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Abstract—Arsenic is a well-known human carcinogen that affects millions of people worldwide, but the underlying mechanisms of carcinogenesis are unclear. Several epidemiological studies have suggested increased prostate cancer incidence and
mortality due to exposure to arsenic. Due to lack of an animal model of arsenic-induced carcinogenesis, we used a prostate
epithelial cell culture model to identify a role for mitochondria in arsenic-induced prostate cancer. Mitochondrial morphology and membrane potential was 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 seven months in the presence of 5 µM arsenite showed
tumorigenic properties in vitro and induced tumors in SCID mice, which indicated transformation of these cells. Protein
and mRNA expression of subunits of mtOXPHOS complex I were decreased in arsenic-transformed cells. Alterations in
complex I, a main site for reactive oxygen species (ROS) production as well as increased expression of ROS-producing
NOX4 in arsenic-transformed cells suggested a role of oxidative stress in tumorigenic transformation of prostate epithelial
cells. Whole genome cGH array analyses of arsenic-transformed prostate cells identified extensive genomic instability. Our
study revealed mitochondrial dysfunction induced oxidative stress and decreased expression of p53 in arsenic-transformed
cells as an underlying mechanism of the mitochondrial and nuclear genomic instability. These studies suggest that early
changes in mitochondrial functions are sustained during prolong arsenic exposure. Overall, our study provides evidence that
arsenic disruption of mitochondrial function is an early and key step in tumorigenic transformation of prostate epithelial
cells.
DOI: 10.1134/S0006297916100072
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Arsenic is a metalloid that is ubiquitously present in
the environment. Inorganic arsenic poses a global health
problem affecting millions of people worldwide [1-4].
Arsenic contamination in drinking water is found
throughout the world. It is estimated that nearly 150 million people in more than 70 countries are impacted from
arsenic [5]. In Bangladesh, about 50 million people are at
risk of developing disease due to drinking water contamiAbbreviations: BAC, bacterial artificial chromosomes; cGH,
comparative genome hybridization (array analysis);
mtOXPHOS, mitochondrial oxidative phosphorylation; ROS,
reactive oxygen species.
* To whom correspondence should be addressed.

nated with arsenic [4, 6]. Arsenic exposure is quite extensive in rural areas of the United States [7]. About 20 million people in the United States drink excess arsenic [3, 7,
8]. In some places in the United States such as New
Mexico, Arizona, and Texas, arsenic concentrations are
reported to be very high (ranges from 680 to 1880 mg/liter
or ∼9 to 25 mM) [9]. Recently, a US based study showed
a significant association between arsenic levels in community water systems and prostate cancer incidence [10].
Recent studies suggest that human exposure to arsenic
also occurs through medicines and food sources such as
juice, wine, rice, milk, meat, infants’ formula, rice cereals, and other foods [11-16]. Some of these food sources
including wine and juice contain arsenic contamination
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much above the World Health Organization (WHO) and
U.S. Environmental Protection Agency (USEPA) maximum contaminant level (MCL) limit of 10 µg/liter or 10
parts per billion (ppb) total arsenic in drinking water [8,
14, 15, 17]. Arsenic exposure leads to cardiovascular and
peripheral vascular disease and neurological, neurobehavioral, and several other human diseases [18]. Exposure
to arsenic also induces cancer. This includes skin, lung,
liver, urinary tract, pancreas, breast, and prostate cancer
[19-24]. At least five epidemiological studies conducted
both in the United States and other parts of the world suggest that exposure to arsenic leads to high incidence of
prostate cancer in humans [25-29]. Additionally, a recent
US prospective study also suggests an increased prostate
cancer incidence and mortality due to low dose exposure
to arsenic [30]. Unfortunately, the molecular mechanism
underlying arsenic-induced prostate carcinogenicity is
poorly understood.
Arsenic is one of the few human carcinogens that do
not induce tumors in laboratory animals except at
extremely high doses that do not recapitulate human
exposure conditions [31-34]. Numerous attempts by different investigators to develop a mouse model of arsenicinduced prostate cancer have not been successful [31-36].
Thus, defining the mechanisms involved in arsenicinduced carcinogenesis has been difficult. In the absence
of a suitable animal model of arsenic-induced prostate
carcinogenesis, as an alternative we utilized a cell culture
model of arsenic-induced prostate cancer in which a normal non-tumorigenic prostate epithelial cell line was
exposed to a low dose of arsenic for seven months [35].
A few studies have demonstrated that arsenic accumulates in mitochondria via phosphate-transport proteins and the dicarboxylate carrier [37, 38]. When injected into rabbits, arsenic also accumulates in vivo in the
mitochondria of kidneys [39]. To date, little is known
about the role of mitochondria in arsenic-induced cancers. In this study, we utilized an epithelial cell culture
model [35] to identify a role for mitochondria in arsenicinduced prostate cancer.

MATERIALS AND METHODS
Arsenic exposure time and dose. This study was performed using prostate epithelial RWPE-1 and CAsPE
cells (a kind gift from Dr. M. P. Waalkes, NIEHS).
Briefly, non-tumorigenic RWPE-1 prostate epithelial
cells were continuously cultured for seven months in the
presence of 5 µM of sodium arsenite. Seven months
arsenic-treated RWPE-1 cells are named as CAsPE cells.
Simultaneous passage matched control cells were also
grown for the same period of time but without arsenite.
Cells were collected and frozen every 4 weeks, and various
analyses, including in vitro transformation assays and
tumor development in SCID mouse, were performed.

The length of exposure and a dose of arsenic were chosen
to recapitulate the arsenic exposure conditions in the field
[25, 36, 40-47]. To compare the cell growth rate, RWPE1 and CAsPE cells were plated at a density of 10,000
cells/well in a six well plate and cells were counted every
day up to 5 days.
Matrigel invasion assay. The Matrigel invasion assay
was accomplished with BD BioCoat Matrigel Invasion
Chambers (BD Biosciences, USA) as described earlier
[48]. Briefly, RWPE-1 and CAsPE cells were seeded at
0.5·105 cells per chamber. Culture media with 10% FBS
was used as the chemoattractant. Cells were allowed to
migrate for 24 h, and then the membranes were stained
with the Diff-Quik Stain Set (Dade Behring, USA). The
invading cells were counted in six views per membrane
under a microscope at 20× magnification. Cell counts
were averaged and statistically analyzed.
Cell-culture migration assay. Cell-culture migration
assay was carried out as described earlier [48]. Briefly,
1·106 RWPE-1 and CAsPE cells were seeded into six-well
plates and reached confluence on the next day. The cells
were wounded with yellow pipet tips. Pictures of the
wounded lines at the same positions were taken at 0 and
24 h after wounding.
SCID mouse xenograft and analysis of tumor growth.
Xenograft experiments in SCID mice were carried out as
described earlier [49]. SCID mice were injected subcutaneously with 1·106 RWPE-1 or CAsPE cells mixed with
Matrigel (1 : 1 ratio) in both flanks of the mice using 26 G
needles. Tumor growth was monitored externally using
calipers for up to 10 weeks.
Histology and immunohistochemical analyses.
Xenograft tumors were fixed in buffered formalin,
embedded in paraffin, sectioned (5 µM), and stained with
hematoxylin and eosin. Immunohistochemical analyses
of tumor tissues were carried as described earlier [50].
Briefly, the slides were de-paraffinized by incubation in
xylene and ascending grades of alcohol. Antigen retrieval
was done by heating in citrate-based antigen unmasking
solution (Vector Laboratories, USA) for 30 min at 98°C,
incubated in 3% hydrogen peroxide for 10 min, blocked
with serum for 30 min, incubated with anti-ki67 antibody
(1 : 500 dilution; Santa Cruz Biotechnology, USA) or
anti-PSA antibody (1 : 300 dilution; Santa Cruz
Biotechnology) for 1 h at room temperature, followed by
incubation with biotinylated secondary antibody for
30 min and another 30 min with Vectastain ABC kit
(Vector Laboratories). Color was developed by incubating
slides with peroxidase substrate solution followed by
counterstaining with hematoxylin. All sections were
examined with an Olympus BX50 microscope. The pictures were taken with an Olympus DP 70 camera connected to DP Controller software (Olympus, USA).
Mitochondrial staining and microscopy. RWPE-1
cells were grown on coverslips in six well plates overnight
at 37°C, 95% humidity, and 5% carbon dioxide environBIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016

ARSENIC INDUCES PROSTATE TUMORIGENESIS
ment. Next day, the cells were treated with sodium arsenite (0.5 µM) for 8 h. Following washing with PBS, the
cells were incubated with media containing 100 nM
MitoTracker (Molecular Probes, USA) for 20 min. The
cells were then fixed in 2% paraformaldehyde in PBS and
stained with 4′,6-diamidino-2-phenylindole (DAPI;
Vector Laboratories) prior to mounting the coverslips
onto microscope slides. Confocal pictures were taken
with a Leica confocal instrument. The pictures were analyzed with ImageJ software (NIH, http://rsbweb.nih.gov/
ij/).
Mitochondrial genome analysis. The complete mitochondrial genome was amplified with 24 sets of overlapping primers [51] in RWPE-1 and CAsPE cells. All the
amplicons were checked by agarose gel electrophoresis
and directly sequenced by the Sanger method using 100 ng
of PCR product. After the assembly of all sequences, the
variations were identified by comparing the mtDNA
sequences of RWPE-1 cells with CAsPE cells. The significance of mutations were analyzed by identifying the
region where the mutations were found and comparing
mutated sequences with lower organisms to determine the
level of conservation of the amino acids across species.
Mitochondrial membrane potential measurement.
Mitochondrial membrane potential of RWPE-1 and
CAsPE cells was assessed using the fluorescent probe
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl-benzamidazolocarbocyanin iodide (JC-1; Molecular Probes) following
established protocols and recommendations [52]. Cells
were incubated with JC-1 (2 µM) dye diluted in culture
medium at 37°C for 15 min. The cells were washed with
PBS and analyzed using a Becton Dickinson FACS
Calibur Flow Cytometer (Franklin Lakes, USA). JC-1
was detected by using blue and yellow lasers to excite JC1 monomers (FL1 channel) and aggregates (FL2 channel).
Western blot analyses. RWPE-1 and CAsPE cells
were lysed in RIPA lysis buffer (50 mM Tris, pH 7.4,
150 mM NaCl, 1 mM PMSF, 1 mM EDTA, 1% Triton X100, 1% sodium deoxycholate, and 0.1% SDS) with addition of Protease Inhibitor Cocktail (Thermo Fisher
Scientific, USA). Fifteen micrograms of protein was sizefractionated on a 12% SDS-polyacrylamide gel and
transferred onto a polyvinylidene difluoride membrane
(Millipore Corp., USA) using the wet transfer system and
blocked in 5% skim milk in PBST for 1 h. A premixed
cocktail (7.2 µg/ml) containing primary monoclonal
antibodies against subunits of OXPHOS complexes
(Mitosciences, USA) was used to detect representative
subunits from OXPHOS complex I, II, III, IV, and V.
Mouse monoclonal primary antibody against p53 (Santa
Cruz Biotechnology) was used to detect the expression of
p53 in RWPE-1 and CAsPE cells. α-Tubulin (Santa Cruz
Biotechnology) antibody or Ponceau S staining was used
as a loading control. HRP-conjugated secondary antibodies (Vector Laboratories) and ECL reagent kits (GE
BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016
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Healthcare Biosciences, USA) were used for film development.
Whole genome cGH array analysis of arsenic-exposed
prostate epithelial cells. The construction of the custom
cGH (comparative genomic hybridization) BAC (bacterial artificial chromosomes) array was described previously
[53]. The log2 ratios of the background corrected
test/control were normalized using a loess correction. For
each BAC, a median of the log2 ratios of all its replicates
was computed and BACs with less than two successful
replicates were excluded. The corrected log2 ratio for each
BAC was then used to segment the array using Circular
Binary Segmentation (CBS) using DNAcopy software.
For each segment, the median absolute deviations (MAD)
of the corrected log2 ratios were computed. Segments with
a median corrected log2 ratio greater than 1× the median
of the MAD (MMAD) were considered gained, and segments with a median corrected log2 ratio less than 2×
MMAD were considered lost. In addition, all single BACs
within a segment whose corrected log2 ratios exceed 2×
the interquartile range of the segment are marked as outliers. Outliers with corrected log2 ratio exceeding 2× the
global interquartile 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
they are in, and the karyotype. The cGH data from
arsenic-treated CAsPE cells was normalized with paired
untreated RWPE cells grown to the same length of time
under the same culture condition except without arsenic.
Gene expression analyses. The total RNA was isolated from RWPE-1 and CAsPE cells by the Trizol extraction method according to the manufacturer’s protocol
(Invitrogen, USA) and reverse transcribed using a
Superscript III First Strand kit (Invitrogen). RT PCR was
performed to measure the expression levels of the NOX1,
NOX2, NOX3, NOX4, NOX5, and NDUFA13 genes using
GoTaq Green 2× Master Mix (Promega Corporation,
USA) and gene-specific primers. β-Actin was used as an
internal control.
Statistical analyses. All statistical analyses were performed with Sigma Plot 11.0 software (Systat Software,
USA). Data were compared using two-tailed Student’s ttests.

RESULTS
Mitochondria are early targets of arsenic exposure. To
determine whether arsenic-mediated mitochondrial
changes are early events, we treated non-tumorigenic
RWPE-1 prostate epithelial cells with 0.5 µM sodium
arsenite for 8 h and stained the cells with MitoTracker to
observe the mitochondrial morphological and membrane
potential changes. After 8 h of arsenic treatment, nontumorigenic RWPE-1 prostate epithelial cells displayed
diffused mitochondrial morphology that indicated change
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Fig. 1. Arsenic exposure alters mitochondrial morphology and mitochondrial membrane potential. a) RWPE-1 cells were treated with 0.5 µM
sodium arsenite for 8 h, stained with MitoTracker red and DAPI, and images were obtained by fluorescence microscopy. b) Mitochondrial
membrane potential (∆Ψm) in RWPE-1 and arsenic-treated CAsPE cells was determined using the fluorescent cationic dye JC-1. * Denotes
p < 0.05.
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Fig. 2. Arsenic induces transformation of prostate epithelial cells. Matrigel invasion (a) and wound-healing assay (b) of RWPE-1 cells treated continuously with 5 µM sodium-arsenite for seven months (marked CAsPE), as well as non-treated control (RWPE-1 grown continuously for seven months but without arsenic treatment) was performed as described [48]. c) The growth rate of RWPE-1 and CAsPE cells is
expressed relative to the initial plating number (day 0). While the experiment was repeated three times, representative data are shown in the
figure. * Denotes p < 0.05.
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in mitochondrial membrane potential (Fig. 1a). Untreated
control cells showed distinct mitochondrial morphological
characteristics (Fig. 1a). We also analyzed the mitochondria in non-tumorigenic and arsenic-transformed cells [35]
after long-term arsenic exposure. Our studies revealed a
severe decrease in mitochondrial membrane potential in
arsenic-transformed cells compared to paired arsenicuntreated non-tumorigenic control cells (Fig. 1b). These
studies suggest that brief exposure to arsenic results in
altered mitochondrial morphology and membrane potential and these mitochondrial alterations are sustained during long-term (seven months) exposure to arsenic.
Exposure of prostate epithelial cells to arsenic induces
tumorigenic transformation in vitro. The development of
models for arsenic-induced prostate carcinogenesis is critical for understanding the mechanisms underlying the carcinogenic process. We utilized an in vitro prostate epithelial cell culture model to identify the carcinogenic mechanisms underlying the development of cancer induced by
arsenic. RWPE-1 prostate epithelial cells were continuously treated with sodium arsenite (5 µM) for approximately seven months. Paired control cell lines grown
simultaneously to seven months, but without arsenic treatment, were also included in the study. Medium was
replaced each week with fresh medium, either with or
without arsenite. We determined transformed phenotypes
by monitoring Matrigel invasion after a treatment period
of seven months. Arsenic treatment for seven months
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resulted in increased Matrigel invasion (Fig. 2a), faster
wound healing (Fig. 2b), and increased growth rate
(Fig. 2c) than the paired untreated RWPE-1 prostate cells
(grown to seven months continuously without treatment).
These studies suggest that exposure to arsenic leads to in
vitro transformation of prostate epithelial cells.
Arsenic-transformed prostate epithelial cells form
tumors in vivo. Since arsenic-treated CAsPE cells showed
features of a transformed phenotype, we sought to determine the ability of these cells to form tumors in mice. For
this, one million cells were mixed with Matrigel and
injected subcutaneously into the flanks of SCID mice and
tumor formation was monitored for 10 weeks. Animals
injected with RWPE-1 cells did not form tumors at all
during the experiment (0/4). In contrast, all mice injected
with CAsPE cells developed tumors (4/4), on average
eight weeks after injection, as presented in Fig. 3, I.
Together these results reveal that CAsPE cells manifest a
gain of tumorigenicity in a normally non-tumorigenic
cell. Histochemical analysis of primary tumors showed
increased levels of the proliferation marker Ki-67 (Fig. 3,
II, b) and human PSA (Fig. 3, II, c) staining, demonstrating that the tumors formed in mice were of human origin.
Arsenic induces distinct changes in subunit gene
expression involved in mtOXPHOS complex I. We measured changes in subunit gene expression comprising all
five mtOXPHOS complexes. An analysis of mtOXPHOS
gene expression shows that complex I subunit NDUFB8

Weeks

а

b

c

Fig. 3. Arsenic-transformed prostate epithelial cells form tumors in vivo. I) Cell lines were injected subcutaneously into the flanks of SCID
mice, dimensions of the tumors were measured weekly, and tumor volume was calculated. Results are shown as means ± s.e.m. Representative
animals are shown in the photos. II) Representative slides 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. a) Western blot analysis of representative subunits of mitochondrial respiratory complexes I-V in RWPE1 and CAsPE cells. A Ponceau S-stained blot serves as a loading control. b) Densitometric analysis of protein expression of subunits of mitochondrial respiratory complexes I-V in RWPE-1 and CAsPE cells is represented as a histogram. RNA was isolated from both, RWPE-1
prostate epithelial cells and arsenic-transformed CAsPE cells, and mRNA expression of NDUFA13 (c) and members of NOX family (d) was
determined by RT-PCR after cDNA synthesis. β-Actin served as control.
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Fig. 5. Arsenic induces mutations in mtDNA. mtDNA was isolated from RWPE-1 and CAsPE cells. The whole mitochondrial genome
(16.6 kb) was amplified and sequenced with 24 sets of primers as described earlier [51]. a) Two novel heteroplasmic mutations were identified
in CAsPE cells at a higher percentage than in RWPE-1 cells. b) One of the mutations was found in 16S rRNA and another one in the ND2
gene. c) The ND2 gene mutation changes the conserved amino acid arginine to histidine.

was expressed at a much lower level in arsenic-transformed cells than in matched untreated control cells (Fig.
4, a and b). In contrast, expression of complex V subunit
ATP5A, complex III subunit UQCRC2, complex IV sub-

unit COX II, and complex II subunit SDHB was higher in
arsenic-transformed cells (Fig. 4, a and b). Since complex
I appeared to be severely affected, we analyzed the
expression of NDUFA13 (also known as GRIM-19) and
BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016
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found that arsenic-transformed cells express significantly
lower level of NDUFA13/GRIM-19 compared to nontreated paired control cells (Fig. 4c). This study suggests
that arsenic targets complex I function.
Arsenic exposure leads to increased expression of
ROS-producing genes. Oxidative stress is known to be
involved in malignant transformation of cells [54-57],
and the NOX family of reactive oxygen species (ROS)generating NADPH oxidases is one of the main ROSproducing enzymes in cells [58]. NOX enzymes transport
electrons across the plasma membrane to generate superoxide and downstream ROS [58]. We analyzed expression
of NOX genes (NOX1, NOX2, NOX3, NOX4, and NOX5) in
arsenic-transformed CAsPE cells. mRNA expression of
NOX4 was significantly increased in CAsPE cells compared to RWPE-1 cells (Fig. 4d). In contrast, expression
of NOX1 and NOX3 was not detected, and expression of
NOX2 was somewhat lower in CAsPE cells. However, no
change was detected in NOX5 expression (Fig. 4d). We
conclude that NOX4-induced oxidative stress plays an
important role in arsenic-induced transformation. It is
noteworthy that NOX4 localizes to mitochondria [59].
Arsenic induces mitochondrial genome instability.
Since arsenic affected mitochondria, localized oxidative
stress may damage the mitochondrial genome, and mitochondrial genomic alteration has been shown to be
involved in the development of tumors [60, 61]. We
designed primers to amplify the entire mitochondrial
genome and sequenced the PCR products. Our study
revealed mutations in the 16S rRNA gene (1758 bp) and
ND2 (5353 bp) gene in arsenic-transformed CAsPE cells
when compared with the RWPE-1 untreated control cells
(Fig. 5, a and b). Interestingly, both of these mutations
were found to be heteroplasmic, i.e. the CAsPE cells contained both wild type and mutant mtDNA (Fig. 5a). The
ND2 gene mutation changes amino acid arginine to histidine, which is conserved across species (Fig. 5c). ND2
encodes a protein that is part of the multiprotein
mtOXPHOS complex I. Mutations in the 16S rRNA gene
do not lead to amino acid change (Fig. 5b). Together
these observations suggest that arsenic induces mutation
in the mitochondrial genome, and mtOXPHOS complex
I is a sustained target of arsenic-induced transformation
of prostate epithelial cells.
Arsenic inhibits p53 expression and induces nuclear
genomic instability. p53 is a well-known tumor suppressor
gene. It is described as guardian of the nuclear as well as
the mitochondrial genome [62, 63]. Loss of expression of
tumor suppressor gene p53 is frequently associated with
nuclear genome instability and malignant transformation
of cells [64-66]. We tested the expression of p53 in
arsenic-transformed and arsenic-untreated non-tumorigenic cells. We noticed a severe loss of p53 expression in
the arsenic-transformed cells (Fig. 6a).
To compare the differences in DNA aberrations
between arsenic-transformed and arsenic-unexposed
BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016
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cells, we performed whole genome cGH array analysis.
Nuclear genomic changes were detected in arsenic-transformed cells compared to arsenic-untreated non-tumorigenic cells. Arsenic-transformed cells had significant
changes compared to arsenic-unexposed cells (Fig. 6b).
We identified amplification (circled in green) and deletion
(circled in red) of chromosomal regions in arsenic-transformed cells (Fig. 6b). The most frequent DNA gains,
which were strikingly different in arsenic-exposed cells
compared with arsenic-unexposed cells, included those at
loci in chromosome 8q, 9p, 9q, 11q, 18q, 20q, and chromosome Yq (Fig. 6b). A higher frequency of DNA losses
in arsenic-transformed cells compared with arsenic-unexposed cells was also observed in several chromosomes such
as loci at 7p, 7q, 9q, 12p, 18q, and 19p (Fig. 6b).
We also performed cGH analysis of arsenic-transformed breast epithelial cells. Interestingly, we observed
amplification of only a single locus at chromosome 5
(unpublished data). These data suggest that arsenic exposure leads to genomic instability. However, arsenic-mediated genomic changes (chromosomal amplification or
deletion) may be cell-type specific.

DISCUSSION
Otto Warburg described altered mtOXPHOS in the
mitochondria of tumor cells and hypothesized that
decreased mtOXPHOS in cancer cells leads to increased
glycolytic energy production [67]. Decreased mitochondrial oxidative phosphorylation (mtOXPHOS) has also
been identified as a new hallmark of cancer [67-71]. We
utilized a prostate epithelial cell culture model to identify
effects of arsenic on mitochondria and a role for arsenicinduced disruption of mitochondrial function in the
development of prostate cancer.
Mitochondria are dynamic organelles in a cell.
Mitochondria undergo constant fission and fusion
processes and maintain their morphology, membrane
potential, and number in a cellular system [72, 73]. Any
change in fission and fusion processes and thus change in
morphology of mitochondria in a cell is an important
indicator of physiological changes in this organelle.
Aberrant mitochondrial morphology and membrane
potential in RWPE-1 cells within a few hours of arsenic
exposure not only indicate physiological changes in mitochondria in these cells after arsenic exposure but also support the notion that arsenic induces mitochondrial
changes at an early stage (Fig. 1a). Mitochondrial morphological changes have been attributed to development
of cancer and a number of other human disorders [74].
Decreased mitochondrial membrane potential (Fig. 1b)
as well as altered expression of mtOXPHOS complex subunit proteins (Fig. 4a) in arsenic-transformed CAsPE
prostate epithelial cells further supports the conclusion
that arsenic targets mitochondria.
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Fig. 6. Arsenic induces nuclear genomic instability. a) Western blot analysis of p53 protein expression in RWPE-1 and CAsPE cells. b)
Comparative genome hybridization (cGH) array analysis of RWPE-1 and CAsPE cells treated with arsenic for seven months was carried out.
DNA aberrations are denoted for each chromosome. Significant amplifications of chromosomal regions are circled in green, and deletions of
chromosomal regions are circled in red.
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Long term arsenic exposure

Decreased membrane potential
altered morphology
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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 of complex I of mitochondrial OXPHOS is a prime target of arsenic toxicity.
Arsenic inhibits expression of subunits of OXPHOS complex I including expression of GRIM-19 (NDUFA13), a cell death regulatory protein
that is also essential for the assembly and function of OXPHOS complex I. Moreover, arsenic induces mutations in the ND2 gene, a subunit
of complex I. Altered complex I function as well as increased expression of NOX4 are responsible for generation of ROS, and thus oxidative
stress in arsenic-exposed cells play a direct or indirect role in nuclear DNA damage and genomic instability. p53, a guardian of the nuclear
genome, also acts as a mito-checkpoint and can transiently block cell cycle progression when cells contain damaged/dysfunctional mitochondria [62, 88]. Therefore, absence or decreased expression of p53 further aggravates both nuclear and mitochondrial genome instability.
Both p53 and NOX4 protein also localize and function in mitochondria [59, 88]. Thus, dysfunctional mitochondria via known pathways/proteins like p53 and NOX4 and other yet unknown pathways exacerbate nuclear genomic instability, a prerequisite for transformation of cells and
tumorigenesis. Our model suggests that mitochondria are the early target for arsenic, and disruption of mitochondrial function plays a role in
arsenic-induced prostate tumorigenesis.
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Increased Matrigel invasion, wound healing, and
growth rate of arsenic-exposed prostate epithelial cells
provide in vitro evidences for the transformation of these
cells after seven-month arsenic treatment (Fig. 2).
Formation of tumors in SCID mice confirms that arsenic
treatment of prostate epithelial cells results in development of tumors in vivo (Fig. 3). These studies are consistent with previous reports describing tumorigenic transformation of prostate epithelial cell by arsenic exposure
[35, 46]. Although these studies identified arsenicinduced transformation of prostate epithelial cells, identification of the mechanism underlying arsenic-induced
transformation of the cells is not clear. Mitochondria play
a key role in cellular metabolism, cell death, and reactive
oxygen species production, and these pathways are often
disrupted in tumors [49, 75]. We focused our efforts to
identify the changes and consequences of altered mitochondrial functions in arsenic-induced transformation of
prostate epithelial cells.
Exposure to arsenic leads to generation of ROS,
resulting in increased oxidative stress [76-78]. Reactive
oxygen species produced during metabolism has been
shown to cause DNA damage in the nucleus [42, 79-81]
as well as in mitochondria [43, 80]. Mitochondrial
OXPHOS complex I is a major site for ROS production in
cells [82]. Dysfunctional complex I was reported to
increase ROS production [82]. Uncontrolled generation
of ROS leads to oxidative stress and plays a causative role
in the development of cancer [54-57]. Decreased expression of complex I subunits NDUFB8 (Fig. 4, a and b) and
NDUFA13/GRIM-19 (Fig. 4c) indicates dysfunctional
mtOXPHOS complex I. NDUFA13/GRIM-19 is essential for the assembly and function of mtOXPHOS complex I [83]. Decreased expression of the nuclear-genomeencoded mtOXPHOS complex I subunits as well as
induction of mutation in mitochondrial-genome-encoded ND2 gene that code a protein subunit of mtOXPHOS
complex I (Fig. 5) indicate that complex I is a prime
mitochondrial target of arsenic. Moreover, increased
expression of mitochondria-localized NOX4 [59], an
oncogene involved in generation of ROS, also supports
the role of mitochondria and associated oxidative stress in
arsenic-mediated oncogenic transformation of prostate
epithelial cells.
Inhibition of tumor suppressor gene(s) or amplification of oncogene(s) are critical events that lead to the
transformation of cells and cancer development [84].
Recently, Ngalame et al. reported that arsenic induces
overexpression of oncogene KRAS through regulation of
microRNAs, which plays a key role in arsenic-induced
malignant phenotype [85, 86]. Notably, mitochondrial
impairment-induced ROS generation has been reported
as an essential factor for KRAS-mediated tumorigenicity
[87]. These studies indicate that mitochondria might play
an important role in regulation of oncogenes and tumorigenesis. Our observation of significant loss of p53 in
BIOCHEMISTRY (Moscow) Vol. 81 No. 10 2016
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arsenic-transformed prostate epithelial cells indicates a
role of this protein in neoplastic transformation after
arsenic treatment (Fig. 6a). p53 is a tumor suppressor
gene that regulates cell cycle, apoptosis, and genomic stability [62, 65]. We have earlier shown that p53 functions
as a mito-checkpoint protein and regulates mtDNA copy
number and mitochondrial biogenesis [88]. The mitocheckpoint can transiently block cell cycle progression
when cells contain damaged/dysfunctional mitochondria. If the mito-checkpoint fails, cells may accumulate
genetic abnormalities in the nucleus.
Our group has demonstrated that mitochondrial
loss-of-function in breast epithelial cells induces an
increase in chromosomal rearrangements resulting in
transformation of the cells [89]. We also demonstrated
that mitochondrial dysfunction downregulates p53 and
induces supernumerary centrosome amplification, and
direct inhibition of mtOXPHOS complex I in cells recapitulate this abnormal phenotype, suggesting a role for
mtOXPHOS and specifically complex I in maintaining
centrosomal homeostasis [90]. It is therefore conceivable
that on downregulation of p53, a mito-checkpoint protein triggers nuclear genomic instability due to arsenicinduced disruption of mitochondrial function [88, 91].
Other mechanisms of arsenic-induced nuclear genome
instability have also been identified. Arsenic targets the
RING finger domains of histone E3 ubiquitin ligase and
alters a histone epigenetic mark [92]. Arsenic also inhibits
recruitment of BRCA1 and RAD51 proteins to DNA
double-strand break sites that diminish DNA doublestrand break repair, which ultimately leads to nuclear
genome instability [92].
Cellular transformation is a multistage process, and
genomic instability is one of the prerequisites for transformation/cancer development [93]. Prevalent mutations
in mtDNA in arsenic-treated cells indicate that mitochondria are early and important targets of arsenic.
Indeed, we have previously shown that mutations in
mtDNA increase the frequency of mutations in the
nuclear genome [94, 95]. Thus, mitochondrial genome
instability that we demonstrated upon arsenic treatment
may push cells towards nuclear genome instability leading
to tumorigenic transformation. Decreased expression of
p53, a guardian of the nuclear and mitochondrial genome
[62, 63], and increased expression of NOX4, a ROS-producing oncogene that also localizes to mitochondria [59],
may further exacerbate the mitochondria-mediated
effects on nuclear genomic instability. Our cGH array
analyses with arsenic-exposed cells indicating widespread
chromosomal amplification as well as deletion across the
nuclear genome confirm increase in nuclear genome
instability in arsenic-exposed cells (Fig. 6b). Overall, our
study provides evidences that arsenic exposure alters
mtOXPHOS complex I and disrupts mitochondrial function that contributes to tumorigenic transformation of
prostate epithelial cells (Fig. 7).
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