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Abstract—Arsenic is a wll-known human carcinogen that affects millions of peopleowdwide, but the underlying mecha
nisms of carcinogenesis are uncle&e\eral epidemiological studies havwsuggested increased prostate cancer incidence and
mortality due to exposure to arsenic. Due to lack of an animal model of arsenic-induced carcinogenesigsed a prostate
epithelial cell culture model to identify a role for mitochondria in arsenic-induced prostate candditochondrial mor-
phology and membrane potential & impacted within a few hours of arsenic exposure of non-neoplastic prostate epithelial
cells. Chronic arsenic treatment induced mutations in mitochondrial genes and altered mitochondrial functions. Human
non-neoplastic prostate epithelial cells continuously cultured for sevmonths in the presence of 5 UM arsenite shexv
tumorigenic propertiesin vitro and induced tumors in SCID mice, which indicated transformation of these cells. Protein
and mRNA expression of subunits of mXIPHOS canplex | were decreased in arsenic-transformed cells. Alterations in
complex |, a main site for reacti@ oxygen species @S) production as wll as increased expression ofOS-producing
NOX4 in arsenic-transformed cells suggested a role of oxidastress in tumorigenic transformation of prostate epithelial
cells. Whole genme cGH array analyses of arsenic-transformed prostate cells identified exteng@nanic instability. Our
study reealed mitochondrial dysfunction induced oxidatév stress and decreased expression of p53 in arsenic-transformed
cells as an underlying mechanism of the mitochondrial and nuclear gaiminstability. These studies suggest that early
changes in mitochondrial functions are sustained during prolong arsenic exposurerdy our study preides evidence that
arsenic disruption of mitochondrial function is an early and key step in tumorigenic transformation of prostate epithelial
cells.
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Arsenic is a metalloid that is ubiquitously present in nated with arsenic [4, 6]. Arsenic exposure is quite exten
the environment. Inorganic arsenic poses a global healthsive in rural areas of the United States [7]. About 20 mil
problem affecting millions of people wrldwide [1-4]. lion people in the United States drink excess arsenic [3, 7,
Arsenic contamination in drinking vater is found 8]. In some places in the United States such as New
throughout the vorld. It is estimated that nearly 150 mil Mexico, Arizona, and Texas, arsenic concentrations are
lion people in more than 70 countries are impacted fmo  reported to be gry high (ranges fran 680 to 1880ng!/liter
arsenic [5]. In Bangladesh, about 50 million people are ator ~9 to 25mM) [9]. Recently, a US based study shas
risk of deeloping disease due to drinkingater contami  a significant association beten arsenic lesls in con-

munity water systems and prostate cancer incidence [10].

Abbreviations BAC, bacterial artificial chranosanes; cGH, Recent studies suggest Fh,at human exposure to arsenic
comparatie genene hybridization (arry analysis); @lSO occurs through medicines and food sources such as
mtOXPHOS, mitochondrial oxidative phosphorylation; ROS, juice, wine, rice, milk, meat, infants’ formula, rice cere
reactive oxygen species. als, and other foods [11-16]. Soe of these food sources
* To whom correspondence should be addressed. including wine and juice contain arsenic contamination
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much abore the Wrld Health Organization (WHO) and The length of exposure and a dose of arsenarevchosen
U.S. Environmental Protection Agency (\BEPA) maxi-  to recapitulate the arsenic exposure conditions in the field
mum contaminant leel (MCL) limit of 10 ug/liter or 10  [25, 36, 40-47]. © compare the cell growth rate, RWPE-
parts per billion (ppb) total arsenic in drinking ater [8, 1 and CASPE cells are plated at a density of 10,000
14, 15, 17]. Arsenic exposure leads to candiscular and cells/well in a six vell plate and cells ere counted egry
peripheral \ascular disease and neurological, neurebe day up to 5 dgs.

havioral, and seeral other human diseases [18]. Exposure Matrigel invasion assga The Matrigel invasion assa
to arsenic also induces cancefhis includes skin, lung, was accmplished with BD BioCoat Matrigel Invasion
liver, urinary tract, pancreas, breast, and prostate canceiChambers (BD Biosciences, 8A) as described earlier
[19-24]. At least fie epidemiological studies conducted [48]. Briefly, RWPE-1 and CAsSPE cells ere seeded at
both in the United States and other parts of thevid sug  0.5-1F cells per chamberCulture media with 10% FBS
gest that exposure to arsenic leads to high incidence ofvas used as the chemoattractant. Cellene alloved to
prostate cancer in humans [25-29]. Additionally recent migrate for 24h, and then the membranes ave stained
US prospectie study also suggests an increased prostatwith the Diff-Quik Stain Set (Dade Behring, L8A). The
cancer incidence and mortality due to low dose exposurenvading cells wre counted in six vie per membrane
to arsenic [30]. Unfortunatelythe molecular mechanism under a microscope at 20 magnification. Cell counts
underlying arsenic-induced prostate carcinogenicity is were aeraged and statistically analyzed.

poorly understood. Cell-culture migation assg. Cell-culture migration

Arsenic is one of the few human carcinogens that doassg was carried out as described earlier [48]. Briefly
not induce tumors in laboratory animals except at 1-1 RWPE-1 and CASPE cells ere seeded into six-all
extremely high doses that do not recapitulate humanplates and reached confluence on the nextyda@he cells
exposure conditions [31-34]. Numerous attempts by dif were wunded with yellow pipet tips. Pictures of the
ferent investigators to desdop a mouse model of arsenic- wounded lines at the same positionsere taken at 0 and
induced prostate cancer hanot been successful [31-36]. 24 h after wounding.

Thus, defining the mechanisms imlved in arsenic- SCID mouse xenogft and anajsis of tumor gowth.
induced carcinogenesis has been difficult. In the absenceXenograft experiments in SCID mice wre carried out as
of a suitable animal model of arsenic-induced prostatedescribed earlier [49]. SCID mice ere injected subcuta
carcinogenesis, as an alternagiwme utilized a cell culture neously with 1-18 RWPE-1 or CASPE cells mixed with
model of arsenic-induced prostate cancer in which a Ror Matrigel (1 : 1 ratio) in both flanks of the mice using 26 G
mal non-tumorigenic prostate epithelial cell line as needles. Timor growth was monitored externally using
exposed to a low dose of arsenic for sewmonths [35]. calipers for up to 10 weks.

A few studies haas demonstrated that arsenic aceu Histology and immunohisthemical anajses.
mulates in mitochondriavia phosphate-transport pre  Xenograft tumors wre fixed in buffered formalin,
teins and the dicarboxylate carrier [37, 38]. When inject embedded in paraffin, sectioned (5 uM), and stained with
ed into rabbits, arsenic also accumulatés vivo in the hematoxylin and eosin. Immunohistochemical analyses
mitochondria of kidneys [39]. © date, little is known of tumor tissues wre carried as described earlier [50].
about the role of mitochondria in arsenic-induced can Briefly, the slides wre de-paraffinized by incubation in
cers. In this studywe utilized an epithelial cell culture xylene and ascending grades of alcohol. Antigen retaiev
model [35] to identify a role for mitochondria in arsenic- was done by heating in citrate-based antigen unmasking
induced prostate cancer solution (\ector Laboratories, LEA) for 30 min at 98°C,

incubated in 3% hgrogen peroxide for 10 min, blocked

with serum for 30 min, incubated with anti-ki67 antibody
MATERIALS AND METH ODS (1 : 500 dilution; Santa Cruz BiotechnologyUSA) or

anti-PSA antibody (1 : 300 dilution; Santa Cruz

Arsenic exposue time and doseTlhis study vas per  Biotechnology) for 1 h at rom temperature, folloved by
formed using prostate epithelial RWPE-1 and CAsPE incubation with biotinylated secondary antibody for
cells (a kind gift fran Dr. M. P. Waalkes, NIEHS). 30 min and another 30min with Vectastain ABC kit
Briefly, non-tumorigenic RWPE-1 prostate epithelial (Vector Laboratories). Color vas deeloped by incubating
cells were continuously cultured for s@n months in the slides with peroxidase substrate solution follesv by
presence of 5 uM of sodium arsenite. S#v months counterstaining with hematoxylin. All sections ere
arsenic-treated RWPE-1 cells are named as CAsPE cellsexamined with an Olympus BX50 microscope. The pic
Simultaneous passage matched control cellerer also tures vere taken with an Olympus DP 70 camera con
grown for the same period of time but without arsenite. nected to DP Controller softvare (Olympus, LBA).

Cells vere collected and frozen evy 4 veeks, and arious Mit ochondrial staining and mioscopy RWPE-1
analyses, includingin vitro transformation assgs and cells were grown on cwerslips in six wll plates @ernight
tumor dewlopment in SCID mouse, wre performed. at 37°C, 95% humidityand 5% carbon dioxide environ
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ment. Next day, the cells vere treated with sodium arsen
ite (0.5 uM) for 8 h. Following washing with PBS, the
cells were incubated with media containing 10GM
MitoT racker (Molecular Probes, \$A) for 20min. The
cells vere then fixed in 2% paraformaldeltle in PBS and
stained with 4;6-diamidino-2-phenylindole (D API;
Vector Laboratories) prior to mounting the oerslips
onto microscope slides. Confocal picturesene taken
with a Leica confocal instrument. The picturesave ana
lyzed with ImageJ softare (NIH, http://rsbw eb.nih.gov/
ijf).

Mit ochondrial genome analis. The camplete mito-
chondrial genane was amplified with 24 sets ofverlap-
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Healthcare Biosciences, 3A) were used for film desi-
opment.

Whole genome cGH aay anal/sis of arsenic-exposed
prostate epithelial cellsThe construction of the custm
cGH (comparative genanic hybridization) BAC (bactert
al artificial chromosames) arrg was described previously
[53]. The log2 ratios of the background corrected
test/control were normalized using a loess correctionoi=
each BAC, a median of the log2 ratios of all its replicates
was caonputed and BACs with less than tev successful
replicates vere excluded. The corrected log2 ratio for each
BAC was then used to segment the arasing Circular
Binary Segmentation (CBS) using DNAcopy softave.

ping primers [51] in RWPE-1 and CAsPE cells. All the For each segment, the median absolute deviations (MAD)
amplicons vere checked by agarose gel electrophoresisf the corrected log2 ratios @&e canputed. Segments with
and directly sequenced by the Sanger method using @90 a median corrected log2 ratio greater than the median
of PCR product. After the assembly of all sequences, theof the MAD (MMAD) w ere considered gained, and seg
variations vere identified by coparing the mtDNA ments with a median corrected log2 ratio less thah 2
sequences of RWPE-1 cells with CAsSPE cells. The signif MMAD w ere considered lost. In addition, all single BZs
icance of mutations wre analyzed by identifying the within a segment whose corrected log2 ratios exceéd 2

region where the mutations gre found and cmparing
mutated sequences with lasv organisms to determine the
level of conseration of the amino acids across species.
Mit ochondrial memlane potential measement.
Mitochondrial membrane potential of RWPE-1 and

the interquartile range of the segment are marked as-out
liers. Outliers with corrected log2 ratio exceeding 2he
global intelquartile range are outlined as gains or losses
accordingly All BACs were assigned a call of gained (1),
lost (-1), or normal (0) based on the call of the segment

CAsPE cells was assessed using the fluorescent probthey are in, and the kamtype. The cGH data fron

5,5¢6,6¢tetrachloro-1,1¢3,3¢tetraethyl-benzamidazolo-
carbocyanin iodide (JC-1; Molecular Probes) following
established protocols and reaamendations [52]. Cells
were incubated with JC-1 (uM) dye diluted in culture
medium at 37°C for 15min. The cells vere washed with
PBS and analyzed using a Becton DickinsonAES
Calibur Flow Cytometer (Franklin Lakes, WBA). JC-1
was detected by using blue andliow lasers to excite JC-
1 monamers (FL1 channel) and aggregates (FL2 chan
nel).

Western blot analses. RWPE-1 and CAsPE cells
were lysed in RIRA lysis buffer (50mM Tris, pH 7.4,
150mM NaCl, 1 mM PMSF, 1mM EDT A, 1% Triton X-
100, 1% sodium deoxgholate, and 0.1% SDS) with addi
tion of Protease Inhibitor Cocktail (Thermo Fisher
Scientific, USA). Fifteen micrograms of protein as size-
fractionated on a 12% SDS-polycrylamide gel and
transferred onto a polyvinylidene difluoride membrane
(Millipore Corp., U SA) using the et transfer system and
blocked in 5% skim milk in PBS for 1 h. A premixed
cocktail (7.2 pg/ml) containing primary monoclonal
antibodies against subunits of XlPHOS camplexes
(Mitosciences, USA) was used to detect representativ
subunits fran OXPHOS camplex I, II, lll, IV , and \V

arsenic-treated CAsPE cells as normalized with paired
untreated RWPE cells grown to the same length of time
under the same culture condition except without arsenic.

Gene expession anakes.The total RNA was isolat
ed fromn RWPE-1 and CASPE cells by therikol extrac
tion method according to the manufacturer’'s protocol
(Invitrogen, USA) and reerse transcribed using a
Superscript lll First Strand kit (Invitrogen). RT PCR vas
performed to measure the expression ééwv of theNOX1,
NOX2, NOX3, NOX4, NOX5, and NDUFA13 genes using
GoTaq Green 2 Master Mix (Promega Corporation,
USA) and gene-specific primersb-Actin was used as an
internal control.

Statistical anayses.All statistical analyses @re per
formed with Sigma Plot 11.0 softare (Systat Softare,
USA). Data vere canpared using tw-tailed Student’st-
tests.

RESULTS

Mit ochondria ae eary targets of arsenic exposeurTo
determine whether arsenic-mediated mitochondrial
changes are early euts, we treated non-tumorigenic

Mouse monoclonal primary antibody against p53 (SantaRWPE-1 prostate epithelial cells with 0.5 uM sodium
Cruz Biotechnology) vas used to detect the expression ofarsenite for 8 h and stained the cells with Mitodcker to

p53 in RWPE-1 and CAsPE cella-Tubulin (Santa Cruz
Biotechnology) antibody or Bnceau S staining as used
as a loading control. HRP-conjugated secondary anti
bodies (\éctor Laboratories) and EL reagent kits (GE
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obsenre the mitochondrial morphological and membrane
potential changes. After 8 h of arsenic treatment, non-
tumorigenic RWPE-1 prostate epithelial cells displad

diffused mitochondrial morphology that indicated change
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Fig. 1. Arsenic exposure alters mitochondrial morphology and mitochondrial membrane potential. a) RWPE-1 cediewreated with 0.5 pM
sodium arsenite for 8 h, stained with Mitaacker red and [API, and images wre obtained by fluorescence microscogy) Mitochondrial
membrane potential DY) in RWPE-1 and arsenic-treated CAsPE cellsasw determined using the fluorescent cationicayC-1. * Denotes
p<0.05.
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Fig. 2. Arsenic induces transformation of prostate epithelial cells. MatrigeVasion (a) and wund-healing assg (b) of RWPE-1 cells treat

ed continuously with 5 pM sodium-arsenite for sem months (marked CAsPE), asell as non-treated control (RWPE-1 grown continuous

ly for seen months but without arsenic treatment) a6 performed as described [48]. ¢) The growth rate of RWPE-1 and CAsSPE cells is
expressed relat&/ to the initial plating number (dg 0). While the experiment as repeated three times, representatigata are shown in the
figure. * Denotesp < 0.05.
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in mitochondrial membrane potential (Figla). Untreated resulted in increased Matrigel irasion (Fig. 2a), faster
control cells showd distinct mitochondrial morphological wound healing (Fig. 2b), and increased growth rate
characteristics (Fig.1a). We also analyzed the mitochen (Fig. 2c) than the paired untreated RWPE-1 prostate cells
dria in non-tumorigenic and arsenic-transformed cells [35] (grown to seen months continuously without treatment).
after long-term arsenic exposure. Our studies @aled a These studies suggest that exposure to arsenic leads to
sewere decrease in mitochondrial membrane potential in vitro transformation of prostate epithelial cells.
arsenic-transformed cells aopared to paired arsenic- Arsenic-transformed postate epithelial cells form
untreated non-tumorigenic control cells (Figlb). These tumorsin viv. Since arsenic-treated CAsPE cells shed/
studies suggest that brief exposure to arsenic results features of a transformed phenotypeevwsought to deter
altered mitochondrial morphology and membrane poten mine the ability of these cells to form tumors in mice oF
tial and these mitochondrial alterations are sustained dur this, one million cells vere mixed with Matrigel and
ing long-term (seen months) exposure to arsenic. injected subcutaneously into the flanks of SCID mice and
Exposue of postate epithelial cellsatarsenic induces tumor formation was monitored for 10 weks. Animals
tumorigenic tansformationin vitro. The dewelopment of injected with RWPE-1 cells did not form tumors at all
models for arsenic-induced prostate carcinogenesis is-crit during the experiment (0/4). In contrast, all mice injected
ical for understanding the mechanisms underlying the €ar with CAsPE cells deeloped tumors (4/4), on agrage
cinogenic process. W utilized anin vitro prostate epithe  eight weeks after injection, as presented in Fig. 3, I
lial cell culture model to identify the carcinogenic mecha Together these results real that CASPE cells manifest a
nisms underlying the deslopment of cancer induced by gain of tumorigenicity in a normally non-tumorigenic
arsenic. RWPE-1 prostate epithelial cellsene contint  cell. Histochemical analysis of primary tumors shed
ously treated with sodium arsenite (5 uM) for apprexi increased legls of the proliferation marker Ki-67 (Fig3,
mately seen months. Rired control cell lines grown I, b) and human PSA (Fig.3, Il, ¢) staining, demonstrat
simultaneously to sean months, but without arsenic treat ing that the tumors formed in mice @re of human origin.
ment, were also included in the studyMedium was Arsenic induces distinct changes in subunit gene
replaced each wek with fresh medium, either with or expression inglved in mtOXPHOS complex |.We meas
without arsenite. V@ determined transformed phenotypes ured changes in subunit gene expressiormgising all
by monitoring Matrigel invasion after a treatment period five mtOXPHOS canplexes. An analysis of mt&PHOS
of seen months. Arsenic treatment for sem months gene expression sh@athat canplex | subunit NDUFB8

| 10000

8000 ‘RWPE-1 =m=CAsPE

6000

4000

Tumor volume (mm?3)

2000

CAsPE

Fig. 3. Arsenic-transformed prostate epithelial cells form tumois viva I) Cell lines were injected subcutaneously into the flanks of SCID
mice, dimensions of the tumors g&re measured ®ekly and tumor wlume was calculated. Results are shown as mearssetm. Representatia/
animals are shown in the photos. Il) Representagiglides of sections of xenograft tumors (a) stained with hematoxylin and eosin, (b) stained
with Ki-67, and (c) stained with human prostate-specific antigen PSA are presented.
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Fig. 4. Arsenic alters gene expression. ag¥tern blot analysis of representagigubunits of mitochondrial respiratory coplexes I-V in RWPE-
1 and CASPE cells. A éhceau S-stained blot seeg as a loading control. b) Densitoetric analysis of protein expression of subunits of mito
chondrial respiratory conplexes |-V in RWPE-1 and CASPE cells is represented as a histogr@MA was isolated frmm both, RWPE-1
prostate epithelial cells and arsenic-transformed CAsPE cells, and mRNA expressidi@iFA13(c) and members of N&X family (d) was
determined by RT-PCR after cDNA synthesisb-Actin sened as control.

a b

1758 5353
ST ELE BN FFIESERTR Nucleotide | RWPE-1 | CASPE | Gene Amino
- acid
L change
% 1758 | Y(CM) [ Y(CM)* [ 16SrRNA| NA
v 5353 A |[R(AG)| ND2 | Arg->His
* Denotes heter oplasmy .
G A A A 9y T G A A CTAC=®2CC TS C
W l l CAsPE LLNLYFY LIYSTSIT
o H.sapiens LINLYFYLRLIYSTSIT
2 M. musculus LINLFFYIRLIYSTSLT
(&] P.troglodytes LINLYFYLRLIYSTSIT
R.norvegicus LLSLFEYTRLIYSMSLT
D.melanogaster LITLFFYLRICYSXXXX

Fig. 5. Arsenic induces mutations in mtDNA. mtDNA was isolated frmm RWPE-1 and CAsPE cells. The whole mitochondrial geme
(16.6 kb) was amplified and sequenced with 24 sets of primers as described earlier [5hjoapdvel heteroplasmic mutations wre identified
in CAsPE cells at a higher percentage than in RWPE-1 cells. b) One of the mutaticas found in16S rRNAand another one in theND2
gene. c) TheND2 gene mutation changes the consed’amino acid arginine to histidine.

was expressed at a much lewlewel in arsenic-trans unit COX II, and complex Il subunit SDHB was higher in
formed cells than in matched untreated control cells (Fig. arsenic-transformed cells (Fig. 4, a and b). Sinceraoplex
4, a and b). In contrast, expression of ewlexV subunit | appeared to be sevely affected, w analyzed the
ATP5A, complex Il subunit UQCRC2, complex IV sub  expression of NDUFA13 (also known as GRIM-19) and
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found that arsenic-transformed cells express significantlycells, we performed whole genme cGH array analysis.
lower lewel of NDUF A13/GRIM-19 co mpared to non- Nuclear genanic changes wre detected in arsenic-trans
treated paired control cells (Figdc). This study suggests formed cells conpared to arsenic-untreated non-tumosi
that arsenic targets aoplex | function. genic cells. Arsenic-transformed cells had significant

Arsenic exposwg leads @ increased exmssion of changes cmpared to arsenic-unexposed cells (Figb).
ROS-producing genesOxidative stress is known to be We identified amplification (circled in green) and deletion
involved in malignant transformation of cells [54-57], (circled in red) of chranosamal regions in arsenic-trans
and the NOX family of reactie oxygen species @S)- formed cells (Fig.6b). The most frequent DNA gains,
generating NADPH oxidases is one of the maina®8- which were strikingly different in arsenic-exposed cells
producing enzymes in cells [58]. N® enzymes transport compared with arsenic-unexposed cells, included those at
electrons across the plasma membrane to generate supeloci in chromosane 8q, 9p, 99, 11q, 18q, 20q, and chio
oxide and downstream RS [58]. We analyzed expression mosane Yg (Fig. 6b). A higher frequency of DNA losses
of NOX genes NOX1, NOX2, NOX3, NOX4, andNOX5) in  in arsenic-transformed cells anpared with arsenic-unex
arsenic-transformed CAsPE cells. mRNA expression ofposed cells w&s also obseed in seeral chranosanes such
NOX4 was significantly increased in CAsSPE cellsroe  as loci at 7p, 7q, 99, 12p, 18q, and 19p (Figh).
pared to RWPE-1 cells (Fig4d). In contrast, expression We also performed cGH analysis of arsenic-trans
of NOX1 and NOX3 was not detected, and expression of formed breast epithelial cells. Interestinglyve obsered
NOX2 was smewhat lover in CAsSPE cells. Howwer, no amplification of only a single locus at chmosane 5
change vas detected inNOX5 expression (Fig.4d). We  (unpublished data). These data suggest that arsenic expo
conclude that NOX4-induced oxidative stress plgs an sure leads to genoic instability. However, arsenic-medi
important role in arsenic-induced transformation. It is ated genmnic changes (chrmmosamal amplification or
noteworthy that NOX4 localizes to mitochondria [59]. deletion) may be cell-type specific.

Arsenic induces nmiichondrial genome instability
Since arsenic affected mitochondria, localized oxidagiv

stress mg damage the mitochondrial gemoe, and mito DISCU SSION
chondrial genamic alteration has been shown to be
involved in the deelopment of tumors [60, 61]. W Otto Warburg described altered miKPHOS in the

designed primers to amplify the entire mitochondrial mitochondria of tumor cells and hypothesized that
genane and sequenced the PCR products. Our studydecreased mt@PHOS in cancer cells leads to increased
revealed mutations in thel6S rRNAgene (1758 bp) and glycolytic energy production [67]. Decreased mitochen
ND2 (5353 bp) gene in arsenic-transformed CASPE cellsdrial oxidative phosphorylation (mt&XPHOS) has also
when canpared with the RWPE-1 untreated control cells been identified as a new hallmark of cancer [67-71]eW
(Fig. 5, a and b). Interestinglyboth of these mutations utilized a prostate epithelial cell culture model to identify
were found to be heteroplasmic, i.e. the CAsPE cells eon effects of arsenic on mitochondria and a role for arsenic-
tained both wild type and mutant mtDNA (Fig.5a). The induced disruption of mitochondrial function in the
ND2 gene mutation changes amino acid arginine to histi dewvelopment of prostate cancer
dine, which is consered across species (Figc). ND2 Mitochondria are dynamic organelles in a cell.
encodes a protein that is part of the multiprotein Mitochondria undergo constant fission and fusion
mMtOXPHOS canplex I. Mutations in the16S rRNAgene processes and maintain their morphologynembrane
do not lead to amino acid change (Fighb). Together potential, and number in a cellular system [72, 73]. Any
these obsemtions suggest that arsenic induces mutationchange in fission and fusion processes and thus change in
in the mitochondrial genane, and mtOXPHOS canplex morphology of mitochondria in a cell is an important
| is a sustained target of arsenic-induced transformationindicator of physiological changes in this organelle.
of prostate epithelial cells. Aberrant mitochondrial morphology and membrane
Arsenic inhibits p53 expission and induces nuclearpotential in RWPE-1 cells within a few hours of arsenic
genomic instabilityp53is a vell-known tumor suppressor exposure not only indicate physiological changes in mito
gene. It is described as guardian of the nuclear @l ws chondria in these cells after arsenic exposure but also sup
the mitochondrial genane [62, 63]. Loss of expression of port the notion that arsenic induces mitochondrial
tumor suppressor genp53is frequently associated with changes at an early stage (Figa). Mitochondrial mor-
nuclear genmne instability and malignant transformation phological changes havbeen attributed to dealopment
of cells [64-66]. V¢ tested the expression of p53 inof cancer and a number of other human disorders [74].
arsenic-transformed and arsenic-untreated non-tumeri Decreased mitochondrial membrane potential (Figlb)
genic cells. W noticed a seare loss of p53 expression in as vell as altered expression of m¥®HOS canplex sub
the arsenic-transformed cells (Figsa). unit proteins (Fig. 4a) in arsenic-transformed CAsSPE
To compare the differences in DNA aberrations prostate epithelial cells further supports the conclusion
between arsenic-transformed and arsenic-unexposedthat arsenic targets mitochondria.
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Fig. 6. Arsenic induces nuclear gemoic instability. a) Western blot analysis of p53 protein expression in RWPE-1 and CAsSPE cells. b)
Comparative genane hybridization (cGH) array analysis of RWPE-1 and CASPE cells treated with arsenic foesewmonths vas carried out.
DNA aberrations are denoted for each chneosame. Significant amplifications of chrmosamal regions are circled in green, and deletions of
chromosamal regions are circled in red.
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Fig. 7. Mitochondrial model for arsenic-induced prostate carcinogenesis. Our results indicate that arsenic alters mitochondrial function of
prostate epithelial cells as early as 8 h after exposure. Inhibition @figlex | of mitochondrial OXPHOS is a prime target of arsenic toxicity
Arsenic inhibits expression of subunits o XPHOS canplex | including expression of GRIM-19 (NDUFA13), a cell death regulatory protein
that is also essential for the assembly and function ®RBHOS canplex |I. Moreover, arsenic induces mutations in thBlD2 gene, a subunit
of complex I. Altered canplex | function as wvell as increased expression of @ are responsible for generation ofd8, and thus oxidatie
stress in arsenic-exposed cells ypla direct or indirect role in nuclear DNA damage and gemdc instability. p53, a guardian of the nuclear
gename, also acts as a mito-checkpoint and can transiently block cektleyprogression when cells contain damaged/dysfunctional mito
chondria [62, 88]. Therefore, absence or decreased expression of p53 further adgsalvoth nuclear and mitochondrial genee instability
Both p53 and NOX4 protein also localize and function in mitochondria [59, 88]. Thus, dysfunctional mitochondria via known pagig/pro-
teins like p53 and N&X4 and other gt unknown pathvays exacerbate nuclear gemic instability, a prerequisite for transformation of cells and
tumorigenesis. Our model suggests that mitochondria are the early target for arsenic, and disruption of mitochondrial functighalale in
arsenic-induced prostate tumorigenesis.
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Increased Matrigel inasion, wound healing, and arsenic-transformed prostate epithelial cells indicates a
growth rate of arsenic-exposed prostate epithelial cellsole of this protein in neoplastic transformation after
provide in vitro evidences for the transformation of these arsenic treatment (Fig.6a). p53is a tumor suppressor
cells after seen-month arsenic treatment (Fig.2). gene that regulates cell cle, apoptosis, and gemnic sta
Formation of tumors in SCID mice confirms that arsenic bility [62, 65]. We hawe earlier shown that p53 functions
treatment of prostate epithelial cells results in ddop- as a mito-checkpoint protein and regulates mtDNA copy
ment of tumorsin vivo(Fig. 3). These studies are consis number and mitochondrial biogenesis [88]. The mito-
tent with previous reports describing tumorigenic trans checkpoint can transiently block cell @fe progression
formation of prostate epithelial cell by arsenic exposurewhen cells contain damaged/dysfunctional mitochen
[35, 46]. Although these studies identified arsenic- dria. If the mito-checkpoint fails, cells mg accumulate
induced transformation of prostate epithelial cells, iden genetic abnormalities in the nucleus.
tification of the mechanism underlying arsenic-induced Our group has demonstrated that mitochondrial
transformation of the cells is not cleaMitochondria play  loss-of-function in breast epithelial cells induces an
a key role in cellular metabolism, cell death, and readiv increase in chronosamal rearrangements resulting in
oxygen species production, and these patiyw are often transformation of the cells [89]. W also demonstrated
disrupted in tumors [49, 75]. W focused our efforts to that mitochondrial dysfunction downregulates p53 and
identify the changes and consequences of altered mitoinduces supernumerary centroste amplification, and
chondrial functions in arsenic-induced transformation of direct inhibition of mtOXPHOS camplex | in cells reca
prostate epithelial cells. pitulate this abnormal phenotype, suggesting a role for

Exposure to arsenic leads to generation ofOB, mtOXPHOS and specifically coplex | in maintaining
resulting in increased oxidat® stress [76-78]. React®y centrosanal homeostasis [90]. It is therefore conceible
oxygen species produced during metabolism has beethat on downregulation of p53, a mito-checkpoint pro
shown to cause DNA damage in the nucleus [42, 79-81]tein triggers nuclear gemic instability due to arsenic-
as vell as in mitochondria [43, 80]. Mitochondrial induced disruption of mitochondrial function [88, 91].
OXPHOS canplex | is a major site for RS production in  Other mechanisms of arsenic-induced nuclear gane
cells [82]. Dysfunctional canplex | was reported to instability hawe also been identified. Arsenic targets the
increase KOS production [82]. Uncontrolled generation RIN G finger damains of histone E3 ubiquitin ligase and
of ROS leads to oxidatie stress and py& a causatrole alters a histone epigenetic mark [92]. Arsenic also inhibits
in the deelopment of cancer [54-57]. Decreased expres recruitment of BRCA1 and RAD51 proteins to DNA
sion of canplex | subunits NDUFB8 (Fig. 4, a and b) and double-strand break sites that diminish DNA double-
NDUF A13/GRIM-19 (Fig. 4c) indicates dysfunctional strand break repajrwhich ultimately leads to nuclear
mMtOXPHOS canplex I. NDUF A13/GRIM-19 is esserr  gename instability [92].
tial for the assembly and function of mt®PHOS can- Cellular transformation is a multistage process, and
plex | [83]. Decreased expression of the nuclear-g@n@  genamic instability is one of the prerequisites for trans
encoded mtOXPHOS camplex | subunits as @l as formation/cancer deelopment [93]. Prealent mutations
induction of mutation in mitochondrial-genome-encod  in mtDNA in arsenic-treated cells indicate that mite
ed ND2 gene that code a protein subunit of mM®PHOS chondria are early and important targets of arsenic.
complex | (Fig. 5) indicate that canplex | is a prime Indeed, we hae previously shown that mutations in
mitochondrial target of arsenic. Moreger, increased mtDNA increase the frequency of mutations in the
expression of mitochondria-localized N®&4 [59], an nuclear genme [94, 95]. Thus, mitochondrial genme
oncogene inwvlved in generation of S, also supports instability that we demonstrated upon arsenic treatment
the role of mitochondria and associated oxidagstress in may push cells towrds nuclear genme instability leading
arsenic-mediated oncogenic transformation of prostate to tumorigenic transformation. Decreased expression of
epithelial cells. p53, a guardian of the nuclear and mitochondrial geme

Inhibition of tumor suppressor gene(s) or amplifiea [62, 63], and increased expression of M@, a ROS-pro-
tion of oncogene(s) are critical ents that lead to the ducing oncogene that also localizes to mitochondria [59],
transformation of cells and cancer delopment [84]. may further exacerbate the mitochondria-mediated
Recently Ngalame et al. reported that arsenic induceseffects on nuclear gemuic instability. Our cGH array
overexpression of oncogene KRAS through regulation ofanalyses with arsenic-exposed cells indicating widespread
microRNAs, which plays a key role in arsenic-induced chromosamal amplification as well as deletion across the
malignant phenotype [85, 86]. Notablymitochondrial nuclear genone confirm increase in nuclear gemoe
impairment-induced ROS generation has been reported instability in arsenic-exposed cells (Figb). Owerall, our
as an essential factor for KRAS-mediated tumorigenicity study provides evidences that arsenic exposure alters
[87]. These studies indicate that mitochondria might pla mtOXPHOS canplex | and disrupts mitochondrial fune
an important role in regulation of oncogenes and tumeri tion that contributes to tumorigenic transformation of
genesis. Our obseation of significant loss of p53 in prostate epithelial cells (Fig. 7).
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