data are presented as means + S.D., * P<0.05 vs. 0 group, n=6

for HaCat (A, B, C), n=3 for HEKn (D, E, F).
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Fig. 3.

Ef?‘ects of vitamin C, AG and catalase on the activity of PARP-1 in arsenite treated cells.
HaCat cells were treated with arsenite as described in “Methods” except the indicated
concentration of either vitamin C or AG was added for 30 min before arsenite addition. In
catalase experiment, HEKn cells were treated with indicated concentrations of catalase for
30 min before arsenite addition. After incubation for 48 hours, PARP-1 was isolated by
immunoprecipitation and the activity of PARP-1 was measured with a HT Colorimetric
PARP/Apoptosis Assay kit. A) Effects of vitamin C on the activity of PARP-1. B) Effects of
AG on the activity of PARP-1. C) Effects of catalase on the activity of PARP-1. Data are
presented as means + S.D. * P<0.05 vs. As alone group, n=6.
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Fig. 4.
Effects of arsenite, hydrogen peroxide, or NONOate on PARP-1 DNA binding. Cells were

treated with indicated concentrations of sodium arsenite, hydrogen peroxide, or NONOate
for 48 hrs. PARP-1 was isolated by immunoprecipitation and PARP-1 binding to DNA was
assayed by EMSA. A) Images of EMSA results after electrophoresis, visualization of
nucleic acids with SYBR green. B) Effects of sodium arsenite on the DNA-binding of
PARP-1. C) Effects of hydrogen peroxide on the DNA-binding of PARP-1. D) Effects of
NONOate on the DNA-binding of PARP-1. E) Effects of vitamin C (400 pM) and AG (400
UM) on the DNA-binding of PARP-1 with arsenite (2 uM). Data are presented as means+
S.D. * P<0.05 vs. concentration at 0 group, n=4.
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Fig. 5.
Effects of arsenite, hydrogen peroxide, NONOate on the zinc content of PARP-1 isolated

from treated HaCat cells. Cells were treated with sodium arsenite, hydrogen peroxide, or
NONOate for 48 hrs with or without pretreatment with vitamin C (400 puM) or AG (400
uM). PARP-1 was isolated from the treated cells by immunoprecipitation. The content of
zinc in the isolated PARP-1 was detected by spectrophotometric method. Data were
presented as means + S.D., * P<0.05 vs. 0 group, n=6. A) Effects of arsenite; B) Effects of
hydrogen peroxide; C) Effects of NONOQate; D) Effects of arsenite (2 uM) with or without
pretreatment with vitamin C (400 uM) or AG (400 uM).
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Fig. 6.

Ef%ects of arsenite, hydrogen peroxide, or NONOate on the activity of PARP-1 isolated from
untreated HaCat cells. HaCat cell lysates were prepared from untreated, subconfluent cells
then PARP-1 was isolated by immunoprecipitation. The isolated PARP-1 was treated with
the indicated concentrations of sodium arsenite, hydrogen peroxide, or NONOate at 4°C for
48 hrs before the activity of PARP-1 was determined using an HT Colorimetric PARP/
Apoptosis Assay kit. Data were presented as means + S.D., * P<0.05 vs. 0 group, n=6. A)
Effects of arsenite. B) Effects of hydrogen peroxide. C) Effects of NONOate.
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Fig. 7.
Effects of arsenite, hydrogen peroxide, and NONOate on DNA binding of purified PARP- 1.

PARP-1 was isolated by immunoprecipitation from untreated HaCat cells, then the purified
PARP-1 protein was treated with indicated concentrations of sodium arsenite, hydrogen
peroxide, and NONOate for 48 hours at 4°C, and the DNA-binding ability was tested with
EMSA as described in the legend to Fig. 4. Data are presented as means* S.D. * P<0.05 vs.
concentration of 0 group, n=4. A) The images of EMSA. B) Effects of sodium arsenite. C)
Effects of hydrogen peroxide. D) Effects of NONOate.
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Fig 8.

Ef?‘ects of arsenite, hydrogen peroxide, or NONOate on the zinc content of purified PARP-1.
PARP-1 protein was isolated from untreated HaCat cells by immunoprecipitation, then the
isolated PARP-1 was treated with sodium arsenite (50 uM), hydrogen peroxide (50 uM), and
NONOate (20 uM) for 48 hrs at 4°C The zinc content in the isolated PARP-1 was detected
spectrophotometrically (DU 800, Beckman Coulter). Data were presented as means + S.D.,
* P<0.05 vs. control group; n=6.
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