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Summary

Arsenite is an established DNA-damaging agent and human carcinogen. We initially
selected conditions in which the metalloid causes DNA strand scission in the absence of
detectable apoptotic DNA degradation in U937 cells. This response was suppressed by
catalase and by treatments (rotenone and ascorbic acid), or manipulations (respiration-
deficient phenotype), preventing the mitochondrial formation of Oz (mitoO.~). MitoOz", and
its dismutation product, H>O> , are therefore critically involved in the arsenite-dependent
DNA-damaging response. We then established a link between mitoO,/H20, and
mitochondrial permeability transition (MPT), and found that this second event also promoted
the formation of DNA-damaging species. As a consequence, the DNA damage induced by
arsenite, in addition to being abolished by the above-mentioned treatments/manipulations, was
also significantly reduced by the MPT inhibitor cyclosporin A (CsA). A CsA-sensitive
induction of p53 mMRNA expression was also detected. Finally, evidence of CsA-sensitive
DNA strand scission was also obtained in MCF-7, HT22 and NCTC-2544 cells.

MitoO2/H20, therefore directly mediates DNA damage induced by arsenite and
indirectly promotes the formation of additional DNA-damaging species via the induction of

MPT.
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Running Title: A role for cyclosporin A-sensitive ROS in arsenite-induced DNA damage

Introduction

Arsenic is widely distributed in water, soil and food in various parts of the world, and
endemic exposure to the element poses a serious threat to millions of people. The metalloid is
a potential trigger of an array of adverse health effects, including cardiovascular and
neurological diseases, as well as various forms of cancers (e.g., bladder, liver, kidney and skin
cancers) (1,2).

The carcinogenic effects of arsenite are most likely attributable to the convergence of
complex mechanisms (1-3), in particular, those involved in the genotoxic response, which
have been documented in numerous reports (4-16). The mechanism whereby arsenite
promotes the formation of DNA lesions has also been extensively investigated, and it is
generally believed that this response is linked to the parallel formation of reactive
oxygen/nitrogen species (ROS/RNS) (5-11,14-16). Specifically, it has been reported that DNA
damage induced by arsenite is mediated by peroxynitrite, the coupling product of nitric oxide
(NO) and superoxide (O2). Indeed, pioneering work by Tom Hei’s (11) group demonstrated
that the mutagenicity of arsenite in human-hamster hybrid cells is mediated by reactive
species, in particular, peroxynitrite, which requires O™ for its formation. Under the specific
experimental conditions, Oz~ was generated at the mitochondrial level as a consequence of
mitochondrial dysfunction. This mechanism, leading to the formation of peroxynitrite, carries
additional important consequences in terms of potential downstream effects elicited by
arsenite at the level of gene expression, in particular, when specific cell types, such as the
endothelium, are involved (17).

Mitochondrial O2™ (mitoOy™) is therefore a potential, indirect cause of arsenite-dependent
DNA strand scission in NO synthase (constitutive and inducible) expressing cells, but likely

mediates the same response in the absence of NO through an additional mechanism. Indeed,
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mitoO™ readily dismutates, spontaneously or enzymatically, to hydrogen peroxide (H202),
which, being diffusible, can reach distal sub-cellular targets, including the nucleus. DNA
strand scission can therefore finally be induced through the site-specific formation of highly
reactive hydroxyl radicals in a Fenton-type reaction, i.e., mediated by the interaction of H20>
with divalent iron. Although some evidence points to this possibility (6,8,9), a definitive
demonstration univocally linking these latter events to upstream mitoO,™ formation is still
lacking.

Having previously demonstrated that, in the specific U937 cell clone employed in our
laboratory, arsenite exclusively promotes mitoO,~ formation, with hardly any contribution
mediated by other mechanisms (18,19), we decided to attempt to fill the gap left by previous
investigations. For this purpose, we took advantage of the observations that O, formation is
suppressed by specific respiratory chain inhibitors and is not detected in cells manipulated to
induce respiration-deficiency (18,19). Likewise, the release of O2™ was selectively suppressed
by pre-exposing the cells to a very low concentration of L-ascorbic acid (AA) (18), a condition
however associated with a significant mitochondrial accumulation of the vitamin (20-22),
attributable to the very high expression of high affinity AA transporters (SVCT2) in both the
plasma and mitochondrial membranes of the cell clone employed (21).

Our previous studies on arsenite toxicity in U937 cells have shown that the process of
mitoO,~ formation is also critical for the induction of mitochondrial permeability transition
(MPT) and for the ensuing apoptosis (18,23). We therefore decided to investigate the
possibility that MPT, through the release of additional reactive species, may amplify the
overall oxidative stress and contribute to the initial genotoxic response. This investigation, for
the reasons detailed above, was conducted on the same cell line employed in our previous
studies involving the use of cyclosporin A (CsA). CsA prevents MPT through inhibition of
cyclophilin D, i.e., via a mechanism unrelated to the immunosuppressive effects of the drug,

but rather linked to the inhibition of calcineurin (24). FK-506 (tacrolimus), which shares with
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CsA only this calcineurin inhibiting effect, can therefore be used to establish the specificity of
the effects of CsA as an MPT inhibitor (25).

The results presented herein show that mitoO2™ generated by arsenite is converted to H20z,
which, being diffusible, migrates to the nucleus and induces site-specific DNA damage.
MitoO,/H20., however, also indirectly contributes to DNA strand scission via the induction
of MPT, resulting in CsA-sensitive formation of additional reactive oxygen species. Under
these conditions, the cells preserved an intact ATP pool and responded with increased p53
MRNA expression. The CsA-sensitive DNA lesions induced by arsenite were also detected in

MCF-7, HT22 and NCTC-2544 cells.



1. Experimental Procedures

2.1. Chemicals

Sodium arsenite, rotenone (Rot), AA, Hoechst 33342, H;O., 3-amino-1,2,4,-triazole
(ATZ), as well most of the reagent-grade chemicals were purchased from Sigma-Aldrich
(Milan, lItaly). Cyclosporin A (CsA) was from Novartis (Bern, Switzerland). FK-506 was
obtained from Calbiochem (San Diego, CA). Dihydrorhodamine 123 (DHR) and MitoTracker

Red CMXRos were purchased from Molecular Probes (Leiden, The Netherlands).

2.2. Cell culture and treatment conditions

U937 human myeloid leukemia cells were cultured in suspension in RPMI 1640 medium
(Sigma-Aldrich). MCF-7 human breast carcinoma cells, HT22 immortalized mouse
hippocampal cells and NCTC-2544 human keratinocytes cells were grown in Dulbecco’s
modified Eagle medium (Sigma-Aldrich). Culture media were supplemented with 10% fetal
bovine serum (Euroclone, Celbio Biotecnologie, Milan, Italy), penicillin (100 units/ml) and
streptomycin (100 pg/ml) (Euroclone). Cells were grown at 37 °C in T-75 tissue culture
flasks (Corning Inc., Corning, NY) gassed with an atmosphere of 95% air-5% CO,. The U937
cells were made respiration-deficient (RD cells) as indicated in (26). Sodium arsenite was
prepared as a 1 mM stock solution in saline A (8.182 g/l NaCl, 0.372 g/l KCI, 0.336 ¢/l
NaHCOs, and 0.9 g/l glucose, pH 7.4) and stored at 4°C. Cells (1 x 10° cells/ml) were exposed
to arsenite in complete RPMI 1640 culture medium, as reported in the legends to the figures.
In experiments involving catalase depletion, the cells (5 x 10420 ml) were incubated for 6 h at
37°C in RPMI medium containing 10 mM ATZ, an irreversible inhibitor of catalase (27).
Experiments with H,O were performed using 15 ml plastic tubes containing 5 x 10° cells in 2
ml of pre-warmed saline A. A 10 mM AA stock solution was prepared in extracellular buffer
(EB, 15 mM Hepes, 135 mM NaCl, 5 mM KCI, 1.8 mM CaCl,, 0.8 mM MgCly, pH 7.4)
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immediately before use. Cells (1 x 10° cells/ml) were treated with AA supplemented with 0.1
mM dithiothreitol for 15 min at 37°C in EB. Stability of AA in EB was assessed by

monitoring the absorbance at 267 nm for 15 min (e267 =14,600 M-tcm'Y).

2.3.Alkaline-halo assay

DNA single-strand breakage was determined using the alkaline halo assay developed in
our laboratory (28). It is important to bear in mind that, although we refer to DNA strand
scission throughout the text, the DNA nicks measured by this technique under alkaline
conditions may in fact include alkali labile sites in addition to direct strand breaks. Details on
the alkaline halo assay and processing of fluorescence images and on the calculation of the
experimental results are also provided in Ref. (28). DNA single-strand breakage was
quantified by calculating the nuclear spreading factor value, representing the ratio between the
area of the halo (obtained by subtracting the area of the nucleus from the total area, nucleus +
halo) and that of the nucleus, from 50 to 75 randomly selected cells/experiment/treatment
condition. Results are expressed as relative nuclear spreading factor values calculated by

subtracting the nuclear spreading factor values of control cells from those of treated cells.

2.4.Comet assay

The comet assay was performed as described in Ref. (29). After treatments, the cells (2.0 x
10* cells/100 ul) were resuspended at 2.0 x 10* cells/100 ul in 1.0% low-melting agarose in
PBS containing 5 mM ethylenediaminetetraacetic acid (EDTA) and immediately pipetted into
agarose-coated slides. The slides were immersed in ice-cold lysing solution (2.5 M NacCl, 100
mM EDTA, 10 mM Tris, 1% sarkosyl, 5% dimethyl sulfoxide, and 1% Triton X-100, pH
10.0) for 60 min. The slides were placed on an electrophoresis tray with an alkaline buffer
(300 mM NaOH and 1 mM EDTA) and left for 20 min to allow the DNA to unwind;

electrophoresis was then performed at 300 mA for 20 min in the same alkaline buffer
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maintained at 14 °C. The slides were subsequently washed and stained for 5 min with 10
ug/ml ethidium bromide. The DNA was visualized by a fluorescence microscope (BX-51,
Olympus, Milan, Italy), equipped with a SPOT-RT camera unit (Diagnostic Instruments, Delta
Sistemi, Rome, Italy) using an Olympus LCAch 40 x/0.55 objective lens. Mean fluorescence
values were determined by averaging the fluorescence values of at least 50 cells/treatment

condition/experiment.

2.5. Identification of apoptosis with Hoechst 33342

After treatments, the cells were incubated for 5 min with the cell-permeable DNA dye
(Hoechst 33342, 10 umol/l) and then analysed with a fluorescence microscope to assess their
nuclear morphology (chromatin condensation and fragmentation). Cells with homogeneously

stained nuclei were considered viable.

2.6. Immunofluorescence analysis

After treatments, the cells were suspended in 2 ml of saline A and incubated for 30 min in
35-mm tissue culture dishes containing an uncoated coverslip. Under these conditions, cells
rapidly attach to the coverslip. The cells were then fixed for 1 min with 95% ethanol/5%
acetic acid, washed with phosphate buffer saline (PBS, 8 g/l NaCl, 1.15 g/l Na;HPOQOg4, 0.2 g/l
KH2POg4, 0.2 g/l KCI, pH 7.4) and blocked in PBS containing bovine serum albumin (2% w/v)
for 30 min at room temperature. The cells were subsequently incubated with rabbit polyclonal
anti-cleaved caspase-3 antibody (1:250 in PBS containing 2% bovine serum albumin; Cell
Signaling Technology, #9661) or with rabbit polyclonal anti-cytochrome ¢ antibody (1:100 in
PBS containing 2% bovine serum albumin; Santa Cruz Biotechnology) stored for 18 h at 4 °C,
washed and then exposed to fluorescein isothiocyanate (Santa Cruz Biotechnology)-

conjugated secondary antibody diluted 1/100 in PBS for 2 h in the dark. Stained cells were



captured with a fluorescence microscope and the resulting images were processed for

fluorescence determination as described above.

2.7. DHR oxidation

The cells were incubated for 30 min with 10 uM DHR prior to the end of the 16 h incubation
with arsenite. After treatments, the cells were washed three times with saline A and analyzed
with a fluorescence microscope. The excitation and emission wavelengths were 488 and 515
nm with a 5-nm slit width for both emission and excitation. The resulting images were
acquired and processed as described above. Images were collected with exposure times of
100-400 ms, digitally acquired and processed for fluorescence determination at the single cell
level on a personal computer using the J-Image software. Mean fluorescence values were
determined by averaging the fluorescence values of at least 50 cells/ treatment

condition/experiment.

2.8. MitoTracker Red CMXRos, calcein staining and imaging

The cells were incubated for 30 min with 50 nM MitoTracker Red CMXRos prior to the
end of the 16 h incubation with arsenite. In other experiments the cells were incubated for 15
min with 1 uM calcein-AM and 1 mM CoCl. prior to the end of the 16 h incubation with
arsenite. After treatments, the cells were washed three times and analyzed with a fluorescence
microscope. The resulting images were acquired and processed as described above. The
excitation and emission wavelengths were 488 and 515 nm (calcein) and 545 and 610 nm
(MitoTracker Red CMXRos), with a 5-nm slit width for both emission and excitation. Images
were collected with exposure times of 100-400 ms, digitally acquired and processed for
fluorescence determination at the single cell level on a personal computer using J-Image
software. Mean fluorescence values were determined by averaging the fluorescence values of

at least 50 cells/treatment condition/experiment.
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2.9. ATP determination

Ice-cold 5% perchloric acid was added to the cells (2 x 10° cells). After a 10 min
incubation in an ice bath, the samples were centrifuged for 5 min at 10,000 g. The
supernatants were neutralized with 3 M K3COs, and the precipitates were removed by
centrifugation. 10% (v/v) 1 M KH2PO4 (pH 6.5) was added to the nucleotide-containing
supernatants. The samples were then filtered through 0.22 um pore micro-filters and analyzed
for ATP content by reversed-phase high-performance liquid chromatography (30) using a 15

cm x4.6 mm, 5 um Supelco Discovery® C18 column (Supelco, Bellefonte, PA).

2.10. RNA extraction, reverse transcription and quantitative real-time PCR

Cells treated for 12 h with 2.5 arsenite were processed for total RNA extraction using
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions. The
amount of RNA extracted was quantified with a spectrophotometer (NanoDrop ND-1000,
NanoDrop Technologies, Wilmington, DE). 1ug of total RNA was pre-treated with DNAse |
(Sigma-Aldrich) and used for cDNA synthesis with the SMARTScribe Reverse Transcriptase
(Clontech Laboratories, Mountain View, CA). Gene expression was measured by quantitative
real-time PCR using Rotor-gene 6000 System (Corbett Life Science, Concorde, NSW,
Australia) and EvaGreen® dye (Biotium, Inc., Fremont, CA). cDNA was added to a 2X PCR
Master Mix Kit solution (Diatheva srl, Fano, Italy) containing 100 nM of each primer. The
final volume of the mixture was 25 ul. All reactions involved an initial denaturation step at 95
°C (8 min), followed by 40 cycles at 95°C for 15 s and 58 °C for 45 s. Relative gene
expression was determined using the AACT method normalized to GAPDH as the reference
gene (31). The list of primers is: pS3 For 5’-CCTCACCATCATCACACTGG-3’, Rev 5’-
GCGGAGATTCTCTTCCTCTG-3’; GAPDH For 5’-TGCACCACCAACTGCTTAG-3’, Rev

5’-GATGCAGGGATGATGTTC-3".
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2.11.  Statistical analysis

The results are expressed as means + SD. Statistical differences were analyzed by one-way
ANOVA followed by Dunnett’s test for multiple comparison or two-way ANOVA followed
A value of P < 0.05 was considered

by Bonferroni’s test for multiple comparison.

significant.
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3. Results
3.1. Arsenite induces early DNA strand scission independently of the apoptotic DNA
fragmentation

Logarithmically growing U937 cells were first exposed for 16 h to 1-5 uM arsenite and
then processed for the analysis of DNA strand breakage using two separate and independent
techniques, the alkaline halo and the comet assays, allowing the detection of these lesions at
the single cell level with a similar sensitivity (28). The results obtained (Fig. 1A) are
indicative of a concentration-dependent induction of DNA damage. As these assays were
performed at alkaline pH, the lesions detected are potentially represented by DNA single- and
double-strand breaks as well as by alkali-labile sites, readily converted to DNA strand breaks
under alkaline conditions. In principle, the DNA fragmentation occurring during apoptosis
may also be detected, thereby introducing a bias for the correct interpretation of the
experimental results. This is particularly true in the case of the halo assay, which does not
allow a clear-cut distinction between cells with a heavily damaged DNA and cells with an
ongoing apoptotic DNA fragmentation. The comet assay, on the contrary, is suitable for
discriminating between these two cell populations, as the electrophoresed DNA of the
apoptotic cells appears as a pear-shaped comet tail with a very small (or non existing) head
(nuclear remnant). Fig. 1B provides a typical image of a DNA migration pattern indicative of
genotoxicity. Most of the cells grown for 16 h in the presence of 2.5 uM arsenite resulted in a
similar DNA migration pattern, whereas the remaining cells presented an undamaged/very
slightly damaged DNA (Fig. 1C). Occasionally, very few pear-shaped comets were observed,
although the same was true also for the untreated cells. A significant proportion of cells
presenting the apoptotic DNA migration pattern, exemplified in Fig. 1D, was instead detected
after a 48 h exposure to the metalloid, a condition associated with the appearance of apoptotic
cells (see below). Using this criterion, about 15% of the cells resulted apoptotic, whereas the

percentage dropped down to less than 5% in the untreated cell population (Fig. 1E).
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The above-mentioned results indicate that a 16 h exposure to 2.5 UM arsenite causes an
extensive DNA damage attributable to a genotoxic response, a conclusion consistent with our
previous findings indicating that, under identical conditions, all the cells remain viable
(18,19). Along the same lines is the observation that the metalloid fails to increase the
number of cells displaying fragmented and condensed chromatin, as detected by the Hoechst
assay (Fig. 1F), or cleaved caspase 3 (Fig. 1G). Both responses were instead detected at later
time intervals, in particular, after 48 h.

The results presented in this section are consistent with the notion that, under these
specific experimental conditions, the DNA-damaging response induced by arsenite in U937
cells has nothing to do with the apoptotic degradation processes and is therefore indicative of

genotoxicity.

3.2. Arsenite-induced DNA strand scission is mediated by mitoO2 formation and by its
downstream product H202
We next investigated the mechanism associated with the DNA strand scission induced by
arsenite. For this purpose, we initially performed a series of experiments using DHR, a
general fluorescence probe detecting O>~ as well as H20> (32). DHR also detects RNS (33),
which however are not produced under the experimental conditions employed (18). The
results obtained in these experiments are in keeping with our previous findings (18,19) and
indicate that the arsenite (2.5 uM, 16 h)-induced DHR-fluorescence response is abolished by
Rot, a complex | inhibitor, the respiration-deficient phenotype, AA and enzymatically active
catalase (Fig. 2A). ATZ, while causing an approximate 70% reduction in catalase activity
(data not shown), remarkably enhanced the arsenite-dependent DHR-fluorescence response.
These results confirm our previous findings indicating that arsenite promotes mitoO,~
formation, also detected previously through MitoSOX red-fluorescence and aconitase

inhibition (18,19). For this reason, and for the observed inhibition mediated by Rot, AA or
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the respiration-deficient phenotype, the possibility that the DHR-fluorescence response is
associated with direct effects of arsenite or its metabolites appears unlikely. MitoO2~
formation was associated with its prompt dismutation to H2O».

Interestingly, we found that the DNA damage mediated by arsenite was suppressed under
conditions associated with prevention of mitoO2~ formation (Figs. 2B and C). The results
obtained in these experiments also pointed to a protective effect mediated by enzymatically
active catalase. On the other hand, ATZ significantly enhanced the DNA-damaging response
induced by arsenite.

In order to establish the specificity of the treatments/manipulations employed to modulate
0O27/H20> formation, we measured their effects on the DHR-fluorescence (Fig. 2D) and DNA-
damaging (Figs. 2E and F) responses mediated by reagent H.O. The results obtained in these
experiments, while confirming the expected protective effects mediated by enzymatically
active catalase, and the increased sensitivity associated with the inhibition of cellular catalase
activity, show a lack of effect by either Rot or AA. In addition, RD cells were as sensitive as
their respiration-proficient counterparts in terms of DHR-fluorescence and DNA strand
scission induced by reagent H>O». These results provide further evidence of the specificity of
the effects mediated by Rot or AA in cells treated with arsenite.

Taken all together, these results show that the DNA-damaging response induced by
arsenite is entirely mediated by events leading to the formation of mitoO,~ and to its

dismutation to H20».

3.3. Arsenite induces CsA-sensitive loss of mitochondrial membrane potential and
mitochondrial permeability transition

The results reported in the previous section are consistent with the notion that H20, once
produced after O, dismutation, exits the mitochondria, migrates to the nucleus and eventually

causes DNA strand scission, likely mediated by hydroxyl radical formation. We next tested
14



the possibility that H.O, mediates parallel events leading to the formation of additional DNA-
damaging species.

Arsenite, as we have previously shown (18,19,23), causes mitochondrial dysfunction. In
line with those findings, the results illustrated in Fig. 3A show that a 16 h exposure to 2.5 uM
arsenite causes a significant loss of mitochondrial membrane potential. This effect was
prevented by the MPT inhibitor CsA (25), with hardly any effect detected with FK-506, which
also inhibits calcineurin without any effect on MPT  (24) (Fig. 3A). Various
treatments/manipulations resulting in inhibition of mitoO,~ formation (18,19), e.g., Rot, the
respiration-deficient phenotype or AA, also prevented the arsenite-mediated decline in
mitochondrial membrane potential.

As the loss of mitochondrial membrane potential is both CsA-sensitive and followed by
the onset of toxicity (18), MPT is likely to occur under the above-mentioned conditions. We
therefore performed experiments in which MPT pore opening was assessed by monitoring the
changes in mitochondrial calcein fluorescence after quenching the cytosolic signal with
divalent cobalt. Cells labelled with calcein-AM displayed a bright and uniform fluorescence
(not shown) that changed dramatically after the addition of Co?*, as a result of the quenching
of cytosolic and nuclear calcein-derived fluorescence. Under these conditions, the resulting
images of untreated cells are characterised by a punctuate fluorescence (Fig. 3Ba), similar to
the one detected with a mitochondrial probe (not shown), and indeed entirely attributable to
mitochondrial calcein, as Co?* fails to penetrate the mitochondrial membrane (34). It follows
that loss of mitochondrial fluorescence, and hence of mitochondrial calcein, is indicative of
mitochondrial pore opening. This event was observed in some of the cells exposed for 16 h to
2.5 UM arsenite (Fig. 3Bb). This image should be compared with that shown in Fig. 3Bc, in
which the presence of the cells can be observed by darkening the digital image at the expense

of brightness. CsA abolished the loss of fluorescence (Fig. 3Bd). Similar results were
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obtained with Rot (Fig. 3Be), the respiration-deficient phenotype (Fig. 3Bf) and AA (not
shown), whereas FK-506 was inactive (not shown).

These results show that arsenite induces MPT, a finding which is also consistent with the
outcome of experiments measuring the mitochondrial release of cytochrome ¢ determined
using an immunocytochemical approach. The punctuate fluorescence observed in untreated
cells (Fig. 3Ca) was lost after treatment with arsenite (2.5 uM, 16 h), and the overall decrease
in fluorescence is readily explained by the dilution of cytochrome c released by the
mitochondria in the cytosol (Fig. 3Cb). This event was abolished by CsA (Fig. 3Cc). The
effect of CsA was mimicked by Rot (Fig. 3Cd), the respiration-deficient phenotype (Fig. 3Ce)
and AA (not shown), whereas FK-506 was inactive (not shown).

Finally, we investigated the impact of the metalloid on the energy status of the cells and
found evidence of a small decline in cellular ATP (Fig. 3D). This response was abolished by
CsA, Rot and AA, with hardly any effect detected after the addition of FK-506 (not shown).

Taken all together, these results show that, under the same conditions in which arsenite
promotes mitoO2~ formation and downstream DNA strand scission, a significant proportion of
the cells, while maintaining elevated ATP levels, display a remarkable and widespread loss of

mitochondrial membrane potential associated with MPT.

3.4. Arsenite-induced DNA strand scission is also mediated by the fraction of CsA-
sensitive ROS

We wondered whether the DHR-fluorescence response mediated by arsenite (2.5 uM, 16
h), previously determined as sensitive to Rot, the respiration-deficient phenotype, AA and
enzymatically active catalase (Fig. 2A), is also affected by treatments selectively targeting
MPT. Interestingly, the outcome of these experiments was in line with the notion that a large
fraction of the reactive species is indeed produced via a CsA-sensitive mechanism, with

hardly any effect induced by FK-506 (Fig. 4A). We therefore investigated whether these CsA-
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sensitive ROS had any role in the overall processes leading to DNA strand scission. The
results obtained in these experiments showed that, regardless of whether the DNA damage
was measured with the alkaline halo (Fig. 4B) or the comet (Fig. 4C) assay, CsA, unlike FK-
506, remarkably reduced the extent of DNA cleavage induced by arsenite.

The possibility that the protective effects of CsA are associated with an antioxidant action
was also tested in experiments using H20O> to induce DHR oxidation (Fig. 2D and inset to Fig.
4A) and DNA strand scission (Figs. 2E, F and inset to Fig. 4B). Both events were suppressed
by enzymatically active catalase (Figs. 2D, E and F), as expected, with hardly any effect
detected after the addition of CsA (insets to Fig. 4A and 4B). These results provide further
evidence of the specificity of the effects mediated by CsA in cells treated with arsenite.

We then investigated whether the CsA-sensitive fraction of the arsenite-dependent DNA
strand scission had any role in the p53 response triggered by DNA damage. More
specifically, we used the RT-PCR technique to conveniently monitor p53 mRNA up-
regulation. The results obtained in these experiments are indicative of an arsenite (2.5 uM, 12
h)-dependent p53 expression taking place through a mechanism abolished by Rot and
significantly reduced by CsA (Fig. 4D).

Finally, we investigated the generality of the CsA-sensitive effects on DNA strand
scission mediated by arsenite. For this purpose, we performed preliminary studies in different
cell types to determine their sensitivity to arsenite-dependent DNA cleavage. Similar levels of
DNA strand scission were detected in U937 (Nuclear spreading factor = 7.13 £ 0.56 ), MCF-7
(Nuclear spreading factor = 6.95 + 0.67), HT22 (Nuclear spreading factor = 7.04 £ 0.39) and
NCTC-2544 (Nuclear spreading factor = 7.25 + 0.69) cells exposed to 2.5, 4, 5 or 10 uM
arsenite, respectively. Interestingly, CsA, unlike FK-506, produced inhibitory responses in
these different cell types comparable to those detected in U937 cells (about 40-50%

inhibition).
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Taken together, these results indicate that part of the DNA strand scission induced by
arsenite in U937 cells, and other cell types, is dependent on secondary events associated with

MPT.
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4. Discussion

Arsenite is a very widespread environmental pollutant and an established human
carcinogen producing cytotoxicity and genotoxicity via different mechanisms (1-3).

In this study, we initially characterised the DNA-damaging response evoked by a 16 h
exposure of U937 cells to the metalloid using both the alkaline halo and comet assays which,
although based on different principles, produced substantially similar results (Fig. 1A). The
DNA strand scission detected under these conditions was associated with the formation of
frank DNA breaks/alkali labile sites, with hardly any contribution by apoptotic DNA
degradation processes, which were in fact observed after significantly longer exposure times
to the metalloid (Figs. 1D-G). Moreover, the extent of the DNA damage accumulated under
these conditions appeared to be particularly elevated. For example, treatment with 2.5 pM
arsenite produced a level of DNA lesions similar to that resulting from a 30 min exposure to
200 uM peroxynitrite (26). Note that peroxynitrite, while immediately decomposing after
being added to the culture medium, leads to DNA strand scission via an indirect mechanism
causally-linked to the time-dependent (linear for about 30 min) mitoO™ formation (26). A
level of DNA strand scission comparable to that mediated by 2.5 uM arsenite has also been
observed after a 10 min treatment with 50 uM H20. (35). We also found evidence of a lower
susceptibility of other cell types to the arsenite-dependent DNA strand scission, implying a
differential effectiveness of secondary mechanisms triggered by the metalloid in different cell
types. This finding is consistent with the results of previous studies (36). The reasons for this
differential susceptibility are most likely related to events associated with mitoO,~ formation,
for example at the level of Ca?* mobilization and/or mitochondrial uptake. An additional
consideration regards the specific source of ROS generated by arsenite which may, in specific
cell types, depend on activation of NADPH-oxidase (1,37,38), or be associated with a mutual

recruitment of NADPH-oxidase and mitoO,~ formation (39).
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Thus, the first conclusion we can make is that U937 cells are particularly susceptible to the
DNA-damaging effects mediated by arsenite.

Having previously shown (18,19) that, under identical conditions, arsenite selectively
triggers the formation of mitoO,~, with hardly any contribution by the NADPH oxidase
pathway (18,19), we investigated the involvement of this reactive species in the arsenite-
dependent strand scission of genomic DNA. For this purpose, we performed parallel
experiments demonstrating that Rot abolishes ROS formation as well as the DNA damage
induced by arsenite (Figs. 2A-C). We obtained results that were consistent with this notion
using cells with intact mitochondria, but characterised by a non-functional respiratory chain,
which failed to respond to the metalloid with an increased DHR-fluorescence and DNA strand
scission. The same protective effects were observed with AA, which, as we previously
reported (21), is effectively taken up by these cells via high affinity SVCT2 and then further
accumulated in their mitochondria using a similar transporter, surprisingly working with the
same Km of the plasma membrane counterpart. These observations, readily explained by the
fact that mitochondrial SVCT2, unlike the plasma membrane isoform (21), requires very low
concentrations of Na* (below 1 mM) and the virtual absence of Ca®*, provide a rationale for
the observed protective effects. Under conditions involving a 10 min pre-exposure of as low
as 10 uM AA, the cytosolic levels of the vitamin were kept very low, unlike the mitochondrial
concentration, which increased remarkably (21), thereby inhibiting mitochondrial events
associated with mitoO. formation (18).

The oxidation of DHR and DNA damage were not directly induced by O2,which fails to
exit the mitochondria (40,41), but rather by its dismutation product, H202, which is indeed
capable of exiting the mitochondria to then reach distal targets. The proof of concept of the
intermediate role of H2O: is provided by the outcome of experiments using reagent catalase,
which suppressed both effects, by the loss of function of catalase associated with its thermal

inactivation and by the enhanced effects observed under conditions of catalase inhibition
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achieved after ATZ addition (Figs. 2A-C). The specificity of the effects mediated by the
different treatments/inhibitors was instead demonstrated by experiments in which the cells
were exposed to reagent H>O, (Figs. 2D-F). Under these conditions, the DHR-fluorescence
and DNA-damaging responses mediated by the oxidant were suppressed by enzymatically
active catalase, and remarkably enhanced by ATZ, as expected. Importantly, however, Rot,
the respiration-deficient phenotype and AA failed to affect the DHR-fluorescence and DNA-
damaging responses mediated by reagent H.Ox.

Taken together, these results lead us to a second conclusion, i.e., that the DNA damage
mediated by arsenite is entirely dependent on mitochondrial events leading to O, formation
and to the conversion of this radical to a diffusible and more stable derivative, H.O2. More
specifically, the fraction of H>O. escaping degradation mediated by catalase and other
enzymes, reaches the nucleus and causes damage to genomic DNA. H>O> has been previously
reported to cause DNA strand scission via its site-specific interaction with divalent iron
(Fenton reaction).

Clearly, the DNA is not the only target of H20., as the site-specific generation of hydroxyl
radicals may take place in different microdomains and affect virtually all the biomolecules
(42). Hence, H20O, may also trigger amplification mechanisms leading to the formation of
species causing additional damage to the DNA. The observation that a large proportion of the
cells were at the time of DNA damage analysis experiencing a CsA-sensitive decline in
mitochondrial membrane potential and MPT (Fig. 3) led us to investigate whether these events
were indeed linked to the downstream formation of reactive oxygen species and DNA
damage. Experiments demonstrating that CsA remarkably reduces the DHR-fluorescence (Fig.
4A) and DNA strand scission (Figs. 4B and C) induced by arsenite provide important
evidence of such a link. The specificity of the effects mediated by CsA was not only
established with the use of FK-506, ineffective under identical conditions (Figs. 4A-C), but

also by demonstrating that the MPT inhibitor fails to prevent the DHR-fluorescence response
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(inset to Fig. 4A) or DNA strand scission (inset to Fig. 4B) mediated by reagent H20,. These
results rule out the possibility that the protection afforded by CsA is mediated by a
scavenging effect.

These findings lead to a third conclusion, i.e., that arsenite triggers a dynamic process
associated with mitoO2/H20, formation and downstream CsA-sensitive MPT-dependent
formation of additional DNA-damaging species. From this standpoint, the CsA-sensitive
fraction of the DNA damage would be the one produced through the amplification process
mediated by MPT in cells possibly, or likely, committed to death.

On the other hand, it is important to note that U937 cells are a highly glycolytic cell line,
which maintained an almost intact ATP pool even under conditions of extensive
mitochondrial damage (Fig. 3D). Given this premise, we were not surprised to observe that the
cells exposed for 16 h to arsenite were able to trigger energy-dependent processes downstream
te of DNA damage, i.e., p53 mRNA up-regulation (Fig. 4D). This effect was suppressed by
Rot and significantly reduced by CsA, thereby emphasising the overall importance of
mitoO2/H202, and in particular, of its CsA-sensitive fraction, in the processes leading to
increased p53 MRNA expression. Although these effects were observed in U937 cells, which
express non-functional p53, we can nevertheless conclude that the MPT-dependent formation
of mitoO2"/H.0> causes DNA damage and activates the p53 pathway by enhancing its mMRNA
expression. Several studies provide evidence of a role for an increased p53 protein stability
and increased p53 protein expression in arsenite apoptosis (43-45). Future studies should more
clearly define, in an appropriate cellular system, the effect of both the MPT-independent and -
dependent DNA damage in p53 activation/enhanced expression and the specific impact of
these pathways in the lethal response mediated by arsenite.

In this study, we also obtained preliminary results indicating that the CsA-sensitive
fraction of the DNA damage detected in U937 cells is remarkably similar to that which is

observed in MCF-7, HT22 and NCTC-2544 cells, despite their different sensitivity to
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arsenite. This observation is in keeping with the generality of the CsA-dependent effects on
arsenite-genotoxicity.

In conclusion, our results show that mitoO2"/H20. generated by arsenite is directly
involved in the site-specific formation of DNA lesions, with potential implications in
mutagenesis and carcinogenesis. Under the same conditions, however, mitoO,/H>O; also
triggers downstream events promoting further release of additional DNA-damaging species
through an MPT-dependent process. MPT therefore represents the cause of the increased
overall amount of H2.O> generated, and CsA consistently reduced its formation and the extent
of DNA damage. From this standpoint, the CsA-sensitive DNA strand scission, while strictly
defined as a genotoxic response, appears poorly related to arsenite mutagenesis/carcinogenesis
and is in fact more likely relevant to the toxic potential of the metalloid. Exploring this

possibility may provide new insights into the well-established antileukemic effects of arsenic.
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Legend to the figures

Fig 1. Arsenite induces early DNA strand scission independently of the apoptotic DNA
fragmentation.

(A) Cells were exposed for 16 h to increasing concentrations of arsenite. After treatments, the
cells were analyzed for DNA damage with the alkaline halo or comet assays. Results
represent the means + SD calculated from at least 3 separate experiments. *P < 0.01; **P <
0.001, as compared to untreated cells (two-way ANOVA followed by Bonferroni’s test). (B)
Representative images of microgel-electrophored DNA from cells incubated for 16 h in the
absence or presence of 2.5 uM arsenite. After treatments the cells were analyzed with the
comet assay and immediately processed for image analysis. (C) Percentage of cells presenting
evidence of damaged DNA (with tails) after exposure to the vehicle (n =255) or 2.5 uM
arsenite (n = 329). Results represent the means £ SD calculated from at least 3 separate
experiments. **P < 0.001, as compared to untreated cells (one-way ANOVA followed by
Dunnet’s test). (D) Representative images of microgel-electrophored DNA from cells
incubated for 48 h in the absence or presence of 2.5 uM arsenite. Apoptotic cells display a
pear-shaped morphology. (E) Percentage of pear-shaped (apoptotic) cells after treatment with
the vehicle (n = 358) or arsenite (n = 435). Results represent the means + SD calculated from
at least 3 separate experiments. **P < 0.001, as compared to untreated cells (one-way
ANOVA followed by Dunnet’s test). (F) Percentage of cells presenting condensed chromatin
(apoptotic) by the Hoechst assay after treatment for increasing time intervals with the vehicle
or arsenite. Results represent the means + SD calculated from at least 3 separate experiments.
*P < 0.01; **P < 0.001, as compared to untreated cells (two-way ANOVA followed by

Bonferroni’s test). (G) Percentage of cells with cleaved caspase-3 after 16 h or 48 h exposure
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to arsenite. Results represent the means + SD calculated from at least 3 separate experiments.

**P <0.001, as compared to untreated cells (one-way ANOVA followed by Dunnet’s test).

Fig 2. Arsenite-induced DNA strand scission is mediated by mitoO>~ formation and by its
downstream product H>O».

Cells were exposed for 15 min to 0.5 uM Rot, 10 uM AA, 50 U/ml catalase, or heat
inactivated catalase, and incubated for a further 16 h with 2.5 uM arsenite. Alternatively, cells
were incubated for 6 h with 0 or 10 mM ATZ and subsequently treated with 2.5 UM arsenite,
as described above. Selected experiments were performed using RD cells. After treatments,
the cells were analyzed for DHR-fluorescence (A) or for DNA damage by the alkaline halo
(B) or comet assays (C) . In other experiments, the cells were first treated as detailed in panel
A and subsequently exposed for 15 min to 75 pM H,O», After treatments, the cells were
analyzed for DHR-fluorescence (D) or DNA damage with the alkaline halo (E) or comet
assays (F). Results represent the means + SD calculated from at least 3 separate experiments.
*P < 0.001; **P < 0.0005, as compared to untreated cells (one-way ANOVA followed by

Dunnet’s test).

Fig 3. Arsenite induces CsA-sensitive loss of mitochondrial membrane potential and
mitochondrial permeability transition.

(A) The cells were exposed for 15 min to Rot, AA, 0.5 uM CsA or 1 uM FK-506 and
incubated for a further 16 h with 2.5 uM arsenite. Selected experiments were performed using
RD cells. After treatments, the cells were analyzed for MitoTracker red CMXRos-
fluorescence. Results represent the means = SD calculated from at least 3 separate
experiments. **P < 0.001, as compared to untreated cells (one-way ANOVA followed by
Dunnet’s test). (B) Representative images of cells exposed for 16 h to 0 or 2.5 uM arsenite

(with the additions indicated in the different images) and treated in the last 30 min with
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calcein-AM associated with CoCl,. Untreated cells are shown in panel a. Panel b shows that
arsenite promotes loss of mitochondrial calcein. Panel ¢ shows the same image in which the
presence of the cells is shown by darkening the digital image. Loss of mitochondrial calcein
induced by arsenite cells was prevented by CsA (d) or Rot (). Panel f shows that the 16 h
exposure of RD cells to 2.5 uM arsenite fails to induce loss of mitochondrial calcein. The
micrographs are representative of at least three separate experiments with similar outcomes.
(C) Representative micrographs of cytochrome ¢ immunoreactivity in cells treated with
arsenite. Untreated cells, shown in panel a, display a punctuate fluorescence indicative of the
mitochondrial location of cytochrome. Panel b shows that exposure to 2.5 pM arsenite
induces loss of mitochondrial cytochrome c. This effect was prevented by CsA (c) or Rot (d).
Panel e shows that the 16 h exposure of RD cells to 2.5 uM arsenite fails to induce loss of
mitochondrial cytochrome c. The micrographs are representative of at least three separate
experiments with similar outcomes. (D) Cells were exposed for 15 min to Rot, AA or CsA
and incubated for a further 16 h with 2.5 uM arsenite. After treatments, the cells were
processed for the measurement of the ATP concentrations. Results are expressed as
percentages of ATP levels of the control (untreated 21.89 + 2.56 nmol/mg proteins) and
represent the means + SD calculated from at least 3 separate experiments. *P < 0.05, as

compared to untreated cells (one-way ANOVA followed by Dunnet’s test).

Fig 4. Arsenite-induced DNA strand scission is also mediated by the fraction of the CsA-
sensitive ROS.

(A-C) Cells were exposed for 15 min to 0.5 pM CsA, or 1 uM FK-506, and incubated for a
further 16 h with 2.5 pM arsenite. After treatments, the cells were analyzed for DHR-
fluorescence (A) or DNA damage by the alkaline halo (B) or comet (C) assays. Also shown
in the insets are the DHR-fluorescence (A) or the DNA damage (B) detected in cells exposed

for 15 min to CsA and then incubated for a further 15 min with 75 uM H>O.. (D) Cells were
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exposed for 15 min to Rot or CsA, and incubated for a further 12 h with 2.5 uM arsenite.
After treatments, the cells were processed and analyzed for p53 mRNA expression, as
described in the Materials and methods section. Results represent the means + SD calculated
from at least 3 separate experiments. *P < 0.01; **P < 0.001 as compared to untreated cells.
(*)P < 0.01; as compared to cells treated with arsenite (one-way ANOVA followed by

Dunnet’s test).
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