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Arsenic is a known human bladder carcinogen; however, the

mechanisms underlying arsenical-induced bladder carcinogenesis

are not understood. Previous research has demonstrated that

exposure of a nontumorigenic human urothelial cell line, UROtsa,

to 50nMmonomethylarsonous acid (MMAIII) for 52 weeks resulted

in malignant transformation. To focus research on the early

mechanistic events leading to MMAIII-induced malignancy, the

goal of this research was to resolve the critical period in which

continuous MMAIII exposure (50nM) induces the irreversible

malignant transformation of UROtsa cells. An increased growth

rate of UROtsa cells results after 12 weeks of MMAIII exposure.

Anchorage-independent growth occurred after 12 weeks with

a continued increase in colony formation when 12-week exposed

cells were cultured for an additional 12 or 24 weeks without

MMAIII exposure. UROtsa cells as early as 12 weeks MMAIII

exposure were tumorigenic in severe combined immunodeficiency

mice with tumorigenicity increasing when 12-week exposed cells

were cultured for an additional 12 or 24 weeks in the absence of

MMAIII exposure. To assess potential underlying mechanisms

associated with the early changes that occur during MMAIII-

induced malignancy, DNA methylation was assessed in known

target gene promoter regions. Although DNAmethylation remains

relatively unchanged after 12 weeks of exposure, aberrant DNA

methylation begins to emerge after an additional 12weeks in culture

and continues to increase through 24 weeks in culture without

MMAIII exposure, coincident with the progression of a tumorigenic

phenotype. Overall, these data demonstrate that 50nM MMAIII is

capable of causing irreversible malignant transformation in

UROtsa cells after 12 weeks of exposure. Having resolved an earlier

timeline in which MMAIII-induced malignant transformation

occurs in UROtsa cells will allow for mechanistic studies focused

on the critical biological changes taking place within these cells

prior to 12 weeks of exposure, providing further evidence about

potential mechanisms of MMAIII-induced carcinogenesis.
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Numerous epidemiological studies have demonstrated that

long-term exposure to high levels of arsenic may result in

pleiotropic toxicities including cancers of the skin, lung, and

urinary bladder as well as numerous noncarcinogenic disease

states (Brown and Ross, 2002; Chen et al., 1988, 1995; Lewis

et al., 1999; National Research Council, 1999, 2001). However,

little is known about the effects of low-level arsenic exposure

and the overall contribution to bladder carcinogenesis. To focus

research on the mechanistic events leading to monomethylar-

sonous acid (MMAIII)–induced malignant transformation, the

goal of this research was to resolve an earlier timeline in which

low-level (50nM) MMAIII exposure induces malignant trans-

formation in an immortalized, nontumorigenic human bladder

cell line, UROtsa (Bredfeldt et al., 2006). Defining the critical

window in which initial cells demonstrate malignant trans-

formation will not only provide further evidence of the

carcinogenic potential of MMAIII but will allow for the

generation of a specific timeline to mechanistically evaluate

the critical biological changes taking place within UROtsa cells

leading to malignant transformation and the specific chemical

mechanisms MMAIII is eliciting to alter normal cell function.

The biotransformation of inorganic arsenic to more toxic,

trivalent methylated species is believed to play a key role in

arsenical-induced carcinogenesis. Research indicates that the

trivalent methylated organoarsenicals, MMAIII and dimethylar-

sinous acid (DMAIII), are the most toxic forms, having

significantly greater toxicity than inorganic arsenicals and

pentavalent organoarsenicals (Petrick et al., 2000, 2001; Styblo

et al., 2000). Notably, the trivalent metabolite, MMAIII, was

demonstrated to be 20 times more toxic than arsenite (AsIII) in

mammalian cell lines (Bredfeldt et al., 2004; Styblo et al.,
2002). Vahter (1994) determined that MMAIII is a key

metabolite in humans based on the ability of humans to

produce and excrete a large percentage of MMAIII relative to

other mammalian species. MMAIII is of particular interest

because this metabolite may account for the toxicity and

carcinogenicity associated with arsenic exposure in humans.
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The bladder is a common site of arsenical toxicity resulting

from systemic exposure and via bioconcentration of both

inorganic arsenic and the multiple biomethylated metabolites in

the urine (Tapio and Grosche, 2006). The UROtsa cell line has

become an accepted model for studying the effects of arsenical

exposure on the transitional epithelium of the human bladder

because of its phenotypic and morphological similarity with the

primary transitional epithelium (Eblin et al., 2008a; Rossi

et al., 2001). UROtsa cells were used as a model to investigate

the ability of continuous, low-level MMAIII to cause malignant

transformation from an initial immortalized state. UROtsa cells

were derived from normal urothelium and immortalized using

the simian virus 40 large T antigen, resulting in a lack of

functional p53 expression (Petzoldt et al., 1995; Rossi et al.,
2001). Despite the lack of functional p53 upon immortaliza-

tion, UROtsa cells did not acquire characteristics typically

associated with malignant transformation including anchorage-

independent growth and tumor formation when heterotrans-

planted into immunocompromised mice (Petzoldt et al., 1995;

Sens et al., 2004), thus allowing for the evaluation of potential

MMAIII-induced cellular alterations occurring from an immor-

talized state to a malignant phenotype.

Numerous mechanisms have been previously identified as

contributing to arsenical-associated disease states including

the alteration of signaling pathways, increased presence of

reactive oxygen species, DNA damage, and the perturbation

of the epigenome (Eblin et al., 2008b, 2009; Jensen et al.,
2008, 2009a, b; Kligerman et al., 2010; Ludwig et al., 1998;

Nesnow et al., 2002; Simeonova et al., 2001; Wnek et al.,
2009). In particular, previous studies have shown that epigenetic

modifications, including histone tail modifications and DNA

methylation are altered in a nonrandom fashion during exposure

to either MMAIII or AsIII and that these changes were linked to

changes in the transcript levels of associated genes (Benbrahim-

Tallaa et al., 2005; Jensen et al., 2008, 2009a, b; Xie et al.,
2007; Zhao et al., 1997, 2008).

Low-level arsenic exposure (< 50 ppb) is associated with an

increased risk for the development of bladder cancer (Crawford,

2008; National Research Council, 1999, 2001). To associate

MMAIII-induced malignant transformation of UROtsa cells with

alterations demonstrated in bladder cancer, two potential

biomarkers of invasive bladder cancer, cyclooxygenase-2

(COX-2) and gene promoter ‘‘deleted in bladder cancer 1’’

(DBC1), were examined following low-level MMAIII exposure.

COX-2 has been demonstrated to be upregulated in high-grade,

invasive bladder tumors, and DBC1 silencing has been associated

with multiple forms of carcinogenesis including bladder cancer

(Izumi et al., 2005; Nishiyama et al., 1999; Wadhwa et al., 2005).

In 2006, Bredfeldt et al. was the first to demonstrate that

MMAIII causes malignant transformation of UROtsa cells after 52

weeks of exposure to 50nM MMAIII (URO-MSC52). These cells

were characterized by anchorage-independent growth and the

ability to form tumors in severe combined immunodeticiency

(SCID) mice after 24 and 52 weeks of exposure, respectively. The

52-week model of MMAIII-induced malignant transformation

within UROtsa cells was modeled after the model by Sens et al.
(2004) of malignant transformation of UROtsa cells following

long-term exposure (52 weeks) to 1lM AsIII. Based on the finding

of Sens et al. (2004), initial studies by Bredfeldt et al. (2006)

focused on the evaluation of critical changes occurring within

UROtsa cells following long-term exposure with a very limited

evaluation of potential changes occurring early in the exposure of

UROtsa cells to chronic, low-level MMAIII. The goal of the

research herein was to evaluate the duration of MMAIII exposure

(50nM) necessary to induce the irreversible malignant trans-

formation of UROtsa cells. Generation of a resolved timeline in

which UROtsa cells initially obtain malignant properties will

allow for the assessment of key mechanistic events leading to

MMAIII-induced malignant transformation following low-level

exposure. To determine the critical period of malignant trans-

formation in UROtsa cells, cellular growth rate, anchorage-

independent growth, and the ability of cells to form tumors in

SCID mice following low-level exposure to MMAIII were

assessed. To uncover the molecular mechanisms that may be

associated with the early stages of MMAIII-induced malignant

transformation and to associate the progression into a malignant

state following exposure to MMAIII, the DNA methylation

patterns of known target promoter regions were assessed and

specific biomarkers of invasive bladder cancer were examined.

Taken together, these data further refine the window of exposure

required for a relevant concentration of MMAIII to malignantly

transform an immortalized human bladder cell line and establish

a more highly resolved timeline to mechanistically examine these

cells for specific alterations leading to the irreversible transition of

UROtsa cells into a malignant state.

MATERIALS AND METHODS

Reagents. Dulbecco’s modified eagle medium (DMEM), fetal bovine serum

(FBS), antibiotic-antimycotic, and 13 trypsin-EDTA (0.25%) were acquired from

Gibco Invitrogen Corporation (Carlsbad, CA). Noble agar was purchased from

Sigma-Aldrich (St Louis, MO). Lipopolysaccharide was purchased from Sigma-

Aldrich and was used as a positive control for the induction of cyclooxygenase-2

gene and protein expression. Diiodomethylarsine (MMAIII iodide, CH3AsI2) was

prepared by the Synthetic Chemistry Facility Core (Southwest Environmental

Health Sciences Center, Tucson, AZ) using the method of Millar et al. (1960).

Water used in these studies was distilled and deionized.

Dosing solutions. Preparation of dosing solution and procedures were

derived from Bredfeldt et al. (2006). Pure MMAIII was stored in ampules at

4�C. Fresh stock solutions of 25mM MMAIII were made and diluted to a final

concentration of 5lM prior to dosing (1:100 dilution) to obtain a final

concentration of 0.05lM (50nM) MMAIII. The level of MMAIII used in this

study (50nM) represents a relevant concentration as this specific metabolite has

been detected in the urine of humans with MMAIII levels at or near 50nM

exposed to environmentally relevant concentrations of inorganic arsenic in their

drinking water (Aposhian et al., 2000; Mandal et al., 2001). All dosing

solutions were sterile filtered with a 0.2lM Acrodisc and stored in sealed, sterile

tubes at 4�C that were opened only for dosing in a sterile cell culture hood.

As previously reported by Gong et al. (2001), MMAIII solutions in distilled,
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deionized water were stable for approximately 4 months at 4�C with no

degradation observed when monitored using high-performance liquid

chromatography–inductively coupled plasma mass spectrometry (HPLC-ICP-MS).

Cell culture. UROtsa cells were a generous gift from Drs Donald and

Maryann Sens (University of North Dakota). MMAIII-exposed UROtsa cells

were created in our laboratory as previously described (Bredfeldt et al., 2006).

Cell culture conditions were derived from those previously described (Bredfeldt

et al., 2004; Rossi et al., 2001). UROtsa cells were cultured in a growth

medium of DMEM containing 5% vol/vol FBS and 1% antibiotic-antimycotic.

Culture medium was changed every 2 days. Cultured cells were incubated in an

atmosphere that was 5% CO2:95% air at 37�C. Confluent cells were removed

from plates via trypsinization with 13 trypsin-EDTA (0.25%), a serine protease

used to digest proteins facilitating cellular adhesion, and subcultured at a ratio of

1:3. All UROtsa and MMAIII-exposed UROtsa variant cells used in this study

tested negative for the presence of mycoplasma contamination. MMAIII-treated

cells were continuously cultured in a medium enriched with 50nM MMAIII and

dosed every other day to ensure continuous presence of MMAIII. Duration of

MMAIII in culture after dosing was determined in previous studies (Wnek et al.,

2009). Explanation of the MMAIII-exposed UROtsa cell lines and acronyms used

in this study are noted in Table 1. Parallel cultures of UROtsa cells were

maintained in MMAIII-free medium and served as passage-matched controls.

Cell line DNA fingerprinting was conducted on UROtsa and MMAIII-exposed

UROtsa variant cell lines to verify their identity. Previous studies have evaluated

the ability of UROtsa cells to metabolize AsIII to MMAIII, monomethylarsenic

acid (MMAV), and dimethylarsinic acid (DMAV). The most abundant metabolite

produced in those studies was MMAIII. UROtsa cells treated for 24 h with 50nM

MMAIII did not metabolize MMAIII to more toxic products, as detected by

HPLC-ICP-MS (Bredfeldt et al., 2004). Results demonstrate that MMAIII is the

chemical responsible for the observed effects as > 90% of the dose remained in

the form of MMAIII. Dimethylarsinous acid was not detected in these same

UROtsa cells treated with 50nM MMAIII.

Cell growth kinetics. Growth curves for UROtsa, URO-MSC4, URO-

MSC8, URO-MSC12, URO-MSC24, URO-MSC36, URO-MSC12þ12(�),

and URO-MSC12þ24(�) were obtained via trypan blue exclusion assay

(Bredfeldt et al., 2006). Cells were plated in six-well plates (Greiner Bio One,

Monroe, NC) at a density of 2 3 105 cells per well (n ¼ 4). Cells were removed

from six-well plates with 13 trypsin-EDTA (0.25%) and counted using the

Vi-Cell cell viability analyzer (Beckman Coulter, Fullerton, CA). Average

growth curves were generated based on changes in cell number after 24, 48, 72,

and 96 h for each of the n values. Cell doubling times were calculated using the

formula N/N0 ¼ ekt, where N is the cell number at time t, N0 is the initial cell

number (time 0), and k is a constant. The k value was calculated for each time

point between 24 and 96 h and an average value used to calculate the time t
when N/N0 ¼ 2 similar to methods described by Butterworth et al. (2008).

Cell morphology. Cells were cultured on Delta T dishes (Bioptech, Butler,

PA) at 5 3 105 cells per plate and allowed to reach � 90% confluence prior to

digital imaging via light microscopy. Photographs were taken to assess changes

in morphology of all cell lines. Cells plated on Delta T dishes were mounted on

the microscope stage, and images were captured using an Olympus IMT-2

inverted microscope, using a 320 objective. The camera used was

a Hamamatsu ORCA-100 CCD camera (chip resolution 1280 3 1024) in

bin2 mode, with the actual image resolution set at 640 3 512 using the

SimplePCI version 6.5 (Hamamatsu) instrument control software. Plated cells

were prepared for photography by removal of culture media and rinsed twice

with PBS. Fresh culture medium (DMEM, no sodium pyruvate) without

MMAIII was added to cell culture dishes. Images of UROtsa, URO-MSC12,

URO-MSC24, URO-MSC36, URO-MSC12þ12(�), and URO-MSC12þ24(�)

were obtained and compared with untreated passage-matched UROtsa

controls. Average cell diameter (microns) for UROtsa, URO-MSC4, URO-

MSC8, URO-MSC12, URO-MSC24, URO-MSC36, URO-MSC12þ12(�),

and URO-MSC12þ24(�) was determined using an automated trypan blue

exclusion assay using the Vi-Cell cell viability analyzer (Beckman Coulter).

Cells (n ¼ 3) were plated in six-well plates (Greiner Bio One) at 5 3 105 cells

per plate. Cells were removed from six-well plates with 200 ll 13 trypsin-

EDTA (0.25%) and quenched with 800 ll DMEM containing 5% vol/vol FBS

and 1% antibiotic-antimycotic. UROtsa cells and MMAIII-exposed variants

suspended in medium solution obtained spherical configuration allowing for the

assessment of the average cell diameter in microns (n ¼ 3, with each n value

containing a minimum of 100 mean cell counts) determined using the Vi-Cell

cell viability analyzer (Beckman Coulter) (Janakiraman et al., 2006).

Colony formation in soft agar. UROtsa, URO-MSC4, URO-MSC8,

URO-MSC12, URO-MSC16, URO-MSC20, URO-MSC24, URO-MSC36,

URO-MSC12þ12(–), URO-MSC12þ24(–), URO-MSC16þ8(–), and URO-

MSC20þ4(–) cells were assessed for anchorage-independent growth by colony

formation in soft agar similar to methods described by Bredfeldt et al. (2006).

Cells were removed from culture flask with 13 trypsin-EDTA (0.25%) and

suspended in DMEM containing 5% vol/vol FBS and 1% antibiotic-

antimycotic supplemented with 0.3% agar. The agar enriched with cells was

overlaid onto 0.6% agar medium in a 24-well plate with a density of 1 3 104

cells per well. After 14 days of incubation, colonies were manually counted

with an Olympus CK2 microscope (Olympus America, Inc., Melville, NY).

Data represent colonies counted from five fields chosen at random within each

well (n ¼ 5) for a total of 25 fields.

SCID mouse colony. A SCID mouse colony was developed at the

University of Arizona using original SCID (C.B-17/IcrACCscid) obtained from

Taconic (Germantown, NY). The mice were housed in microisolator cages

(Allentown Caging Equipment Company, Allentown, NJ) and maintained

under specific pathogen-free conditions. The mice were fed NIH-31–irradiated

pellets (Tekland Primier, Madison, WI) and drank autoclaved water. Sentinel

mice were screened monthly for mycoplasma, mouse hepatitis virus, pinworms,

TABLE 1

List of Cell Lines Used in This Study

Cell line

(acronym used) Treatment

Exposure

(nM)

Duration

(weeks)

MMAIII removeda

(weeks)

UROtsa None None None NA

URO-MSC4 MMAIII 50 4 NA

URO-MSC8 MMAIII 50 8 NA

URO-MSC12 MMAIII 50 12 NA

URO-MSC16 MMAIII 50 16 NA

URO-MSC20 MMAIII 50 20 NA

URO-MSC24 MMAIII 50 24 NA

URO-MSC36 MMAIII 50 36 NA

URO-MSC12þ12(–) MMAIII 50 12 12

URO-MSC12þ24(–) MMAIII 50 12 24

URO-MSC16þ8(–) MMAIII 50 16 8

URO-MSC20þ4(–) MMAIII 50 20 4

Note. Cell line (acronym), the treatment metal, concentration (exposure),

duration of MMAIII exposure, and the time URO-MSC cells were cultured in

MMAIII-free media following removal of MMAIII (weeks) for each cell line is

shown. URO-MSC12þ12(�) indicates UROtsa cells that were continuously

exposed to 50nM MMAIII for 12 weeks and then cultured for an additional

12 weeks in the absence of MMAIII exposure. URO-MSC12þ24(�) indicates

UROtsa cells that were continuously exposed to 50nM MMAIII for 12 weeks

and then cultured for an additional 24 weeks in the absence of MMAIII exposure.

URO-MSC16þ8(�) indicates UROtsa cells that were continuously exposed to

50nM MMAIII for 16 weeks and then cultured for an additional 8 weeks in the

absence of MMAIII exposure. URO-MSC20þ4(�) indicates UROtsa cells that

were continuously exposed to 50nM MMAIII for 20 weeks and then cultured for

an additional 4 weeks in the absence of MMAIII exposure. NA, not applicable,

denoting no removal of continuous MMAIII exposure from URO-MSC cells.
aDenotes the time in which URO-MSC cells were cultured in MMAIII-free

media following removal of continuous MMAIII exposure.
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and Sendai virus via ELISA. Male mice 6–8 weeks of age were bled (200 ll)

by retro-orbital puncture in order to screen for the presence of mouse

immunoglobulin (Ig) using ELISA. Only mice with Ig levels � 20 lg/ml were

used for the xenografts experiments.

Tumorigenicity in SCID mouse xenografts. To assess malignant trans-

formation, UROtsa cells (passage matched), URO-MSC12, URO-

MSC12þ12(–), and URO-MSC12þ24(–) cells (10 3 106) were injected sc

into the lower right flank of the mouse in a total volume of 100 ll of sterile

saline using a 27-gauge needle (Becton Dickinson, Franklin Lakes, NJ). As

tumors developed, tumor size was measured twice weekly for tumor volume

estimation (mm3) in accordance with the formula (a2 3 b/2), where a is the

smallest diameter and b is the largest diameter with help of the Experimental

Mouse Shared Service (EMSS) at the University of Arizona. All procedures

were performed in accordance with approved protocols of the University of

Arizona Institutional Animal Care and Use Committee.

Isolation of nucleic acids. UROtsa cells were plated (6 3 105 cells per

well) in six-well plates (Greiner Bio One) and grown as previously described

(Eblin et al., 2008b) in serum-containing media. Nucleic acids were isolated as

previously described (Oshiro et al., 2005). Total RNA was isolated from all cells

using the RNeasy Mini Kit (Qiagen, Valencia, CA), and genomic DNA was

isolated using the DNeasy Blood and Tissue Kit according to the manufacturer’s

protocol (Qiagen). All samples were quantified using absorbance at 260 nm on

the NanoDrop 1000 Spectrophotometer (NanoDrop, Wilmington, DE).

Real-time reverse transcription–PCR. Gene expression was measured

using quantitative real-time reverse transcription (RT)–PCR as previously

described (Jensen et al., 2008). Total RNA (250 ng) was reverse transcribed to

complementary DNA (cDNA) according to manufacturer’s protocol (Applied

Biosystems, Foster City, CA). Converted cDNA (10 ng) was added to IQ

supermix (Bio-Rad, Hercules, CA), gene-specific primers, and fluorescent probes

(Roche) and subjected to real-time PCR analysis using Roche UniversalProbe

technology (Roche) using the ABI 7500 Real-Time Detection System (Applied

Biosystems). Results were calculated using the delta, delta Ct method

normalizing to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression

for each sample. Primers were designed using Primer3 in conjunction with

ProbeFinder version 2.40 software (Roche Applied Science). Statistics were

calculated using an unpaired t-test between each transformed cell line and

UROtsa. Primer sequences are available upon request.

COX-2 Western blot analysis. UROtsa, URO-MSC4, URO-MSC8, URO-

MSC12, URO-MSC16, URO-MSC12þ12(–), and URO-MSC12þ24(–) cells

were plated in six-well plates (Greiner Bio One) at a density of 1 3 106 cells

per well. Cells were removed from six-well plates with 13 trypsin-EDTA

(0.25%) quenched with DMEM containing 5% vol/vol FBS and 1% antibiotic-

antimycotic, centrifuged, and washed with cold PBS. The cell pellet was

resuspended in radioimmunoprecipitation lysis buffer containing 50mM Tris-

HCl (pH 8.6), 1% nonyl phenoxylpolyethoxylethanol, 0.25% C24H39NaO4,

150mM NaCl, 1mM PMSF, l g/ml aprotinin, l g/ml leupeptin, 1mM NaF, 1mM

Na3VO4, 1mM EDTA, and l g/ml protease inhibitor cocktail. The lysates were

sonicated and centrifuged at 14,000 rpm for 10 min at 4�C. Supernatant protein

concentrations were determined by the Bicinchoninic Acid Kit for protein

determination (Sigma-Aldrich). Thirty micrograms of each sample was loaded

onto 12% SDS/polyacrylamide gels. Samples were separated via SDS-PAGE

with Mini-Protean II (Bio-Rad) and transferred onto polyvinylidene difluoride

membranes (Amersham Pharmacia Biotech, Inc./GE Healthcare, Piscataway,

NJ) and blocked overnight at 4�C with 5% nonfat dry milk in Tris-buffered

saline Tween-20. Blots were incubated overnight at 4�C with primary

antibodies for COX-2 (Cayman Chemical, Inc., Ann Arbor, MI) and alpha-

Tubulin (Cell Signaling Technology, Danvers, MA) at manufacturer’s

recommended dilution. The appropriate secondary antibody linked to

horseradish peroxidase was used for detection of primary antibody.

Chemiluminescent detection was performed with enhanced chemiluminescence

Western blotting substrate (Pierce Biotechnology, Inc., Rockford, IL, or GE

Healthcare). Images were scanned with a Scanjet 5370C (Hewlett Packard,

Palo, Alto, CA) at maximum resolution and prepared in Adobe Photoshop 3.0

(San Jose, CA). Data shown were representative of a total of six experiments

(n ¼ 6).

DNA methylation analysis by MassARRAY. MassARRAY analysis was

performed as previously described (Jensen et al.,2009 a, b; Novak et al., 2009).

Sodium bisulfite–treated genomic DNA was prepared according to manufac-

turer’s instructions (Zymo Research, Orange, CA). Sodium bisulfite–treated DNA

(5 ng) was seeded into a region-specific PCR reaction incorporating a T7 RNA

polymerase sequence as described by the manufacturer (Sequenom, San Diego,

CA). Resultant PCR product was then subjected to in vitro transcription and

RNase A cleavage using the MassCLEAVE T-only kit, spotted onto a Spectro

CHIP array, and analyzed using the MassARRAY Compact System matrix

assisted laser desorption/ionization-time of flight mass spectrometer (Sequenom).

Each sodium bisulfate–treated DNA sample was processed in at least two

independent experiments. Data were analyzed using EpiTyper software

(Sequenom). Primer sequences were designed using EpiDesigner (http://

www.epidesigner.com). Primer sequences are available upon request.

Statistics. Graphs were generated in Microsoft Office Excel (Microsoft

Corp., Redmond, WA) or in an R programming environment (R Development

Core Team, 2007). Cell growth kinetics/cell doubling time analyzed included

an n ¼ 4 for each experimental value. Statistical significance in average cell

diameter was determined from an n ¼ 3, with a minimum of 100 mean cell

counts assessed per each n value. Soft agar data represent colonies counted

from five fields chosen at random within each well (n ¼ 5) for a total of 25

fields. Data from tumorigenicity studies represent an average of four

experiments. Western blot data for COX-2 represent a total of six experiments.

Error bars within each column represent ± SEM unless noted otherwise in

figure legends. Statistical analysis utilized and p value cutoff for each

experiment is noted in corresponding figure legends.

RESULTS

MMAIII-Induced Hyperproliferation of UROtsa Cells

Previous studies have demonstrated malignant transformation

of UROtsa cells with both AsIII (1lM) and MMAIII (50nM) after

chronic (~52 weeks) exposure (Bredfeldt et al., 2006; Sens

et al., 2004). To determine the critical period in the malignant

transformation of UROtsa cells following 50nM MMAIII

exposure, cellular growth rate was assessed. Growth rate was

assessed in UROtsa cells exposed to 50nM MMAIII for 4, 8, 12,

24, and 36 weeks (Fig. 1a). Untreated UROtsa cells (passage-

matched to 52 weeks) had a cell doubling time of approximately

38 h. No significant changes in doubling time were observed

after 4 and 8 weeks MMAIII exposure; however, after 12 weeks

of MMAIII exposure (URO-MSC12), there is a ~30% decrease

in cell doubling time to 26 h. When the duration of continuous

MMAIII exposure is carried out to 24 and 36 weeks, cell

doubling time remained similar to that of URO-MSC12

cells. Cell doubling time remains decreased upon removal of

MMAIII as demonstrated in URO-MSC12þ12(–) and URO-

MSC12þ24(–) cells compared with parental UROtsa control

(Fig. 1b). The doubling times of URO-MSC12þ12(–) and URO-

MSC12þ24(–) cells slightly increase compared with URO-

MSC12 cells; however, the doubling time of these cells do not

revert to that of control UROtsa cells upon removal of MMAIII.

MMAIII-Induced Morphological Changes in UROtsa Cells

The morphology of untreated parental UROtsa cells has been

extensively studied by Rossi et al. (2001) and is comparable to
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the control UROtsa cells utilized within this study. UROtsa

cells and MMAIII-exposed variants were examined via light

microscopy to determine whether morphological changes were

present in MMAIII-exposed UROtsa cells (see Supplementary

fig. 1). Within this study, 12-week MMAIII-exposed UROtsa

cells analyzed via light microscopy demonstrated characteristics

similar to those described by Bredfeldt et al. (2006) including

a less defined cell membrane, the presence of multinucleated

FIG. 1. Cell doubling times following exposure to MMAIII. (a) Comparison of cell doubling times of UROtsa control cells and UROtsa cells continuously

exposed to 50nM MMAIII. A significant decrease in cell doubling time is first demonstrated after UROtsa cells are exposed to 50nM MMAIII for 12 weeks (URO-

MSC12) and doubling times remain decreased with prolonged continuous exposure to 50nM MMAIII through 24 and 36 weeks exposure (URO-MSC24 and

URO-MSC36, respectively). (b) Comparison of cell doubling time of UROtsa cells exposed to 50nM MMAIII for 12 weeks (URO-MSC12) and 12-week MMAIII-

exposed UROtsa cells cultured for an additional 12 or 24 weeks without MMAIII exposure (URO-MSC12þ12(–) and URO-MSC12þ24(–), respectively). Cell

doubling times remain decreased compared with parental UROtsa in URO-MSC12þ12(–) and URO-MSC12þ24(–) cells despite the removal of previous MMAIII

exposure. ‘‘*’’ Marks statistically significant difference (p � 0.05) between MMAIII-exposed UROtsa variants (URO-MSC#) and untreated UROtsa control

determined using Student’s t-test.
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cells (up to three nuclei per cell), and an overall increase in the

nuclear to cytoplasmic ratio. When cell size was examined,

a significant increase in the cell diameter of URO-MSC4 cells

was demonstrated compared with passage-matched UROtsa.

Cell size continues to increase through 12 weeks of exposure

(URO-MSC12). Following 12 weeks of MMAIII exposure, cell

diameter remains stable with continuous exposure to MMAIII

through 36 weeks (Fig. 2). When MMAIII exposure was

removed from 12-week MMAIII-exposed UROtsa cells and

cultured for an additional 12 or 24 weeks without MMAIII, cell

size remains increased and comparable with URO-MSC12 and

URO-MSC36 cells.

MMAIII-Induced Anchorage-Independent Growth of UROtsa
Cells

Anchorage-independent growth is a phenotype displayed by

many tumorigenic cell lines. Measurement of in vitro colony-

forming ability allows for the assessment of anchorage-

independent growth. To determine if the increases in cell

proliferation rates and altered morphology were associated with

anchorage-independent growth, UROtsa cells exposed to 50nM

MMAIII for 4, 8, 12, 24, and 36 weeks were tested for the

ability to form colonies in soft agar (Fig. 3a). No colony

formation was detected in UROtsa cells after 4 and 8 weeks of

exposure to 50nM MMAIII; however, colony formation was

first noted at 12 weeks of MMAIII exposure (URO-MSC12).

Colony formation continued to increase in a time-dependent

manner with prolonged exposure following 16, 20, 24, and

36 weeks exposure to MMAIII. Interestingly, when 12-week

MMAIII-exposed UROtsa cells were removed from MMAIII

exposure and cultured for an additional 12 or 24 weeks in the

absence of MMAIII (URO-MSC12þ12(–) and URO-

MSC12þ24(–), respectively) colony formation increased in

a time-dependent manner (Fig. 3b, column I). Early anchorage-

independent growth was validated when UROtsa cells exposed

to 50nM MMAIII for 16 and 20 weeks were cultured in the

absence of MMAIII for an addition 8 and 4 weeks (URO-

MSC16þ8(–) and URO-MSC20þ4(–), respectively) to a total

of 24 weeks. Colony growth of URO-MSC16þ8(–) cells

increased significantly compared with URO-MSC16 cells

(Fig. 3b, column II), whereas the colony growth of URO-

MSC20þ4(–) was similar to that of the URO-MSC20 cells. The

number of colonies formed in URO-MSC12þ24(–) cells was

similar to levels seen in URO-MSC24 cells.

Enhanced Tumorigenicity in UROtsa Cells Following
12-Week, Low-Level Monomethylarsonous Acid Exposure

A common method for determining the degree of malig-

nancy is to examine the tumorigenicity of cells when injected

into immunocompromised mice (Saiga et al., 1981). Because

significant colony formation was demonstrated in URO-

MSC12, URO-MSC12þ12(–), and URO-MSC12þ24(–) cells

compared with untreated UROtsa control, tumorigenicity of

these cells was then examined to determine if tumor formation

FIG. 2. Cell diameter changes following exposure to MMAIII. Average cell diameter (microns) of untreated UROtsa control and UROtsa cells exposed to

50nM MMAIII for 4, 8, 12, 24, and 36 weeks (URO-MSC4, URO-MSC8, URO-MSC12, URO-MSC24, URO-MSC36, respectively) and 12-week exposed

UROtsa cells with an additional cell culturing without MMAIII for 12 and 24 weeks (URO-MSC12þ12(–) and URO-MSC12þ24(–), respectively). Increase in cell

diameter is significantly elevated following 4 weeks exposure to MMAIII and remains significantly elevated with prolonged exposure to MMAIII through 36 weeks.

‘‘*’’ Marks statistically significant difference (p � 0.05) between MMAIII-exposed UROtsa variants (URO-MSC#) and untreated UROtsa control determined using

Student’s t-test.
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occurred following 12 weeks of exposure (URO-MSC12) and

whether tumorigenicity increased when these cells were

removed from MMAIII exposure (URO-MSC12þ12(–) and

URO-MSC12þ24(–), respectively). Passage-matched untreated

UROtsa cells were utilized as a negative control because pre-

vious work has demonstrated that these cells do not form

tumors when injected into SCID mice (Petzoldt et al., 1995;

Sens et al., 2004). Tumors were formed by all injected cell lines

FIG. 3. Anchorage-independent growth following exposure to MMAIII. (a) Anchorage-independent growth of UROtsa cells following 4, 8, 12, 16, 20, 24, and

36 weeks exposure to 50nM MMAIII (URO-MSC4, URO-MSC8, URO-MSC12, URO-MSC16, URO-MSC20, URO-MSC24 and URO-MSC36, respectively).

No colony formation was detected in UROtsa cells after 4- or 8-week MMAIII exposure. (b) Comparison of anchorage-independent growth of URO-MSC cells in

the presence or following removal of previous exposure to MMAIII. Graphs depict colony growth after 14 days incubation in soft agar. Within each well,

5 randomly selected microscope fields were selected and colonies were manually counted from each of the wells (n ¼ 5). ‘‘*’’ Marks statistically significant

difference (p � 0.05) using Student’s t-test. ‘‘†’’ Marks statistically significant change in the number of colonies formed between MMAIII-exposed UROtsa

variants (URO-MSC#) and untreated UROtsa control identified with ANOVA followed by Bonferroni’s multiple comparison test; p � 0.05 was considered

statistically significant. Error bars within each column represent ± SEM.

50 WNEK ET AL.

 at U
niversity of A

rizona on N
ovem

ber 4, 2010
toxsci.oxfordjournals.org

D
ow

nloaded from
 

http://toxsci.oxfordjournals.org/


with the exception of UROtsa control (Fig. 4). Injection of

URO-MSC12 and URO-MSC12þ12(–) resulted in significant

tumor formation above UROtsa control; furthermore, the greatest

tumor formation was demonstrated in URO-MSC12þ24(–)

cells. Previous studies by Bredfeldt et al. (2006) have dem-

onstrated that significant tumors formed following 52 weeks

exposure to 50nM MMAIII; in the present study, some tumor

formation is first noted within URO-MSC12 cells; however,

tumorigenic potential increases significantly when URO-MSC12

cells are cultured in the absence of MMAIII for 24 weeks.

Epigenetic Changes Associated with MMAIII-Induced
Progression of Malignant Transformation

The DNA methylation patterns of UROtsa, URO-MSC12,

URO-MSC12þ12(–), and URO-MSC12þ24(–) were assessed

as a potential underlying mechanism associated with the

malignant transformation of UROtsa cells following 50nM

MMAIII exposure to a malignant state. The DNA methylation

status of five gene promoter regions (KRT7, FAM83A, GOS2,
EREG, and THEM4) previously identified to be progressively

methylated during arsenical-mediated malignant transformation

of UROtsa cells (Jensen et al., 2009a) were analyzed in

UROtsa, URO-MSC12, URO-MSC12þ12(–), and URO-

MSC12þ24(–) cells within the current study. Results from

the MassARRAY analysis shows that DNA methylation in

each of these promoter regions increases during the progression

of UROtsa cells from immortality to malignancy (Fig. 5a).

Although DNA methylation changes in these promoters were

not detected in URO-MSC12 compared with untreated UROtsa

cells, the level of DNA methylation increases as URO-MSC12

cells are cultured for an additional 12 or 24 weeks in the

absence of MMAIII. Indeed, unsupervised clustering analysis

reveals this relationship and suggests that DNA methylation

patterns exhibit a relationship between these cells that closely

mirrors their tumorigenic potential (Fig. 5b). The progression

of DNA methylation levels is associated with characteristics of

anchorage-independent growth and tumorigenicity in SCID

mice demonstrated within the malignantly transformed URO-

MSC12, URO-MSC12þ12(–), and URO-MSC12þ24(–) cell

lines. To determine whether these changes in DNA methylation

were linked to changes in the transcript levels of the associated

gene, quantitative real-time RT-PCR was performed on

parental UROtsa cells and MMAIII-exposed UROtsa variants

(URO-MSC12, URO-MSC12þ12(–), and URO-MSC12þ24(–)).

The transcript levels of KRT7, FAM83A, GOS2, EREG,
and THEM4 each confirmed to be differentially methylated

were assessed. Expression levels of those genes that exhibited

progressive hypermethylation also exhibited a loss in gene

expression (Fig. 5c). Taken together, these data indicate that

MMAIII-induced aberrant DNA methylation is linked to changes

FIG. 4. Tumorigenicity of MMAIII-exposed UROtsa variants and untreated UROtsa control in SCID mice. UROtsa, URO-MSC12, and 12-week MMAIII-

exposed UROtsa cells cultured in the absence of MMAIII for 12 or 24 weeks (URO-MSC12þ12(–) or URO-MSC12þ24(–), respectively) were injected into SCID

mice and allowed to grow for 10 weeks to assess tumorigenicity. Tumor volumes were measured twice weekly and data represents tumor volume (mm3) per time

(days postinjection). Mean tumor burden represents the average tumor volume of four independent experiments (n ¼ 4). Significant changes in tumor volume were

identified with ANOVA followed by Bonferroni’s multiple comparisons test. Statistically significant (p � 0.05) differences in tumor volume of URO-MSC12,

URO-MSC12þ12(–), and URO-MSC12þ24(–) compared with untreated UROtsa control were identified 15 days after injection for each of the MMAIII-exposed

cell lines. Error bars indicate the SEM at each time point for each cell line. Error bars of untreated UROtsa control are too small to visualize.
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in gene expression following MMAIII-induced malignant trans-

formation, and these changes may play a role in the observed

malignant transformation.

Biomarkers of Invasive Bladder Cancer Are Associated with
MMAIII-Induced Malignant Transformation of UROtsa Cells

Two biomarkers associated with human bladder cancer are

the overexpression of COX-2 and the loss of DBC1 expression.

COX-2 is a key enzyme in the synthesis of prostaglandins from

arachidonic acid and demonstrated to be involved in various

human diseases, including inflammation and cancer (Dannenberg

et al., 2001; Subbaramaiah et al., 1997). In particular, over-

expression of COX-2 has been implicated to have a role in

bladder carcinogenesis (Eschwege et al., 2003; Ristimaki et al.,
2001; Shariat et al., 2003; Shirahama, 2000). Although gene

expression of URO-MSC cells is similar to that of control after

4 weeks and decreases after 8 weeks of MMAIII exposure,

following 12 weeks of exposure COX-2 gene expression is

elevated and continues to increase through 16 weeks in the

presence of MMAIII (Fig. 6a). Interestingly, when 12-week

MMAIII-exposed UROtsa cells are removed from MMAIII,

COX-2 gene expression decreases in a time-dependent manner

in URO-MSC12þ12(–) and URO-MSC12þ24(–) cells, respec-

tively, with expression of URO-MSC12þ24(–) cells signifi-

cantly decreased below control UROtsa. In the presence of

MMAIII, COX-2 protein levels are elevated above that of control

FIG. 5. MMAIII-mediated differential DNA methylation in UROtsa cells. (a) Bar chart of MassARRAY data identified MMAIII-mediated differential DNA

methylation. DNA methylation levels in parental UROtsa cells and each of the MMAIII-exposed cell lines (URO-MSC12, URO-MSC12þ12(–), URO-

MSC12þ24(–)) were assessed in five differentially methylated gene promoter regions using Sequenom MassARRAY. The values presented show the average

percent CpG methylation of CpG fragments analyzed for each promoter region. ‘‘†’’ Marks statistically significant increase in percent methylation of amplicon

when compared with control UROtsa (p � 0.05). (b) Heatmap of MassARRAY data shows MMAIII-mediated differential DNA methylation. The heatmap shows

the level of cytosine methylation within the individual CpG units on x-axis with yellow representing low levels of methylation and blue representing high levels.

Unsupervised hierarchical clustering along the left side shows the progression of DNA methylation is able to discriminate and correctly classify the increasing

tumorigenic potential of UROtsa cells to URO-MSC12þ24(–) cells. Colors within the top bar represent each of the promoter regions analyzed. (c) Decreased gene

expression is linked to MMAIII-mediated aberrant DNA hypermethylation of the target gene promoters. Quantitative real-time RT-PCR was performed with n ¼ 3

from parental UROtsa and each of the MMAIII-exposed variants. ‘‘†’’ Marks statistically significant change in transcript level when compared with control UROtsa

(p � 0.05). Values shown are relative to GAPDH normalized to UROtsa.
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UROtsa in URO-MSC cells exposed to MMAIII from 4 to

16 weeks, and a time-dependent decrease in COX-2 protein

levels occurs in URO-MSC12þ12(–) and URO-MSC12þ24(–)

correlating with the decrease in gene transcript levels (Fig. 6b).

Elevation of COX-2 at 12 weeks is consistent with the time

period in which these cells begin to form colonies in soft agar

and show initial tumorigenicity in SCID mice.

DBC1 is mapped to the chromosome region 9q32–33,

a tumor suppressor locus for bladder cancer (Habuchi et al.,
2001). DBC1 has been demonstrated to be silenced through

genetic and epigenetic mechanisms in multiple cancers

including nonsmall cell lung cancer and bladder cancer

(Habuchi et al., 1998; Izumi et al., 2005) and in malignantly

transformed, human urothelial cells (Jensen et al., 2008).

DBC1 expression does not see a significant change following

12 weeks of exposure to 50nM MMAIII; however, when

12-week MMAIII-exposed UROtsa cells are carried out for an

additional 12 and 24 weeks in the absence of MMAIII exposure,

DBC1 gene expression decreases in a time-dependent manner

(Fig. 6c) correlating with the significant progression of

tumorigenicity demonstrated in URO-MSC12þ24(–) cells.

DISCUSSION

Malignant transformation of various human cell lines has

been demonstrated following chronic, low-level arsenic

exposure (Achanzar et al., 2002; Bredfeldt et al., 2006; Sens

et al., 2004; Wen et al., 2007). In 2006, Bredfeldt et al. was the

first to demonstrate that MMAIII causes malignant trans-

formation in UROtsa cells after 52 weeks of exposure. The

52-week MMAIII-induced malignantly transformed cell line

was modeled from previous research demonstrating malignant

transformation of UROtsa cells following chronic exposure to

1lM AsIII (Sens et al., 2004). Original studies with MMAIII

were aimed at assessing whether malignant transformation in

UROtsa cells was even possible after 52 weeks and limited the

evaluation of this novel model to biological changes that were

taking place within UROtsa cells after 24 weeks of continuous

MMAIII exposure (Bredfeldt et al., 2006). Based on emerging

evidence of cellular alterations taking place within UROtsa

cells prior to 24 weeks of MMAIII exposure, the goal of the

research herein was to establish a resolved timeline in which

FIG. 6. Assessment of specific biomarkers of invasive bladder cancer in

UROtsa cells following 50nM MMAIII exposure. (a) Quantitative real-time RT-

PCR expression of COX-2 mRNA normalized to UROtsa and relative to

GAPDH in parental UROtsa and MMAIII-exposed UROtsa variants. ‘‘*’’

Marks statistically significant increase/decrease in transcript level when

compared with control UROtsa (p � 0.05); n ¼ 3 for all treatment groups.

(b) COX-2 protein expression of parental UROtsa cells and MMAIII-exposed

UROtsa variants. Incubation of UROtsa cells with lipopolysaccharide (10 lg/ml)

for 6 h was utilized as a positive control for the induction of COX-2. ‘‘*’’ Marks

statistically significant increase/decrease in protein levels when compared with

control UROtsa (p � 0.05); n ¼ 6 for all treatment groups. (c) Quantitative real-

time RT-PCR expression of DBC1 mRNA normalized to UROtsa and relative to

GAPDH in parental UROtsa and MMAIII-exposed UROtsa variants. ‘‘*’’ Marks

statistically significant decrease in transcript level when compared with control

UROtsa (p � 0.05); n ¼ 3 for all treatment groups.
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MMAIII exposure may induce initial changes early in the chronic

exposure of UROtsa cells leading to malignant transformation.

Epidemiological evidence indicates that increased cell

division induced by an external agent, such as arsenic exposure,

is a common factor in the pathogenesis of human malignancy

(Preston-Martin et al., 1990). During low-level arsenic exposure,

adaptation to the effects of continuous arsenic exposure can

occur resulting in tolerance to apoptosis (Liu and Waalkes,

2008). Tolerance to arsenicals such as MMAIII is a common

occurrence in arsenical-induced malignantly transformed cells;

this phenomenon may allow for damaged cells to survive

apoptosis resulting in increased cellular proliferation as demon-

strated with the MMAIII-exposed UROtsa cells (Chen et al.,
2004; Waalkes et al., 2000). The first phenotypic changes

demonstrated in the presence of continuous MMAIII exposure

were a significant increase in cell growth rates after 12 weeks of

exposure. Although there is an increase in the cell doubling times

of 12-week MMAIII-exposed UROtsa cells cultured in the

absence of MMAIII exposure for 12 or 24 weeks (URO-

MSC12þ12(–)/URO-MSC12þ24(–)) compared with URO-

MSC12 cells, the cell doubling times remain significantly

decreased when compared with untreated UROtsa control. The

stable reduction in cell doubling time despite removal of MMAIII

implies that 12-week exposed cells demonstrate initial character-

istics of irreversible hyperproliferation (cells do not revert to cell

growth rates of control UROtsa) and may represent a critical

period in the initial acquisition of a malignant phenotype.

UROtsa cells exposed to MMAIII for 12 weeks were

characterized by a less defined cell membrane and the presence

of multinucleated cells similar to results demonstrated by

Bredfeldt et al. (2006). Large, multinucleated cells containing

enlarged nuclei and multiple large nucleoli are consistent with

a known bladder carcinoma cell line (Moore et al., 1978) and

are considered an indicator of cellular transformation (Walen,

2004). Interestingly, a key morphological feature that was not

demonstrated by previous research was a significant increase in

cell size following exposure to MMAIII. The increase in cell

size at these early time points may be associated with MMAIII-

induced alterations in growth factor signaling resulting in an

increase in the number of cells within S-phase/G2-phase of the

cell cycle, thus representing an increase in the amount of cells

undergoing cell division (Cleffman et al., 1979; Monroe and

Cambier, 1983).

Colony growth in soft agar and tumor growth when injected

into SCID mice are two commonly used end points to

characterize malignant transformation (Bredfeldt et al., 2006;

Mure et al., 2003; Sens et al., 2004). UROtsa cells following

12 weeks of exposure to MMAIII result in initial formation of

colonies in soft agar, an exposure length previously noted to

have resulted in no colony formation (Bredfeldt et al., 2006).

The number of colonies formed significantly increases when

MMAIII exposure is removed from URO-MSC12 cells, and

these cells are cultured for an additional 12 or 24 weeks. These

results are corroborated through SCID mice data demonstrating

initial tumor formation following injection with URO-MSC12

and URO-MSC12þ12(–) cells. Similar to the significant

increase in colony formation, URO-MSC12þ24(–) cells exhibit

evidence of increased tumorigenic potential in SCID mice. The

increase in colony formation and tumor growth demonstrated

with URO-MSC12þ12(–) and URO-MSC12þ24(–) suggests the

progression of a tumorigenic phenotype and the irreversible

acquisition of a malignant phenotype after 12 weeks exposure.

The selective growth advantage and clonal expansion of cells

having acquired malignant characteristics after 12 weeks of

exposure may be a possible explanation for the significant

increase in malignant phenotypes formed upon removal of

MMAIII. Kojima et al. (2009) demonstrated that arsenic

biomethylation-competent UROtsa cells (UROtsa/F35) acquired

a malignant phenotype after 18 weeks of exposure to arsenite; in

contrast, UROtsa cells (methylation-deficient) did not acquire

characteristics of cellular invasiveness or colony formation until

55 weeks of arsenite exposure. These results strengthen the role

of arsenic methylation in toxicity and support our findings of

direct MMAIII exposure to induce malignant transformation early

in the chronic exposure of UROtsa cells (methylation deficient) to

this critical metabolite.

MMAIII-induced malignant transformation of UROtsa cells

is associated with the progressive nature of changes in DNA

methylation that occur during the transition of cells from an

immortal to malignantly transformed state (Benbrahim-Tallaa

et al., 2005; Jensen et al., 2008, 2009a, b; Xie et al., 2007;

Zhao et al., 1997; Zhou et al., 2008). To uncover the molecular

mechanisms that may be associated with MMAIII-induced

malignant transformation following 12 weeks of exposure,

DNA methylation patterns were assessed. The level of DNA

methylation progresses as 12-week MMAIII-exposed UROtsa

cells are cultured for an additional 12 or 24 weeks after

removal of MMAIII; furthermore, the DNA methylation

patterns are inversely related to the transcript levels of target

genes. The alterations in DNA methylation levels in URO-

MSC12, URO-MSC12þ12(–), and URO-MSC12þ24(–) cells

are associated with the increases in anchorage-independent

growth and tumorigenicity in SCID mice and suggest an early

event in the malignant transformation of UROtsa cells

following low-level MMAIII exposure. The exact mechanisms

causing an increase in DNA methylation upon removal of

MMAIII exposure are unknown. However, early MMAIII

exposure may be acting to initiate epigenetic changes in

a select population of UROtsa cells resulting in a malignant

phenotype. Upon removal of MMAIII, progeny of UROtsa

having acquired a malignant phenotype early in the exposure to

MMAIII could inherit the malignant phenotype in the absence

of MMAIII exposure resulting in the increase in DNA

methylation patterns demonstrated in URO-MSC12þ12(–)

and URO-MSC12þ24(–) cells removed from previous MMAIII

exposure. These data are consistent with previous studies

evaluating the role of altered DNA methylation patterns

following exposure to arsenic (Benbrahim-Tallaa et al., 2005;
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Jensen et al., 2008, 2009a, b; Xie et al., 2007; Zhao et al.,
1997; Zhou et al., 2008) and reinforce the role of an epigenetic

component in MMAIII-induced malignant transformation.

Biomarkers of invasive bladder cancer appear in UROtsa

cells following low-level exposure to MMAIII and correlate

with malignant transformation. Elevated expression of COX-2

is associated with tumors of the urinary bladder (Eltze et al.,
2005; Fosslien, 2000; Wadhwa et al., 2005). Klein et al. (2005)

demonstrated that COX-2 overexpression plays a critical role

in the development of transitional cell hyperplasia and

transitional cell carcinoma of the bladder in transgenic mice.

COX-2 has been demonstrated to be associated with mitogenic

signaling pathways, suggesting a role for COX-2 in stimulating

cell growth (Eblin et al., 2007). To our knowledge, the levels

of COX-2 upon removal of previous chronic arsenic exposure

have not been evaluated, and it appears that the presence of

MMAIII is necessary for the induction of COX-2 as withdrawal

of MMAIII has been demonstrated to result in a time-dependent

decrease in COX-2 gene and protein levels. However, the

upregulation of COX-2 at initial stages of continuous MMAIII

exposure may act as an inflammatory mediator involved in the

initial promotion of cell proliferation and cell invasion. The

induction of DBC1 has been noted to be downregulated in

multiple cancers, including bladder cancer (Habuchi et al.,
1998; Izumi et al., 2005). Previous studies have demonstrated

DBC1 to be downregulated in UROtsa cells following chronic

(52 week) exposure to 50nM MMAIII and correlated with the

ability of these cells to form tumors when injected into SCID

mice (Jensen et al., 2008). In URO-MSC12þ24(–) cells, DBC1
expression is completely abolished; interestingly, these cells

demonstrated the greatest tumorigenic potential in SCID mice,

suggesting a possible role of DBC1 as a prognostic indicator of

bladder cancer.

Within our model, direct exposure of methylation-deficient

UROtsa cells to relevant levels of the methylated metabolite,

MMAIII, results in the transformation to a malignant pheno-

type. The acquisition of anchorage-independent growth and

tumorigenicity in SCID mice provide evidence that 12 weeks

of MMAIII exposure is capable of causing irreversible

malignant transformation in UROtsa cells. In addition, we

demonstrate that aberrant changes in DNA methylation in

target gene promoter regions are associated with malignant

transformation, and the progression of a malignant phenotype.

Critical periods in MMAIII-induced malignant transformation

are associated with biomarkers for invasive bladder cancer

including increased COX-2 levels in the presence of

continuous MMAIII exposure, and a decrease in DBC1
transcript levels is associated with enhanced tumorigenicity

in URO-MSC12þ24(–) cells. Taken together, these studies

provide a critical timeline to mechanistically examine the

chemical effects of MMAIII in exposed UROtsa cells resulting

in specific biological alterations leading to the irreversible

acquisition of a malignant phenotype prior to 12 weeks

exposure.
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