
 

LOW-LEVEL ARSENIC TOXICITY IN HUMAN BLADDER CELLS 
 

by 

Tiffany Gail Bredfeldt 

 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON PHARMACOLOGY AND TOXICOLOGY (GRADUATE) 

 
 

In Partial Fulfillment of the Requirements 
for the Degree of 

 
Doctor of Philosophy 

 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

 

2006



 2  

THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 

As members of the Dissertation Committee, we certify that we have read the dissertation  
 
prepared by:  Tiffany Bredfeldt 
 
entitled:   Low-Level Arsenic Toxicity in Human Bladder Cells 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the  
 
Degree of Doctor of Philosophy 
 
 
_______________________________________________________________________ Date:  June 2, 2006 
A. Jay Gandolfi, Ph.D.    
 
_______________________________________________________________________ Date:  June 2, 2006 

Bernard Futscher, Ph.D.    
    
_______________________________________________________________________ Date:  June 2, 2006 

Nathan Cherrington, Ph.D.    
 
_______________________________________________________________________ Date:  June 2, 2006 

Qin Chen, Ph.D.    
     
_______________________________________________________________________ Date:  June 2, 2006 

Richard R. Vaillancourt, Ph.D.    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date:  June 2, 2006 
Dissertation Director:  A. Jay Gandolfi    



3 

 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotations from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship.   In all other 
instances, however, permission must be obtained from the author. 
 
 
 

SIGNED:  ____________________________ 
                

           Tiffany Bredfeldt 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



4 

 

ACKNOWLEDGEMENTS 
 

I would like to express my sincere appreciation for all of my friends and 

colleagues who have contributed to the development and completion of my doctoral 

studies.  First and foremost, I thank Dr. A. Jay Gandolfi for his support, enthusiasm, and 

guidance during my graduate studies.  You are truly an exceptional role model for young 

scientists.  I would also like to thank the members of my graduate committee, Dr. 

Bernard Futscher, Dr. Richard Vaillancourt, Dr. Qin Chen, and Dr. Nathan Cherrington, 

for their insightful direction, support, and encouragement.  

 In addition, I would like to thank members of the Gandolfi lab.  It has been such 

an honor and pleasure to work with you.  In particular, I would like to acknowledge 

Kylee Eblin, Mike Kopplin, Xing Hui Zheng, and Sarah Salt for their scientific support 

and friendship.  You all have added so much to this project and to my time spent in the 

Gandolfi laboratory.  In addition, I would like to give special thanks Karen Palmer who 

has given so much to the College of Pharmacy, Superfund, and the Gandolfi lab.  Your 

friendship and support will be truly missed. 

Last, but certainly not least, I would like to thank my family.  To my husband, 

Philip, thank you for your love, support, and tolerance during my journey as a graduate 

student.  I also thank my parents Tim and GaLyn Hargis who have encouraged me to 

reach for my dreams.  Finally, I would like to express my gratitude to my grandmother, 

Frances Wood, for her unconditional love and remarkable character, which have left an 

indelible mark on my life.  

 



5 

 

TABLE OF CONTENTS 

LIST OF FIGURES.....................................................................................................9 
LIST OF TABLES ....................................................................................................11 
ABSTRACT..............................................................................................................12 
CHAPTER I ..............................................................................................................14 
INTRODUCTION ......................................................................................................14 

Arsenic and Human Health ................................................................................14 
Historical Perspective ....................................................................................14 
Chemical Forms of Arsenic Relevant to Human Environmental Health..........15 
Biotransformation of Arsenic .........................................................................18 

Arsenic and Environmental Health.....................................................................21 
Populations Affected by Arsenic Exposure.....................................................21 
Pathologies Induced by Arsenic Exposure......................................................22 
Epidemiological Evidence for Arsenic-Induced Carcinogenesis .....................23 
Rodent Studies of Arsenic Carcinogenesis .....................................................27 

The Human Bladder:  A Target Organ ...............................................................31 
Epidemiological Evidence for Arsenic-Induced Bladder Cancer.....................32 
Rodent Studies of Arsenic Bladder Carcinogenesis ........................................35 
In Vitro Studies Investigating the Effects of Arsenic on the Human Bladder ..36 

Carcinogenic Mechanisms of Arsenicals ............................................................37 
Summary of Mechanisms of Arsenic Carcinogenesis .....................................37 
Carcinogenic Arsenicals.................................................................................40 
Genotoxicity of Arsenicals.............................................................................41 
Alterations in DNA Methylation Patterns.......................................................42 
Oxidative Stress .............................................................................................43 
Signal Transduction .......................................................................................46 

Hypothesis .........................................................................................................49 
Rationale for Hypothesis................................................................................49 
Specific Aims ................................................................................................50 

CHAPTER II.............................................................................................................52 
MODEL DEVELOPMENT AND CHARACTERIZATION.......................................52 

Introduction .......................................................................................................52 
Specific Aim......................................................................................................54 
Materials and Methods.......................................................................................55 

Chemicals ......................................................................................................55 
Cell culture ....................................................................................................55 
Arsenic solutions and exposure ......................................................................56 
Determination of cell viability via mitochondrial metabolism of MTT. ..........57 
Western blots of accumulation of ubiquitinated proteins. ...............................58 
Analysis of UROtsa cell biotransformation of As(III).....................................59 
Statistics ........................................................................................................59 

Results ...............................................................................................................60 
As(III) toxicity in UROtsa cells......................................................................60 



6 

 

TABLE OF CONTENTS ---continued--- 
 

MMA(III) toxicity in UROtsa cells ................................................................61 
UROtsa cells methylate inorganic arsenic ......................................................64 
Low-level As(III) and MMA(III) promote the accumulation of Ub-protein 
conjugates in UROtsa cells.............................................................................66 

Discussion .........................................................................................................68 
Conclusions .......................................................................................................71 

CHAPTER III............................................................................................................72 
MONOMETHYLARSONOUS ACID INDUCES MALIGNANT TRANSFORMATION 
IN HUMAN BLADDER (UROtsa) CELLS..............................................................72 

Introduction .......................................................................................................72 
Specific Aim......................................................................................................76 
Materials and Methods.......................................................................................77 

Chemicals ......................................................................................................77 
Treatment solutions........................................................................................77 
Cell culture ....................................................................................................78 
Cell viability for concentration selection ........................................................78 
Confocal microscopy .....................................................................................79 
Determination of doubling time via trypan blue enumeration .........................79 
Detection of anchorage-independent growth with soft agar assay ...................80 
SCID Mouse Colony......................................................................................81 
Tumorigenicity in SCID mice ........................................................................81 
Evaluation of tumor proliferation via Ki67 immunohistochemistry ................82 
cDNA Microarray analysis.............................................................................83 
Statistical methods .........................................................................................84 

Results ...............................................................................................................85 
Monomethylarsonous acid toxicity in UROtsa cells .......................................85 
Monomethylarsonous acid causes hyperproliferation in UROtsa cells ............86 
Morphological changes in UROtsa cells chronically exposed to 
monomethylarsonous acid..............................................................................90 
URO-MSC growth in soft agar is similar to URO-ASSC................................93 
Chronic MMA(III) treatment enhances tumorigenicity of UROtsa cells .........93 
MMA(III) exposure induces the formation of squamous cell carcinoma of the 
bladder...........................................................................................................96 
Highly proliferative tumors form from UROtsa cells chronically treated with 
MMA(III) ......................................................................................................96 
Chronic MMA(III) exposure causes gene expression changes consistent with 
malignant transformation .............................................................................101 

Discussion .......................................................................................................105 
Conclusions .....................................................................................................115 

 
 
 



7 

 

TABLE OF CONTENTS ---continued--- 
 

CHAPTER IV .........................................................................................................116 
MITOGENIC, PRO-INFLAMMATORY SIGNAL TRANSDUCTION CAUSED BY 
MONOMETHYLARSONOUS ACID IN UROtsa CELLS ......................................116 

Introduction .....................................................................................................116 
Specific Aim....................................................................................................120 
Materials and Methods.....................................................................................121 

Chemicals ....................................................................................................121 
Cell culture ..................................................................................................122 
Monomethylarsonous acid exposures ...........................................................122 
Western blot analysis for COX-2 protein in cell lysates of UROtsa cells 
chronically exposed to MMA(III).................................................................123 
Western blot analysis of COX-2 protein in UROtsa cells acutely exposed to 
MMA(III) with or without pretreatment with kinase inhibitors.....................124 
Nuclear fractionation for detection of nuclear translocation of c-jun.............124 
Western blot analysis for EGFR protein in cell lysates of UROtsa cells 
chronically exposed to MMA(III).................................................................125 
Effect of kinase or COX-2 inhibitors on URO-MSC52 cell anchorage-
independent growth......................................................................................126 
Effect of kinase or COX-2 inhibition on URO-MSC52 cell viability ............126 
Statistical methods .......................................................................................127 

Results .............................................................................................................128 
MMA(III) concentration selection................................................................128 
COX-2 is induced in UROtsa cells chronically treated with MMA(III).........128 
Short-term MMA(III) treatment induces COX-2 in UROtsa cells .................130 
Extracellular signal-regulated kinase pathway activation via MMA(III) 
treatment is  responsible for COX-2 induction in UROtsa cells ....................132 
MMA(III) activates extracellular signal-regulated kinase pathway in UROtsa 
cells .............................................................................................................132 
EGFR is up-regulated in URO-MSC52 cells ................................................135 
Inhibitors of EGFR-associated signal transduction are cytotoxic to URO-
MSC52 cells ................................................................................................139 
Inhibitors of EGFR-associated signal transduction block tumorigenic qualities 
of URO-MSC52 cells...................................................................................141 

Discussion .......................................................................................................146 
Conclusions .....................................................................................................154 

CHAPTER V...........................................................................................................155 
SUMMARY OF STUDIES AND FUTURE DIRECTIONS.....................................155 

Rationale for Studies........................................................................................155 
Summary of Findings.......................................................................................155 

UROtsa cells are a good model for arsenic toxicology studies ......................155 
Is MMA(III) carcinogenic? ..........................................................................156 
Mechanism of MMA(III)-induced malignant transformation........................158 



8 

 

TABLE OF CONTENTS ---continued--- 
 

Overall Conclusions.........................................................................................158 
Interpretation of Findings.................................................................................160 

MMA(III) is carcinogenic ............................................................................160 
MMA(III) stimulates mitogenic, proinflammatory signal transduction .........160 
MMA(III)-induced tumors have elevated COX-2 and EGFR........................161 

Future Studies..................................................................................................162 
Mechanisms of MMA(III)-induced malignant transformation ......................162 

Novel signal transduction in URO-MSC52 cells.......................................162 
Relevance of pathways to malignant transformation .................................164 
Reactive oxygen species:  Stimulate signal transduction? .........................164 

Biomarkers of Exposure...............................................................................165 
Modulation of metabolism to prevent toxicity ..............................................168 

APPENDIX A .........................................................................................................171 
APPENDIX B .........................................................................................................172 
APPENDIX C .........................................................................................................176 
REFERENCES........................................................................................................179 

 
 

 

 

 

 

 

 

 

 



9 

 

LIST OF FIGURES 
 
Figure 1.  Metabolism of arsenic in most mammals……………………….…………….20  
 
Figure 2.  Distribution of arsenic well water contamination in the United States…….…24 
 
Figure 3.  Mechanisms of arsenic carcinogenesis……………………………..................39 
 
Figure 4.  Arsenic alters the activity of signal transduction pathways that promote cell 

survival and growth…………………………………………………………….……..47 
 
Figure 5.  Toxicity of As(III) and MMA(III) to UROtsa cells in 24 hr………………….62 
 
Figure 6.  Morphology of UROtsa cells in different growth conditions………….……...63 
 
Figure 7.  As(III) and MMA(III) enhance accumulation of ubiquitinated proteins in 

UROtsa cells…………………………………………………………………....……..67 
 
Figure 8.  Cytotoxicity of MMA(III) to UROtsa cells…………….……………..………87 
 
Figure 9.  Morphology of MMA(III) exposed UROtsa cells……………………..……...91 
 
Figure 10.  MMA(III) induces anchorage-independent growth in UROtsa cells……......94 
 
Figure 11.  MMA(III) enhances tumorigenicity of UROtsa cells…………………...…...97 
 
Figure 12.  MMA(III) and As(III) cause formation of tumors of squamous cell carcinoma 

differentiation in UROtsa cells………………………………………….………......98 
 
Figure 13.  Ki-67 staining of tumor tissue from UROtsa and URO-MSC52 cells…......100 
 
Figure 14.  COX-2 protein is elevated in URO-MSC cells……………………..……...129 
 
Figure 15.  MMA(III) elevates COX-2 protein in UROtsa cells………………....….…131 
 
Figure 16.  Effect of various inhibitors of signal transduction on MMA(III)-induced 

COX-2 expression………………………………………………….……………...134 
 
Figure 17.  MMA(III) stimulates EGFR ligand-independent signaling in UROtsa 

cells……………………………………………………………………………...…136 
 
Figure 18.  EGFR expression is elevated in URO-MSC cells……………..…….……..138 
 



10 

 

 
LIST OF FIGURES  ---continued--- 

 
Figure 19.  Cytotoxicity of inhibitors of EGFR-related signal transduction in URO-

MSC52 cells……………………………………………………………....……….140 
 
Figure 20.  Inhibitors of EGFR-related signal transduction reduces URO-MSC52 cell 

ability to form colonies in soft agar…………………………………….…….……143 
 
Figure 21.  Summary of detected changes in EFGR-related signal transduction in URO-

MSC52 cells…………………………………………………………………..…...153 
 
Figure 22.  MMA(III) induces COX-2 expression……………………………………..159 
 
Figure 23.  Signal transduction perturbation in URO-MSC52 cells………………........167 
 
Figure 24.  Role of metabolism in toxicity of inorganic arsenicals…………………….170 
 



11 

 

LIST OF TABLES 
 

Table 1.  Chemical forms of arsenic relevant to human health…………………………17 
 
Table 2.  Estimated mortality risk ratios for liver, lung, bladder, and kidney cancer for 

southwestern Taiwan………………….……………………..……………......……..26 
 
Table 3.  UROtsa cells biotransform As(III)………………………………....……….…65 
 
Table 4.  MMA(III) induces hyperproliferation in UROtsa cells continuously exposed to 

0.05 µM MMA(III) for 12, 24, and 52 weeks……………………………..…...…….89 
 
Table 5.  Genes up-regulated following 25 weeks of 0.05 µM MMA(III) 

exposure………………….…………………………………………………..........103 
 
Table 6.  Genes down-regulated following a 52-week treatment with MMA(III)..........104 
 
Table 7.  Summary of effect of pharmacological inhibitors on COX-2 induction……..133 
 
Table 8.  Summary of malignant characteristics acquired by UROtsa cells chronically 

treated with 0.05 µM MMA(III)……………………………………..…..…………157 
 
Table 9.  Biomarkers of chronic MMA(III) exposure in UROtsa cells…………...……166 
 
 



12 

 

ABSTRACT 
 

Arsenic is a human bladder carcinogen.  Inorganic arsenic and methylated 

metabolites are excreted from the human body in urine.  This study investigates the 

effects of arsenite [As(III)] and monomethylarsonous acid [MMA(III)] on human 

urothelial cells (UROtsa).  Cytotoxicity studies found that MMA(III) was 20 times more 

toxic than As(III).  In addition, UROtsa cells have the ability to biotransform As(III) to 

pentavalent and trivalent mono-methylated metabolites. 

To understand the mechanism of arsenic carcinogenesis, it is necessary to know 

which arsenicals are carcinogenic.  Therefore, non-tumorigenic UROtsa cells were 

chronically exposed to 0.05 µM MMA(III) and monitored for signs of transformation.  

MMA(III)-treated cells (URO-MSC) became hyperproliferative after 12 weeks of 

exposure.  Anchorage-independent growth was detected after 24 weeks of exposure to 

MMA(III).  Gene array analysis conducted in URO-MSC cells after 52 weeks of 

exposure detected expression changes consistent with malignant transformation.  

Enhanced tumorigenicity in SCID mouse xenografts was also observed after 52 weeks of 

treatment.   

URO-MSC cells form squamous cell carcinoma, a histology associated with 

inflammation, when injected into SCID mice.  Induction of cycolooxygenase-2 (COX-2) 

promotes proliferation, angiogenesis, and survival in cancer cells.  To identify a potential 

mechanism of MMA(III) carcinogenesis, the effects of chronic and acute MMA(III) 

treatment on COX-2 expression were investigated.  Western blot analysis revealed that 

COX-2 was induced in a time-dependent manner in URO-MSC cells.  Acute MMA(III) 
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exposure also increased COX-2 protein.  To identify signal transduction pathways 

responsible for COX-2 induction, pharmacological inhibitors of various signaling 

pathways were co-administered with 0.05 µM MMA(III) and identified src and 

extracellular signal regulated protein kinase (ERK) activation to be responsible for COX-

2 induction.  Thus, MMA(III) causes ligand-independent activation of epidermal growth 

factor receptor (EGFR), which activates the signal cascade responsible for COX-2 

expression. EGFR is elevated in URO-MSC cells.  To determine if EGFR is a key 

mediator of URO-MSC cell tumorigenicity, inhibitors of downstream signal transduction 

(src, PI3K, and COX-1/-2) were found to reduce URO-MSC cell viability and growth in 

soft agar.  Results from this work not only identify that MMA(III) can induce malignant 

transformation in human cells but also provides insight into the mechanism of arsenic-

induced bladder cancer. 
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CHAPTER I                  

INTRODUCTION 
 

Arsenic and Human Health 

Historical Perspective 
 

Metals and metalloids are some of the oldest known human toxicants.  Arsenic is 

a naturally occurring metalloid that is widely distributed in the Earth’s crust.  The earliest 

records of the use of this metalloid in decoration and wood treatment appear in ancient 

Greece and Rome around 400 B.C. (Goyer and Clarkson, 2001; Walton-Smith, 1956).   

However, Roman physician Pedanios Dioscorides (40 – 90 A.D.) was the first to describe 

the use of arsenic as an intentional human poison (Osbaldeston, 2000).  Arsenic has been 

widely used as a homicidal agent throughout history due to its lack of taste and smell.  

This same quality has made arsenic a significant environmental hazard.  In 1556, 

Agricola reported the first non-lethal health effect, the destruction of skin on the hands of 

workmen using arsenical cobalt, in De Re Metallica (Dibner, 1958).   

Arsenic was popularly used during the 19th and 20th centuries as a treatment for 

syphilis and trypanosomiasis (Salvarsan) as well as asthma and psoriasis as Fowler’s 

Solution (Aronson, 1994; Cuzick et al., 1982).  Although these arsenic-based treatments 

provided relief from disease, they were not without significant side effects.  For example, 

Hutchinson observed that patients treated with arsenic had an increased risk for the 

development of skin cancer (Hutchinson, 1888).  However, arsenic’s popularity as a 

pharmacological agent has not diminished as the U.S. Federal Drug Administration 
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approved arsenic trioxide for use in treatment of human cancer in 2000 (Kwong and 

Todd, 1997; Novick and Warrell, 2000).    

Contrary to the ability to ameliorate disease, the toxic effects of arsenic exposure 

continue to be a major occupational and environmental health concern.  Chronic arsenic 

exposure causes a plethora of adverse effects in humans including vascular disease, 

diabetes, neurological disorders, and cancer.  For these reasons, arsenic was named the 

top chemical on the Priority List of Hazardous Substances released by the Agency for 

Toxic Substances and Disease Registry and the United States Environmental Protection 

Agency (ATSDR, 2001).   

Arsenic is found in number of occupational and environmental settings.  

Agricultural uses for arsenicals include herbicides, pesticides, and feed additives.  In the 

manufacturing industry, arsenic was used make alloys, paints, glass, and semiconductors.  

The combustion of fossil fuels releases arsenic particulates as does the mining and 

smelting of metal (Enterline et al., 1995).  Due to its prevalence in the Earth’s crust, 

arsenic is also found in solution with ground water.  The contamination of ground water 

causes the most common form of human exposure, the consumption of drinking water 

(National Research Council, 1999).   

Chemical Forms of Arsenic Relevant to Human Environmental Health 
 
 Many chemical forms of arsenic are found in the soil, air, food, and drinking 

water.  The inorganic arsenicals, arsenate [As(V)] and arsenite [As(III)] are the most 

abundant forms in the environment.  Inorganic arsenic is enzymatically transformed to a 

number of metabolites.  However, the most prevalent metabolism pathway for inorganic 
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arsenic in mammals is methylation to monomethylated (MMA) and dimethylated (DMA) 

arsenicals that are found in both pentavalent (V) and trivalent (III) oxidation states (Table 

1). 

 Other environmental arsenicals are derived from food sources such as 

arsenosugars found in vegetables cultivated in arsenic-rich soil and arsenobetaine in 

seafood.  Neither of these organic arsenicals found in food sources is considered 

toxicologically significant.  Lastly, arsine gas (AsH3) a lethal toxicant produced during 

the manufacturing of microelectronics has been studied extensively (National Research 

Council, 1999). 

 Although humans are exposed to many forms of arsenic in the workplace or 

environment, inorganic arsenic exposure has the greatest impact on human health.  The 

majority of human exposure comes from the consumption of inorganic arsenicals in 

contaminated drinking water.  The trivalent arsenicals have been identified as being the 

most toxic forms of arsenic particularly the trivalent methylated arsenic metabolites, 

monomethylarsonous acid [MMA(III)] and dimethylarsinous acid [DMA(III)] (Styblo et 

al., 2000).  

Methylation was historically considered a detoxification pathway for arsenic in 

mammals.  It is true that the pentavalent, methylated metabolites are less toxic than 

As(III), the inorganic arsenic of primary toxicological significance.  Thus, arsenic 

metabolism was viewed as a detoxification.  Recent studies, however, have demonstrated 
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TABLE 1.  Chemical forms of arsenic relevant to human health. 
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that the trivalent methylated metabolites are more potent cytotoxins and enzyme 

inhibitors than the inorganic arsenicals As(V) and As(III) (Petrick et al., 2000; Styblo et 

al., 2000).  MMA(III) was also found to be carcinogenic in mice (Delker et al., 2006; 

Krishnamohan et al., 2006).  Therefore, the metabolism of inorganic arsenicals has steps 

that may be defined as bioactivation rather than detoxification.  

Biotransformation of Arsenic   
 

Inorganic arsenate [As(V)] and arsenite [As(III)] are the forms of arsenic most 

commonly consumed by humans.  Upon inhalation or ingestion, inorganic arsenic is 

enzymatically reduced and methylated to a number of metabolites (Figure 1).  As(V) is 

readily reduced to As(III) by arsenate reductase, also known as purine nucleoside 

phosphorylase, in a glutathione-dependent reduction via As(V) reductase (Aposhian et 

al., 2000; Zakharyan et al., 1999).  The generation of trivalent arsenicals from pentavalent 

arsenicals is a reversible reaction, as the oxidation of trivalent arsenicals occurs 

enzymatically by cellular oxidases such as xanthine oxidase.  The oxidation of trivalent 

arsenicals generates reactive oxygen species.   

Following reduction of As(V), As(III) is methylated by arsenic methyltransferase 

to monomethylarsonic acid [MMA(V)] (Aposhian, 1997; Zakharyan et al., 1995) using S-

adenosylmethionine (AdoMet) as the methyl group donor.  MMA(V) is reduced by 

MMA(V) reductase to monomethylarsonous acid [MMA(III)] a substrate for subsequent 

methylation by MMA(III) methyltransferase for the production of dimethylarsinic acid 

[DMA(V)] (Cullen and Reimer, 1989; Zakharyan and Aposhian, 1999).  DMA (V) is 

then methylated to dimethylarsinous acid [DMA(III)].  DMA(III) is converted to a final 
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trivalent arsenic compound trimethylarsine oxide (TMAO), which can be reduced to 

trimethylarsine [TMA(III)].  However, it has been suggested that this metabolite is 

produced in significant quantities only in rats (Kitchin, 2001).  

With the exception of TMA(III), all arsenic metabolites have been detected in 

humans exposed to inorganic arsenic (Aposhian et al., 2000a; Aposhian et al., 2000b; Le 

et al., 2000; Valenzuela et al., 2005).  Therefore, a human exposed to inorganic arsenic is 

exposed to six toxicologically significant metabolites, including As(V), As(III), 

MMA(V), MMA(III), DMA(V), and DMA(III).  Although there are six potentially toxic 

arsenicals detected in exposed humans, it remains unknown which of these arsenicals is 

causal of arsenic-induced toxicities.  

Many mammals methylate arsenic.  However, humans possess a very different 

metabolic profile than most mammals in that they produce and excrete a rather large 

amount of MMA (Vahter, 1994).  Thus, monomethylated arsenic species are of particular 

interest to human health. 
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Figure 1.  Metabolism of arsenic in most mammals.  Inorganic arsenic is oxidatively 
methylated to both mono- and di- methylated metabolites.   
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Arsenic and Environmental Health 

Populations Affected by Arsenic Exposure 
 
 Arsenic exposure adversely affects many human populations in several regions of 

the world.  The populations with the highest degree of arsenic exposure reside in 

Bangladesh, India, Taiwan, Argentina, and Chile (ATSDR, 1999; National Research 

Council, 1999).  In these areas of the world, arsenic exposure occurs through 

consumption of groundwater containing As(III) and As(V).  Some of the highest 

concentrations of arsenic in drinking water are found in the endemic Blackfoot disease 

areas of Taiwan, where the mean arsenic concentration is 671 ppb (Chen et al., 1994).  In 

West Bengal, India people consume water with arsenic concentration ranging from 10 

ppb to 1095 ppb (Das et al., 1995).  In northern Chile, populations are exposed to arsenic 

concentrations averaging 570 ppb.  As(III) is the major water pollutant, accounting for 

approximately 50 – 75% of the arsenic found in these waters (Chen et al., 1994; Das et 

al., 1995). 

 Populations exposed to moderately high concentrations of arsenic include those 

found in Eastern Europe and Mexico.  In Romania, people drink water containing 2.8 to 

161 ppb of arsenic (Aposhian et al., 2000).  Mexican populations in the Yaqui Valley of 

the state of Sonora drink water with arsenic concentrations ranging from 3 to 50 ppb 

(Meza et al., 2004).  Nonetheless, these populations are considered at risk by the World 

Health Organization and the United States Environmental Protection Agency who 

defined a safe drinking water maximum contaminant level (MCL) for arsenic to be 10 

ppb (National Research Council, 1999). 
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 In the United States, arsenic exposure is less prevalent and occurs at lower 

concentrations than those of South America, Asia, and Eastern Europe.  Nonetheless, 

there are a number of areas in the United States that continue to have unsafe 

concentrations of arsenic in drinking water.  The states of Arizona, Utah, California, and 

Nevada have the most arsenic contaminated water sources making arsenic an endemic 

problem for the West.  However, there are isolated areas of arsenic contamination found 

throughout the United States including New Hampshire, Michigan, and Nebraska.  

Arsenic contamination in these areas generally is found in the range of 10 to 50 ppb.  

Arsenic concentrations of exceeding 50 ppb have been occasionally observed. 

 A study conducted by the United States Geological Survey estimates that 

approximately 350,000 Americans consume water with greater than 50 ppb.  

Additionally, 2.5 million people consume water with contamination levels greater than 25 

ppb.  However, the recent lowering of the arsenic water MCL from 50 ppb to 10 ppb by 

the United States Environmental Protection Agency in 2001 is expected to provide 

protection to 13 million people (Figure 2).   

Pathologies Induced by Arsenic Exposure  
 

Epidemiological studies have demonstrated the pleiotropic nature of arsenic 

toxicity in humans.  Arsenic is a known carcinogen and has been associated with 

increased risk for the development of cancers of the skin, kidney, liver, bladder, and lung.  

Individuals exposed to arsenic also have an increased risk for the development of 

vascular diseases including gangrene and hypertension.  Additionally, arsenic exposure is 

known to increase the incidence of diabetes.  Less common pathologies also caused by 
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chronic arsenic consumption include peripheral neuropathy, decreased fertility, and 

teratogenesis (National Research Council, 1999).  These studies suggest that arsenic is 

simultaneously causing the promotion and progression of several diseases.   

Epidemiological Evidence for Arsenic-Induced Carcinogenesis 
 
 In 1888, Hutchinson was the first to observe that patients treated with arsenic-

based medicines had an increased incidence of skin cancer (Hutchinson, 1888).  While 

these observations affected only a small number of people, arsenic-induced 

carcinogenesis became an international environmental health issue from the late 1960’s 

until present when arsenic contaminated drinking water was found to be carcinogenic.  

The initial epidemiological evidence that associated arsenic exposure with cancer 

development came from the Blackfoot endemic area of Taiwan where exposed 

individuals had developed skin cancer (Tseng et al., 1968).  The arsenic exposed 

individuals from the Blackfoot endemic area consume drinking water with arsenic 

contamination in the ranging from 10 ppb to 1 ppm.  However, 84% of the wells tested 

by Tseng and colleagues (1968) had arsenic concentrations exceeding 250 ppb, 

suggesting that the majority of affected individuals were exposed to high concentrations 

of arsenic.  Among 47921 individuals that participated in this study, an average of 0.9 % 

developed skin cancer.  Nonetheless, it is noteworthy to mention that 25% of males ages 

60 years and older that were exposed to high levels of arsenic developed skin cancer, 

suggesting that the frequency of cancer development is dose-dependent (Tseng et al., 

1968).   
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Figure 2.  Distribution of arsenic in well water in the United States.  This figure was 
acquired from http://www.waterindustry.org/images/arsenic-map.gif.  The original figure 
was generated by the United States Geological Survey and may be viewed at 
http://co.water.usgs.gov/trace/pubs/fs-063-00/fig1.html.   
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 A number of subsequent studies investigating the relationship of environmental 

arsenic exposure and the development of skin cancer followed the work of Tseng and 

colleagues [1968] (Morton et al., 1976; Harrington et al., 1978; Chen et al., 1985; Wong 

et al., 1992).  In addition to the ability to cause skin cancer, arsenic is a potent lung 

(Hopenhayn-Rich et al., 1998; Smith et al., 1998; National Research Council, 2001) and 

bladder carcinogen (Bates et al., 1995; Hopenhayn-Rich et al., 1996; Guo et al., 1997; 

Smith et al., 1998).  Other sites of arsenic-induced carcinogenesis are the liver and kidney 

(National Research Council, 2001).  However, these sites appear to be less sensitive to 

malignant transformation via arsenic exposure, leading to the conclusion that either these 

tissues develop malignancies only at higher levels of exposure or that individuals who 

developed these cancers had additional exposures to other chemicals carcinogens.   

In tissues sensitive to arsenic carcinogenesis, the nature of the relationship 

between arsenic exposure and cancer development was shown to be dose-dependent, or a 

dose-response relationship, meaning that higher exposure levels correlate with greater 

cancer-caused mortalities (Table 2).  The plausibility of a causal relationship between 

arsenic consumption and cancer development is further supported by studies that found 

an accumulation of arsenic in the skin, lung, liver, and kidney tissues (Life Systems Inc., 

1989).  Similarly, animal studies found higher concentrations of arsenic in these tissues 

following exposure (Vahter et al., 1980; Yamauchi and Yamamura, 1985).  These data 

suggest that the formation of these tumors in arsenic-exposed individuals is due to 

arsenic's presence in the affected tissue.   
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TABLE 2.  Estimated mortality risk ratios for liver, lung, bladder, and kidney 
cancer for southwestern Taiwan.1 
 

 
 
 

 
  

                                                
1 Age standardized cancer mortality rates (per 100,000 persons) were reported by Chen et al., 1985 from a 
study of 899, 811 persons living in the Blackfoot disease endemic area of Taiwan from 1973 to 1986.  
Estimated mortality risk ratios were reported by Smith et al., 1992 and are calculated by dividing the cancer 
mortality rate of Taiwanese people living in the Blackfoot disease endemic area by the cancer mortality rate 
of the general population in Taiwan.  Estimated mortality risk ratios illustrate a dose-dependent increase in 
internal cancer development in a population exposed to arsenic contaminated drinking water. 
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Rodent Studies of Arsenic Carcinogenesis 
 

Despite compelling epidemiological evidence, arsenic does not fulfill the classical 

requirements used by the International Agency for Research on Cancer (IARC) to be 

defined as complete carcinogen.  Arsenic is unique among carcinogens in that it is the 

only established human carcinogen that has failed to act as a carcinogen in rodents.  At 

best, animal studies have been described by the IARC to provide only limited evidence of 

carcinogenicity (International Agency for Research on Cancer, 1987; Wilbourne et al., 

1986).  For example, studies in mice given drinking water with arsenic concentrations 

ranging from 4 ppb to 100 ppb did not have increased rates of cancer (Huper and Payne, 

1962; Baroni et al., 1963; Kanisawa and Schroeder, 1969).  

Although arsenic appears to be a complete carcinogen in humans, inconclusive 

results from rodent studies prompted some researchers to hypothesize that arsenic may 

act as a co-carcinogen or a tumor promoter rather than a complete carcinogen (National 

Research Council, 1999; Rossman et al., 2004).  Shirachi and colleagues (1987) 

pretreated male, Wistar rats with either saline or diethylnitrosamine (DEN), a known 

carcinogen, for 1 week and followed by treatment with As(III), As(V), or DMA(V).  Rats 

were sacrificed after 10, 15, or 24 months of exposure to arsenicals.  The authors 

observed the formation of hepatocellular carcinomas and renal tumors in DEN-initiated 

arsenic treatment groups.  From theses studies, As(III), As(V), and DMA(V) were 

concluded to be tumor promoters (Shirachi et al., 1987).  However, this study was 

criticized for its limited statistical analysis, which may have contributed to falsely 

negative data.  An additional analysis conducted by Smith and colleagues (1992) of these 
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studies with a different statistical test provided evidence of increased tumor formation in 

both arsenic-treated rats initiated with DEN or uninitiated, supporting the hypothesis that 

arsenic was able to cause cancer in rodents. 

Newer animal models such as the Tg.AC transgenic mice appear to have more 

promise of demonstrating the carcinogenicity of arsenicals in rodents.  Tg.AC transgenic 

mice possess many copies of the v-Ha ras oncogene and are considered pre-initiated.  

Therefore, the formation of tumors in the Tg.AC mice requires exposure to a carcinogen 

or a tumor promoter (Leder et al., 1990).  Germolec and colleagues (1997) exposed 

Tg.AC mice to 200 ppm As(III) for 4 weeks with or without cutaneous treatment with the 

tumor promoter 12-O-tetradecanoylphorbol-13-acetate (TPA).  Although mice treated 

with As(III) alone failed to develop tumors, As(III) treatment caused an increase in the 

number of skin papillomas compared with control.  From this study, As(III) was 

considered to be a “co-promoter” in the Tg.AC mouse model.   

 Another mouse model often used to identify carcinogens and tumor promoters are 

the K6/ODC mice.  K6/ODC mice overexpress ornithine decarboxylase (ODC) in their 

hair follicle keratinocytes.  ODC is an enzyme that is TPA-inducible and is involved in 

the synthesis of polyamines, which are necessary for progression through the S phase of 

the cell cycle.  The K6/ODC are considered a constitutively promoted and require a 

subthreshold dose of carcinogen to promote papilloma formation (O’Brien et al., 1997).  

In K6/ODC mice treated with 10 ppm As(III) for 5 months, 15% of the treated mice 

developed skin papillomas (Chen et al., 2000).  

The p53 heterozygous knockout mouse model is also used in chemical 
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carcinogenesis studies.  The p53+/- mice have a low incidence of spontaneous cancers, 

yet are susceptible to chemical carcinogens via mutation in a single p53 allele (Tennant et 

al., 1995).  Popovicova et al. (2000) found that administration of As(III) at 50 ppm with 

p-cresidine, a genotoxic bladder carcinogen, to p53+/- mice developed bladder 

hyperplasia and carcinoma.  Similar to other As(III) studies in rodents, As(III) was 

declared a cocarcinogen rather than a complete carcinogen (Moser et al., 2000; 

Popovicova et al., 2000). 

The lack of tumorigenicity in mice is thought to be due to observation that mice 

more rapidly methylate arsenic than rats.  Therefore, the resistance of mice to arsenic-

induced carcinogenesis is due to their unique ability to metabolize toxic inorganic arsenic 

to pentavalent methylated arsenicals (Vahter, 1981).  In contrast to rodents, most humans 

do not rapidly methylate inorganic arsenic to form less toxic metabolites.  Humans 

generally produce and excrete more monomethylated arsenicals than other mammals 

(Vahter, 1994).  Therefore, humans consuming inorganic arsenicals are exposed to a very 

different profile of arsenicals than rodents used to assess carcinogenicity.  Thus, the value 

and applicability of rodent carcinogenesis models to human health effects caused by 

arsenic exposure is somewhat questionable. 

 Carcinogenicity of the pentavalent methylated arsenic metabolites was also 

examined in rodent models.  DMA(V) was administered to F344/DuCrj rats for 30 weeks 

following pretreatment with five different carcinogens to initiate multiple organs and 

tissues.  The lowest effective dose for the formation of bladder tumors was 50 ppm 

(Yamaoto et al., 1995).  Wanibuchi and colleagues (1996) observed that doses of 
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DMA(V) as low as 25 ppm could be promotional in bladder urothelium of rats following 

initiation of bladder cancer by N-butyl-N-(4-hydroxybutyl) nitrosamine pretreatment.   

 Fewer studies have investigated the carcinogenicity of MMA(V) in rodents.  

Tg.AC mice treated for 17 weeks with MMA(V) (1500 ppm) did not develop tumors in 

any tissues (Xie et al., 2004).  Shen et al. (2003) found that treatment of male F344 rats 

for 104 weeks with MMA(V) produced hyperplasia but no tumors of the urinary bladder.   

 Overall, many have criticized rodent studies investigating the carcinogenicity of 

arsenical due to the high doses used to produce tumors.  For example, doses as high as 50 

ppm DMA(V) were needed to induce urinary bladder tumors in F344 rats (Wei et al., 

1999; Yamamoto et al., 1995).  These doses are very high and not biologically relevant.  

For example, an individual in West Bengal, India ingesting a high concentration of 

inorganic arsenic of 210 ppb excretes 242 ppb total urinary arsenic.  Of that 242 ppb 

excreted in urine approximately 44% or 144 ppb is DMA(V) (Mandal et al., 2001).  The 

dose of 50 ppm or 50,000 ppb is much higher.  Therefore, these pentavalent organic 

arsenic metabolites are not likely to be significantly contributing to tumorigenesis in 

human bladder tissue.   

 Carcinogenicity of the trivalent methylated arsenic metabolites has been recently 

investigated in rodents.  It is plausible that these arsenicals, DMA(III) and MMA(III), are 

potentially carcinogenic since they are more genotoxic than inorganic arsenic (Kitchin, 

2001).  Recently, Shen and colleagues (2006) observed that female F344 rats produce 

more MMA(III) when treated with DMA(V) and had a higher degree of pathological 

changes occur in their urinary bladder.  Delker and colleagues (2006) treated K6/ODC 
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mice with 10, 50, and 100 ppm MMA(III) in their drinking water.  After 26 weeks of 

MMA(III) treatment, mice developed skin papillomas.  Differential gene expression data 

was collected and found that genes expressed in resultant papillomas were consistent with 

tumor formation including increased oncogene expression (c-myc, fra-1, and v-maf) and 

decreased tumor suppressor gene expression (p27) (Delker et al., 2006).   

In addition, Krishnamohan and colleagues (2006) conducted a two-year rodent 

bioassay and found MMA(III) to be carcinogenic in C57BL/6J mice at doses of 500 µg/L 

(500 ppb).  Both treated and untreated groups of mice developed tumors.  However, the 

incidence of tumor formation doubled from 26% to 54% following exposure to 

MMA(III).  Autopsy on treated animals revealed that MMA(III) treatment caused mice to 

develop tumors in multiple organ systems including lymph nodes, pancreas, liver, spleen, 

uterus, lung, kidney, ovary, thymus, and gut (Krishnamohan et al., 2006).  

In summary, inorganic arsenic appears to be weakly carcinogenic in rodents, 

possibly due to the ability of rodents to rapidly detoxify arsenicals.  Pentavalent, 

methylated arsenicals are not carcinogenic at biologically relevant concentrations. 

Trivalent, methylated arsenic metabolites appear to be carcinogenic in rodents at 

concentrations lower than As(III), DMA(V), and MMA(V).  Thus, future research will 

continue to focus on the chronic effects of MMA(III) and DMA(III). 

The Human Bladder:  A Target Organ 
 
 The carcinogenicity of arsenic to internal organs such as the liver, lung, bladder, 

and kidney is considered to be the major life-threatening toxicity caused by chronic 

exposure (Smith et al., 1992).  The human bladder is the most sensitive internal organ in 
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the human body to arsenic-induced carcinogenesis (Chen et al., 1988).  Arsenic is 

eliminated from the human body via urine.  Therefore, the human bladder is exposed to 

inorganic arsenicals and methylated metabolites.  Additionally, the bladder may be 

exposed to higher concentrations of arsenic than other tissues due to the bioconcentration 

of urine by the kidneys (Schnellmann, 2001).  Arsenic causes cancer in a dose-dependent 

manner, which may partially explain the sensitivity of the human bladder to the 

carcinogenicity of arsenic.  Due to the susceptibility of the bladder to cancer development 

following arsenic exposure, studies investigating chronic arsenic intoxication are and will 

continue to be relevant and applicable to understanding the mechanisms of arsenic 

carcinogenesis.    

Epidemiological Evidence for Arsenic-Induced Bladder Cancer 
 
 Epidemiological studies conducted in southwestern Taiwan were the first to 

describe increases in mortality associated with cancer development following the 

consumption of arsenic-contaminated artesian well water (Chen et al., 1985; Chen et al., 

1988).  Data collected from the Taiwanese study conducted by Chen et al. (1988) was 

later used by the United States Environmental Protection Agency to investigate the 

relationship between arsenic exposure and increased mortality rates due to cancer 

development.   In this study, individuals were divided into groups based on the level of 

arsenic contamination in their water (170, 470, and 800 ppb) [Risk Assessment Forum, 

1988].  The estimated risk ratio for bladder cancer development showed a dose-response 

relationship with the highest exposure (800 ppb) group having a mortality rate ratio of 

28.7 for males and 65.4 for females.  In the lowest arsenic water level (170 ppb) group, 
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the mortality rate ratio for bladder cancer was 5.1 for males and 11.9 for females (Table 

2).  Due to the magnitude of the mortality rate ratios for bladder cancer, it is unlikely that 

other confounding risk factors are a plausible explanation for the observed cancers.  

Therefore, these data were the first to clearly demonstrate the relationship between 

bladder cancer mortality and arsenic consumption. 

 Chiou and colleagues (1995) conducted a seven-year follow-up study on the 

southwestern Taiwanese population, also called the Blackfoot endemic population, to 

further demonstrate the association between arsenic ingestion and internal cancer 

development.  Again, a dose-response relationship was observed between drinking 

arsenic-contaminated artesian well water and incidence of bladder cancer.   

 To increase confidence in the causal relationship between arsenic consumption 

and bladder cancer, other populations known to be exposed to arsenic contaminated 

drinking water have also been the subject of epidemiological studies.  Hopenhayn-Rich et 

al. (1996) found that populations in the Cordoba province of Argentina to have an 

increased bladder cancer mortality ratio following arsenic exposure.  However, these 

Argentinean populations are exposed to arsenic contamination level similar to that of 

Taiwan rather than those like the United States. 

 Many studies have been conducted to determine if the lower levels of arsenic in 

the drinking water of the United States are hazardous to human health.  Since the bladder 

is a very sensitive tissue to arsenic-induced carcinogenesis, studies investigating the 

relationship between arsenic consumption and bladder cancer were most likely to yield 

positive results.  Bates and colleagues (1995) used data collected from the 1978 Utah 
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respondents to the National Bladder Cancer Study to evaluate the association between 

arsenic ingestion and cancer development in a United States population.  However, this 

study found no association between bladder cancer and arsenic exposure.  The studied 

population living in Utah consumed arsenic contaminated water with arsenic levels 

ranging from 0.5 to 160 ppb (mean, 5 ppb) for approximately ten years.  Bates and 

colleagues (1995) concluded that lower concentrations of arsenic water contamination in 

populations such as those found in the southwestern region of the United States are not 

associated with bladder cancer development.  However, bladder cancer may increase 

significantly in groups of individuals with additional risk factors such as smoking. 

 Additional studies have been conducted using more sensitive indicators of cellular 

transformation to investigate the possibility that lower concentrations of arsenic in 

drinking water may contribute to the formation of bladder tumors.  Micronuclei 

formation is an indicator of chromosomal instability, a feature common in precancerous 

and cancer tissues.  Normally, chromosomal aberrations such as micronuclei are caused 

by direct DNA adduction or by an increased rate of cellular proliferation (Moore et al, 

1997; Simeonova and Luster, 2000).  Arsenic causes micronuclei formation via oxidative 

DNA damage and altered DNA repair (Schwertle et al., 2003; Witkiewicz-Kucharczyk 

and Bal, 2006).  Moore and colleagues (1997 a and b) found increased levels of 

micronucleated cells among exfoliated bladder cells collected from individuals 

consuming arsenic contaminated well water in Nevada and Chile.  The frequency of 

micronuclei formation was dependent upon the level of arsenic found in the drinking 

water of the exposed individuals.  This study was the first to demonstrate that arsenic 
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exposure caused genetic damage in the bladder cells of people living in the United States.  

Additionally, this genetic damage was found to be reversible when the arsenic water level 

was lowered, supporting the idea that arsenic was responsible for the genetic damage and 

subsequent tumors in the bladders of exposed individuals (Moore et al., 1997b).  

 In summary, the bladder is clearly a target of arsenic-induced carcinogenesis.  Not 

only has the strongest association between arsenic ingestion and internal tumor formation 

been found in the bladder, but epidemiological studies of the southwestern Taiwanese 

population displayed a relative risk for bladder cancer development higher than any other 

known environmental carcinogen (Smith et al., 1993).  Due to the sensitivity of the 

bladder to arsenic, it is apparent that this is a key tissue to study the underlying 

mechanisms of arsenic-induced carcinogenesis and to determining a safe level of 

exposure for human populations. 

Rodent Studies of Arsenic Bladder Carcinogenesis 
 

There are few rodent studies that have investigated the carcinogenicity of 

arsenicals in bladder tissue.  Popovicova et al. (2000) found that administration of As(III) 

at 50 ppm to p53+/- mice caused bladder hyperplasia and carcinoma.  However, 

tumorigenesis occurred only following initiation with p-cresidine, which is an aromatic 

amine that causes bladder cancer by adducting DNA in urothelial cells.  From this study, 

the authors concluded that As(III) was a cocarcinogen instead of a complete carcinogen 

in mouse bladder (Moser et al., 2000; Popovicova et al., 2000). 

Similarly, chronic DMA(V) exposure has caused bladder tumors in rats.  

Yamamoto and colleagues (1995) treated F344/DuCrj rats for 30 weeks with DMA(V) 
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following pretreatment with five different carcinogens to initiate multiple organs and 

tissues.  However, the lowest effective dose for the development of bladder malignancies 

was 50 ppm.  Wanibuchi et al. (1996) found that concentrations of DMA(V) as low as 25 

ppm could be promotional in bladder urothelium of rats following initiation of bladder 

cancer by N-butyl-N-(4-hydroxybutyl)nitrosamine pretreatment.  As mentioned, the 

concentrations of DMA(V) required to cause bladder cancer in these studies are very 

high,  limiting the applicability of such work to human health.   

DMA(III) and MMA(III) have yet to be investigated in vivo for bladder 

carcinogenesis.  However, few studies have investigated the chronic effects of MMA(III) 

or DMA(III).  Therefore, it is likely that future research will focus on the carcinogenicity 

of trivalent, methylated arsenicals in vivo. 

In Vitro Studies Investigating the Effects of Arsenic on the Human Bladder 
 
 Few studies have investigated the carcinogenicity of arsenicals on human bladder 

cells.  Sens et al. (2004) reported that treatment of UROtsa cells with 1 µM As(III) for 52 

weeks induced malignant transformation.  UROtsa cells are a temperature-sensitive, 

SV40 large T-antigen-transformed bladder cell line (Petzoldt et al., 1995).  SV40 large T-

antigen causes immortalization of a primary cell line via inhibition of p53 and Rb tumor 

suppressor proteins (Ahuja et al., 2005).  The UROtsa cell line has been described as an 

excellent model for studying the transitional epithelium of the human bladder due to its 

phenotypic and morphological similarity to primary transitional epithelium (Rossi et al., 

2001).  UROtsa cells were previously reported to be unable to form colonies in soft agar 

and non-tumorigenic when heterotransplanted into nude mice (Petzoldt et al., 1995).  
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As(III) treatment caused hyperproliferation via an approximate 50% reduction in 

doubling time as well as induction of anchorage-independent growth as detected by 

colony formation in soft agar.  When injected into nude mice, UROtsa cells treated with 

As(III) formed large tumors with a histology of squamous cell carcinoma.  However, 

Sens et al. (2004) did not inject the parental cell line into nude mice to determine if 

prolonged passage of UROtsa cells would result in spontaneous malignant 

transformation.   

 To date, no in vitro studies have been conducted to determine what the effects are 

of chronic exposure to trivalent methylated arsenicals in human bladder cells.  Trivalent, 

methylated arsenicals are more cytotoxic, genotoxic, and mitogenic in comparison to 

both pentavalent and inorganic arsenicals (Styblo et al., 2002).  In addition, trivalent 

methylated arsenicals have been detected in human urine (Aposhian et al., 2000b; Mandal 

et al., 2000).  Since humans produce and excrete more monomethylated arsenic than 

other mammals, the trivalent monomethylated arsenic metabolite, MMA(III), may play 

an important role in arsenic-induced carcinogenesis in the bladder as well as other target 

tissues.   

Carcinogenic Mechanisms of Arsenicals 

Summary of Mechanisms of Arsenic Carcinogenesis 
 
Inorganic arsenic and methylated arsenic metabolites have two basic mechanisms of 

toxicity:  binding to protein sulfhydryls and generation of reactive oxygen species.  These 

two basic biochemical mechanisms of toxicity can cause cancer through several modes of 

action.  Kitchin (2001) describes nine possible modes of arsenic carcinogenesis driven by 
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these basic mechanisms of action including oxidative stress, generation of chromosomal 

abnormalities, alteration in DNA repair, gene amplification, suppression of p53, changes 

in growth factors, enhanced cell proliferation, progression and/or promotion (Figure 3).  

The modes of action that play a dominant role in arsenic-induced carcinogenesis are 

unknown.  However, it is likely that arsenic is inducing changes by several modes of 

action, which are occurring simultaneously in arsenic exposed tissues. 
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Figure 3.  Proposed mechanisms of arsenic carcinogenesis.  Nine mechanisms of 
arsenic carcinogenesis were proposed by Kitchin (2001):  oxidative stress, generation of 
chromosomal abnormalities, alteration in DNA repair, gene amplification, suppression of 
p53, changes in growth factors, enhanced cell proliferation, progression and promotion.  
All of these mechanisms likely function together to enable arsenic to induce malignant 
transformation in a normal human or animal cell.  In this figure, the mechanisms of 
carcinogenesis are shown for As(III).  However, these mechanisms occur with DMA(III) 
and MMA(III) as well. 
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Carcinogenic Arsenicals 
 
 Chronic As(III) exposure has been shown in a number of studies to promote 

malignant transformation of human cells in vitro (Mure et al., 2003; Sens et al., 2004).  

Although in vivo tumor formation in rodent models has proven less fruitful, As(III) is 

considered a human carcinogen (National Research Council, 1999).  However, the 

carcinogenicity of the methylated metabolites remains unknown. 

 As previously reviewed, the pentavalent methylated arsenicals (DMA(V) and 

MMA(V) are carcinogenic at extremely high doses in rodents.  Therefore, it is unlikely 

that these arsenicals are participating in arsenic-induced carcinogenesis in exposed 

human populations.  The carcinogenicity of trivalent, methylated arsenicals to human 

tissues is unknown.  Only one study has addressed the effects of chronic MMA(III) 

exposure.  Mure and colleagues (2003) exposed human osteosarcoma (HOS) cells to low 

concentrations (< 0.05 µM) of MMA(III) for 8 weeks and found no evidence of 

malignant transformation as measured by growth in soft agar.  However, MMA(III) is 

carcinogenic in mice (Delker et al., 2006; Krishnamohan et al., 2006).  No studies have 

investigated the effects of chronic DMA(III) exposure in any model.  The scarcity of 

work in this area is likely due to the instability of DMA(III) in solution, which rapidly is 

oxidized to DMA(V). 

 Since methylated trivalent arsenicals are more cytotoxic and genotoxic as well as 

carcinogenic in mice, it is very likely that they are able to malignantly transform human 

cells in vitro and in vivo.  There is a lack of studies investigating the long-term effects of 

these arsenic metabolites despite the considerable interest in their biological activity.  
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However, future work in the field of arsenic toxicology will undoubtedly address the 

biological effects of MMA(III) and DMA(III). 

Genotoxicity of Arsenicals 
 
Arsenic does not directly adduct DNA.  Unlike most carcinogens, As(III) is a 

poor mutagen in standard bacterial and mammalian cell mutation assays.  For example, 

Li and Rossman (1989) demonstrated that As(III) is not mutagenic in bacteria and 

mutagenic at highly toxic doses in the hprt locus in Chinese hamster V79 cells.   

Arsenicals indirectly damage DNA via the generation of reactive oxygen species 

and inhibition of DNA replication and repair enzymes (Hei e al., 1998; Lynn et al., 1997; 

Schwertle et al., 2001).  As(III) exposure does induce multilocus deletion mutations, 

which was ameliorated by the administration of the radical scavenger dimethyl sulfoxide 

(Hei et al., 1998).  Other common forms of arsenic-induced genetic damage is 

chromosomal damage, inluding micronuclei formation, sister chromatic exchanges, and 

aneuploidy (Kitchin, 2001; Rossman, 2003).  Chromosomal damage was detected both in 

humans and rodents both in vivo and in vitro.  For example, Warner et al. (1994) found 

that humans consuming drinking water with high levels of arsenic (> 400 ppb) had an 

increased frequency of micronuclei in exfoliated urothelial cells.  Similar observations 

were made in other cell types isolated from exposed humans including exfoliated oral 

mucosa cells peripheral blood lyphocytes (Basu et al., 2002; Dulout et al., 1996; 

Gonsebatt et al., 1997; Tian et al, 2001; Warner et al., 1994).   

Recent research has begun to focus on the biological effects of the methylated 

arsenic metabolites.  DMA(V) induced mutations in mouse lymphoma L5 178Y/TK+/- 
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cells at very high concentrations (>10,0000 µg/ml).  In the same study, MMA(V) induced 

mutations at (>5,000 µg/ml) (Moore et al., 1997c).  With only high concentrations of 

pentavalent methylated arsenicals being clastogenic, it is likely that this is not a 

mechanism to explain the effects of arsenicals on human tissues.  Unlike the pentavalent 

methylated arsenicals, trivalent methylated arsenicals are much more genotoxic.  

Kligerman et al. (2003) examined the genotoxicity of MMA(III) and DMA(III) in human 

lyphocytes and L5 178Y/TK+/- mouse lymphoma cells.  MMA(III) and DMA (III) were 

the most potent clastogens in human lyphocytes.  Additionally, MMA(III) and DMA(III) 

produced mutagenesis in L5 178Y/TK+/- mouse lymphoma cells.  The concentrations (0 – 

3 µM) required to produce clastogenesis and mutagenesis were several orders of 

magnitude lower than those used for pentavalent arsenicals.  From this study, the 

Kligerman and colleagues (2003) concluded that methylated trivalent arsenicals are the 

ultimate genotoxic forms of arsenic.   

Alterations in DNA Methylation Patterns 
 
Methylation is a common biotransformation pathway of arsenicals in most 

mammals, excluding the chimpanzee, marmoset, and guinea pig (Kitchin, 2001).  

Methyhlation of arsenicals requires the consumption of the cofactor S-

adenosylmethionine (SAM).  SAM also serves as cofactor for the methylation of DNA. If 

SAM is depleted by arsenic metabolism, it is hypothesized that global DNA 

hypomethylation may occur.  Chen and colleagues (2004) found that chronic As(III) (45 

ppm) exposure caused global DNA hypomethylation in liver tissues of 129/SvJ mice.   
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Gene hyper- or hypomethylation has a different impact upon cell growth 

depending on the function of the altered gene.  For example, As(III) treatment (0.08 to 

2.0 µM) of human lung adenocarcinoma A549 cells causes hypermethylation of the 

promoter region of tumor suppressor gene p53, which corrolates with loss of cell cycle 

control.  In the A549 cells treated with As(III), increases in relative levels of DNA 

methyltransferase mRNA were observed as well as increases in enzyme activity (Mass 

and Wang, 1997).   

Arsenic treatment appears to have differential effects on DNA methylation based 

on dose.  Higher concentrations of arsenic require more SAM during metabolism and 

cause DNA hypomethylation (Chen et al., 2004).  However, lower concentrations of 

arsenic have variable effects on DNA methylation, making the outcome dependent on 

gene function (Mass and Wang, 1997).  Clearly, the effect that arsenic has on DNA 

methylation is not well-known.  The mechanisms that drive perturbation of DNA 

methylation during arsenic carcinogenesis will continue to be an important area of future 

research.   

Oxidative Stress 
 
The role of oxidative stress in arsenic-induced carcinogenesis is a relatively new 

(circa 1990’s) area of research.  Lower concentrations of As(III) directly increase the 

amount of oxidants in treated cells as measured by electron spin resonance spectroscopy 

(Barchowsky et al., 1999; Liu et al., 2001) fluorescent probes (Liu et al., 2001) and 

chemiluminescence assay (Lynn et al., 2000).  Reactive oxygen species (ROS) including 

superoxide anion, hydrogen peroxide, singlet oxygen, and hydroxyl radical can directly 
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and indirectly damage cellular proteins and DNA.  The concept that arsenic-induced 

reactive oxygen species damage cells is supported by a number of studies wherein 

arsenic-induced genotoxicity is blocked or reduced by administration of superoxide 

dismutase (SOD), catalase, vitamin E, and elevation of GSH (Hei et al., 1998; Huang et 

al., 1993; Kessel et al., 2002; Lee and Ho, 1995; Wang et al., 1994).   

Additional in vivo evidence exists for arsenic-induced ROS generation.  Elevated 

serum lipid peroxides and decreased levels of non-protein sulfhydryls, biomarkers of 

oxidative stress, were observed in a Chinese population chronically exposed to arsenic in 

drinking water (Pi et al., 2002).  It is unclear what causes the increases in lipid peroxides 

and decreases in non-protein sulfhydryls in this Chinese population. Since ROS 

generation reduces GSH, ROS cannot be ignored as the causative mechanism.  

Nonetheless, arsenite and trivalent methylated metabolites inhibit both GSH reductase 

and thioredoxin reductase (Lin et al., 1999; Styblo et al., 1997).  Inhibition of these key 

antioxidant enzymes could cause increases in endogenous ROS that could be causal of 

increased lipid peroxidation and decreased non-protein sulfhydryl content.  However, 

lipid peroxidation that was independent of reduced GSH levels was detected in rat tissue 

following arsenite exposure suggesting that ROS generation occurs in vivo (Ramos et al., 

1995). 

Methylated trivalent arsenicals also cause increases in ROS.  Increased 

fluorescence of the non-specific oxidative stress probe 5’, 6’-chloromethyl-2’, 7’ 

dichlorodihydro-fluorescein diacetate (DCFDA) was observed in UROtsa cells following 

treatment with low concentrations of MMA(III) [0 – 1 µM].  This induction of ROS was 
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inhibited by coadministration of antioxidant enzymes, PEG-SOD (superoxide dismutase) 

or PEG-catalase (Eblin et al., 2006).  More evidence for ROS generation via methylated 

trivalent arsenic exposure comes from several studies that have detected oxidative DNA 

damage in vitro following MMA(III) or DMA(III) treatment.  Mass et al. (2001) found 

that MMA(III) nicked naked (ΦX174) DNA and found this metabolite to be more potent 

than other arsenicals, DMA(III) being the exception, at generating alkaline-labile sites 

and/or DNA strand breaks in human peripheral lymphocytes.  Since antioxidant 

administration ameliorated MMA(III) and DMA(III)-induced DNA damage, Mass and 

colleagues (2001) concluded that ROS were responsible for the observed genotoxicity.  

Schwerdtle and colleagues (2003) have also observed oxidative DNA damage via 

MMA(III) in PM2 DNA and HeLa cells.  In these studies, the authors demonstrate that 

superoxide is generated following arsenic administration.  The genotoxic oxidant 

responsible for DNA strand breaks or nicks is thought to be the hydroxyl radical, a 

consequence of the Fenton reaction (Liu et al., 2001). 

8-Hydroxy-2’-deoxyguanosine (8-OHdG) is a product of oxidative DNA damage 

that is used as a highly reproducible biomarker of ROS-induced damage in vitro and in 

vivo.  Increases in 8-OHdG were detected in UROtsa cells following treatment with 

As(III) [1-10 µM] and MMA(III) [0.5-1 µM] (Eblin et al., 2006).  8-OHdG was increased 

3-8 fold in mice following oral gavage of DMA(V) (Yamanaka et al., 2001).  

Immunohistochemical analysis of human skin tumor samples collected from an arsenic 

exposed population found a 8-fold increase in 8-OHdG compared to unexposed control 

group (Matsui et al., 1999).  
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Clearly oxidative stress is emerging as a plausible mechanism of arsenic-induced 

toxicities.  The theory of oxidative stress is particularly interesting mechanism of arsenic 

carcinogenesis.  In arsenic carcinogenesis, ROS may be a source of DNA damage 

resulting in mutations and deletion (8-OHdG, single strand breaks), oxidation of proteins 

and lipids (lipid peroxidation), and stimulation of signal transduction cascades involved 

in promotion.   

Signal Transduction 
 
Arsenic stimulates inflammatory, mitogenic signal transduction pathways, which 

promote cell proliferation, survival or apoptosis, alterations in cell adhesion, and 

increased vascularization (Figure 4).  Cellular proliferation is a key driving force in the 

promotion of carcinogenesis via increases in mutation, which increases the metastatic 

potential of the growing cell population (Cohen and Ellwein, 1991; Kitchin, 2001). 

Proliferation of mammalian cells is controlled by a numerous mitogens including 

mitogenic lipids, inflammatory cytokines, hormones, growth factors, and altered integrin-

mediated adhesion (Schwartz and Assoian, 2001).  In vitro and in vivo studies have 

demonstrated the ability of As(III), MMA(III), DMA(III), DMA(V) to increase cellular 

proliferation.  As(III) (< 5 µM) increased c-src activity and NFκB transcription, which 

was associated with increased cell proliferation in porcine aortic endothelial cells 

(Barchowsky et al., 1999; Trouba et al., 2000).  Vega and colleagues (2001) 

demonstrated that low concentrations of all trivalent arsenicals [As(III), MMA(III), and 

DMA(III)] cause increases in thymidine incorporation.  Similarly, As(III) activates 

epidermal growth factor receptor (EGFR) in a c-src dependent mechanism, which is  
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Figure 4.  Arsenic alters the activity of signal transduction pathways that promote 
cell survival and growth.
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associated with increased thymidine incorporation in UROtsa cells (Simeonova et al., 

2002).  Drobna et al. (2001) demonstrated that MMA(III) (1 µM) treatment caused 

activation of extracellular signal-regulated kinase (ERK) in UROtsa cells.  Simeonova 

and colleagues (2002) exposed mice to 50 ppm As(III) for 8 weeks and found that c-src 

was activated resulting in persistent AP-1 activation and subsequent hyperproliferation in 

urinary bladder tissue. The authors concluded that EGFR was a target of As(III) both in 

vitro and in vivo during chronic and acute exposure to As(III).   

The signal transduction pathway altered by arsenic treatment is dependent on 

dose.  Lower concentrations of arsenic (As(III), MMA(III), and DMA(III), < 10 µM) 

stimulate growth and survival signal transduction pathways such as ERK, p38, and 

phosphotidylinositol 3-kinase (PI3K) (Simeonova et al., 2002; Drobna et al., 2001; Souza 

et al., 2001).  Higher concentrations of arsenic (>10 µM) stimulate stress-related kinases 

such as c-Jun N-terminal kinase (JNK), which promote cell death (Huang et al., 1999).  

Trivalent arsenicals are potent activators of diverse signal transduction pathways.  Both 

proliferation as well as increased cell death can promote malignant transformation 

through a number of mechanisms.  Future research will continue to dissect the 

mechanism(s) by which arsenic alters signal transduction. 
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Hypothesis 
 
MMA(III) contributes to carcinogenicity of arsenic in the human bladder. 
 

Rationale for Hypothesis 
 

MMA(III) is more cytotoxic than As(III).  In addition, MMA(III) is able to 

directly damage DNA via the generation of oxidative stress, which suggests that 

mutations occur in cells exposed to MMA(III).  MMA(III) functions as a mitogen in 

bladder cells via activation of ERK-2 (Drobna et al., 2001).  Despite the compelling 

evidence, the carcinogenicity of methylated trivalent arsenicals is unknown.  

The studies in this dissertation focus on determining whether chronic MMA(III) 

exposure will induce malignant transformation in a human cell line that originates from a 

target of arsenic-induced carcinogenesis, human bladder urothelial (UROtsa) cells.  

In addition, this dissertation will address the potential mechanism(s) that cause the effects 

of long-term MMA(III) exposure.  Since MMA(III) is a potent mitogen (Drobna et al., 

2003; Vega et al., 2001), it is logical to assume that MMA(III) will at least function as a 

tumor promoter or cocarcinogen. 

 Since the main theme of this dissertation is to determine if MMA(III) acts as a 

carcinogen in human cells, a biologically relevant, non-toxic concentration of MMA(III) 

was selected for chronic studies.  MMA(III) was detected in human urine in 

concentrations ranging from 4 to 9 ppb or 50 to 120 nM (Aposhian et al., 2000a; Mandal 

et al., 2001).  Since these urinary concentrations were detected in a population consuming 

drinking water with high concentrations, the lower concentrations between 0.75 and 7.5 



50 

 

ppb, corresponding to molar values between 10 and 100 nM, were chosen for the studies 

in this dissertation.  The chosen concentrations assure relevance of the data to 

concentrations of MMA(III) to which the human bladder is truly exposed.  Thus, the 

findings from these studies mirror the concentrations of arsenic found in the bladder 

making this work applicable to human health.   

Specific Aims 
 
1.  To characterize the effects of As(III) and MMA(III) on UROtsa cells 
 
Rationale 
 
  Basic characterization of the effects of As(III) and MMA(III) on UROtsa cells 

grown in culture conditions used in this dissertation was necessary.  Metabolic profile of 

As(III) was investigated to determine if production of potentially more toxic arsenicals 

occurs.  Cytotoxicity and the accumulation of ubiquitinated proteins were used to identify 

an appropriate subcytotoxic concentration of MMA(III) for chronic studies.  

 

2. To determine if MMA(III) can induce malignant transformation in UROtsa cells 
 

Rationale 

Since inorganic arsenic is biotransformed to four methylated metabolites, it is 

likely that these methylated metabolites contribute to the long-term health effects of 

arsenic exposure.  The trivalent methylated arsenicals are of particular interest because 

DMA(III) and MMA(III) are more cytoxic, genotoxic, and mitogenic than As(III).   

To determine if MMA(III) causes malignant transformation, UROtsa cells, a non-

tumorigenic urothelial cells, were exposed to MMA(III) for 52 weeks.  During exposure, 
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cells were monitored for signs of malignant transformation, including hyperproliferation, 

colony formation in soft agar, and tumorigenicity in SCID mice. In addition, gene array 

analysis was used to investigate the effects of long-term MMA(III) exposure as well as 

support the hypothesis that MMA(III) causes malignant transformation in human cells.  

This is the first study to investigate the effects of chronic MMA(III) exposure in a human 

cell line model. 

 

3.  To determine MMA(III)-induced perturbations in signal transduction that 
potentially promote malignant transformation. 
 

Rationale 
 

URO-MSC52 cells, an UROtsa cell line malignantly transformed by MMA(III) 

exposure, form squamous cell carcinoma (SCC) when heterotransplanted in to SCID 

mice.  SCC is a tumor histology strongly associated with chronic inflammation of the 

bladder (Cohen and Johansson, 1997).  In order to understand whether stimulation of 

proinflammatory, mitogenic signal transduction occurs in UROtsa cells chronically 

exposed to MMA(III), a biomarker of growth and inflammatory signal transduction was 

chosen and followed throughout long-term exposure.  Since COX-2 is downstream of 

mitogenic, proinflammatory signal transduction pathway stimulation, pharmacological 

inhibitors were used to identify the signal transduction pathway responsible for COX-2 

induction in UROtsa cells treated with MMA(III).  Finally, the significance of active 

mitogenic signal transduction was evaluated in URO-MSC52 cells.  Pharmacological 

inhibitors were used to inhibit cell growth in soft agar and assessed for the ability to 

induce cell death via MTT assay. 
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CHAPTER II 

MODEL DEVELOPMENT AND CHARACTERIZATION 
 

Introduction 
 

Epidemiological studies demonstrated the association between consumption of 

arsenic-contaminated drinking water with an increased incidence of urinary bladder 

cancer (Chiou et al., 1995; Hopenhayn-Rich et al., 1996; Smith et al., 1998; Steinmaus et 

al., 2000).  In addition, the reported relative risks for arsenic-induced bladder cancer are 

greater than any other known environmental carcinogen (Smith et al., 1993).  Therefore, 

there is a need to understand how arsenicals are affecting bladder tissue. 

 The mechanism of arsenic-induced toxicity and carcinogenesis is not well 

characterized.  In order to gain better insight into the mechanism of arsenic-induced 

bladder cancer, these studies investigate the effects of As(III) and MMA(III) on UROtsa 

cells, a SV40 large T antigen-immortalized, non-tumorigenic human urothelial cell line 

(Petzolt et al., 1995).  Few studies have examined the effects of As(III) or MMA(III) on 

human urothelial cells (Simeonova et al., 2000, Styblo et al., 2000, Rossi et al., 2002, 

Drobna et al., 2002).  Therefore, the first objective of these studies was to characterize 

the UROtsa response to As(III) and MMA(III) with the culturing conditions utilized.  

Culturing conditions for As(III) studies in the UROtsa cell line are diverse and may lead 

to increased variability of some of the basic characteristic of this cell line such as 

metabolic competence and cytotoxicity of As(III).  The ability of UROtsa cells to 

biotransform As(III) was examined next to determine if conditions used in this study 

would allow methylation of arsenicals to potentially more toxic arsenicals such as 
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MMA(III) and DMA(III).  Finally, the identification of subcytotoxic concentrations of 

As(III) and MMA(III) that affect sensitive cellular processes such as protein 

ubiquitination were used to identify minimum concentrations of arsenic that are 

biologically active. 

In order to differentiate between cytotoxic concentrations of arsenic and 

subcytotoxic concentrations of arsenic, it is important to identify a biomarker that 

functions as a marker of subcytotoxic effects of arsenic.  The ubiquitin (Ub)-proteasome 

pathway is responsible for degradation of misfolded and damaged proteins as well as a 

number of regulatory proteins, such as those involved in the cell cycle, stress response, 

transcription, and apoptosis.  Kirkpatrick et al. (2003) showed that environmentally 

relevant concentrations of As(III) (0.5 – 10 µM) cause accumulation of high-molecular- 

weight Ub-protein conjugates in both human embryonic kidney (HEK) 293 cells and 

rabbit renal cortical slices.  The accumulation of Ub-protein conjugates is not limited to 

As(III) exposure.  Other protein-damaging stressors such as heat shock (Fujimuro et al., 

1997) and H2O2 (Shang and Taylor, 1995) promote the buildup of Ub-conjugated 

proteins.  Since As(III) affects the Ub-proteasome pathway at biologically relevant 

concentrations in HEK293 cells, it was used as a biomarker to identify relevant 

subcytotoxic concentrations of As(III) and MMA(III).  These model characterization 

studies provide a good foundation for understanding the effects of arsenic on the human 

bladder.   
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Specific Aim 
 

1.  To characterize the effects of As(III) and MMA(III) on UROtsa cells 
 

Rationale 
 
 Cytotoxicity of both As(III) and MMA(III) has been previously characterized for 

short-term exposures (< 24 h) (Styblo et al., 2000).  However, the growth conditions used 

for UROtsa cell culture were adapted from those described by Rossi et al. (2001).  Use of 

different culturing conditions may alter the susceptibility of UROtsa cells to arsenic-

induced toxicity.  Therefore, the MTT assay was used to evaluate overt toxicity during 

short-term (24 h) exposures of UROtsa cells to As(III) or MMA(III).  In addition the 

effects of As(III) and MMA(III) on the accumulation of Ub-proteins was used to further 

characterize subcytotoxic but biologically active concentrations As(III) or MMA(III).  

Taken together, these studies define what concentrations are subcytotoxic and are 

appropriate for chronic exposure models. 

 Prior studies have indicated that UROtsa cells do not have the ability to 

biotransform inorganic arsenic to methylated metabolites (Styblo et al., 2000).  However, 

it was necessary to determine if culturing conditions altered the metabolic profile of 

inorganic arsenicals in UROtsa cells.  These studies will provide insight into whether or 

not bladder urothelial cells are able to biotransform As(III) to potentially more toxic 

metabolites. 
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Materials and Methods 
 

Chemicals 
 

Sodium arsenite, methylthiazoletetrazolium (MTT, 3-(4,5-dimethylthizol-2-yl)-2, 

5-diphenyltetrazolium bromide), phenazine methylsulfate (PMS), isopropanol, 

hydrochloric acid, and trypan blue were purchased from Sigma Chemical Company (St. 

Louis, MO).  Dulbecco’s Modified Eagle Medium (DMEM), fetal calf serum (FBS), 

antibiotic-antimycotic, and 1X trypsin-EDTA (0.25%) were acquired from Gibco 

Invitrogen Corporation (Carlsbad, CA).  Pure (> 99%) diiodomethylarsine (MMA(III) 

iodide, CH3AsI2) was prepared by the Synthetic Chemistry Facility Core (Southwest 

Environmental Health Sciences Center, Tucson, AZ) using the method of Millar, Heany, 

Heinekey, and Fernelius (1960).  Water used in studies was distilled and de-ionized. 

 

Cell culture 
 

UROtsa cells were generously provided by Drs. Mary Ann and Donald Sens 

(University of North Dakota).  Cell culture conditions were derived from those described 

by Rossi et al. (2001).  Cells were grown on plastic 100 x 20 mm plates using Dulbecco’s 

modified Eagle’s medium (DMEM) enriched with 5% FBS and 1% antibiotic-

antimycotic at 37°C in 5% CO2.  Prior to treatment with arsenicals, cells were fed a 

serum-free growth medium made up of 1:1 mixture of DMEM and Ham’s F-12 

supplemented with insulin (5 µg/ml), hydrocortisone (36 ng/ml), and epidermal growth 

factor (10 ng/ml).  Media was sterile filtered before use and fresh growth media was 
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given once every three days.  At confluence, cells were removed from plastic using 

0.25% trypsin:EDTA (1 mM) and subcultured at a ratio of 1:4.  Cells were allowed to 

become confluent before experiments were conducted.  The serum-free growth media is 

important, as cells grown in serum-enriched media have a distinctly different phenotype, 

whereas cells grown in serum-free growth conditions have a phenotype most like the 

intermediate layers of the urothelium.  The phenotype obtained by these growth 

conditions, which is characterized by the production of multi-layered foci, desmosomal 

connections, and gap junctions, has been researched extensively by Rossi and colleagues 

(2001). 

 

Arsenic solutions and exposure 
 
Arsenite exposures 
 
 100 mM sodium arsenite stock dosing solution was prepared in sterile, distilled, 

de-ionized water.  From the fresh stock solution, dosing solutions of final concentrations 

of 1, 2.5, 5, 10, 20 mM were made.  Cells were treated with 30 µl of arsenic solution per 

3 ml of media per well in 6-well plates and 50 µl of arsenic solution with 5 ml of media 

in T-25 flasks.  Cells were incubated with As(III) for 24 hr. 

Monomethylarsonous acid exposures 
 

Pure MMA(III) iodide was stored in sealed ampules at 4°C.  Fresh stock solutions 

of 25 mM MMA(III) were made in distilled, de-ionized water.  As previously reported by 

Gong and colleagues (2001), MMA(III) solutions in distilled, de-ionized water were 

stable for approximately four months at 4°C with minimal degradation observed when 
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monitored using high-performance liquid chromatography-inductively coupled plasma 

mass spectrometry (HPLC-ICP MS).  To ensure quality of MMA(III), stock solutions 

were monitored one and three months after initial solution was prepared in distilled, de-

ionized water.  HPLC-ICP MS was used to evaluate stock solution and found < 5% 

oxidation of MMA(III) to MMA(V) following three months of storage at 4°C (data not 

shown).  To prepare dosing solutions, stock solution was diluted to final concentrations 

of 50, 100, 200, 500, 1000 µM prior to treatment. Cells were treated with 30 µl of dosing 

solution per 3 ml of media per well in 6-well plates and 50 µl of dosing solution with 5 

ml of media in T-25 flasks.  Cells were incubated with MMA(III) for 24 hr. 

 

Determination of cell viability via mitochondrial metabolism of MTT. 
 

Changes in mitochondrial function, as measured by the metabolism of MTT [3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide], were used as an indicator 

of cytotoxicity (Loveland et al., 1992).  UROtsa cells were plated at a density of 1 x 106 

cells per well in 6-well plates.  When cells reached ~ 90% (for 24 hr incubations) or ~ 

80% (for 72 hr incubations) confluence, As(III) or MMA(III) was administered.  

Following incubation with As(III) or MMA(III), media was removed and cells were 

rinsed gently with PBS.  Fresh MTT (500 µl; 2 mg/ml in PBS) and PMS (phenazine 

methylsulfate) (100 µl; 3.5 mg/ml in Milli-Q water) were added to each well.  Cells were 

incubated with MTT and PMS for 30 min at 37 º C.  MTT and PMS were gently removed 

and cells were rinsed twice with PBS.  Acidified isopropanol (1 ml; 99.68 ml of 

isopropanol with 320 µl of concentrated hydrochloric acid; stored at room temperature) 
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was added to each well and cells were incubated at room temperature for 15 min.  

Supernatant was removed from each well and placed in 1 ml cuvettes.  Absorbance was 

read at 545 nm with a spectrophotometer (DU 640 Spectrophotometer, Beckman Coulter 

Inc., Fullerton, CA).  

 

Western blots of accumulation of ubiquitinated proteins.   
 

UROtsa cells were plated 8 X 104 per well on six-well plates for western blots.  

After 24 hr exposure, cells were rinsed with cold PBS and directly scraped into lysis 

buffer (PBS pH 7.4, 10 µg/ml soybean trypsin inhibitor, 10 µg/ml aprotinin, 10 µg/ml 

leupeptin, and 1 mM PMSF) supplemented with 10 mM N-ethylmaleimide to prevent 

deubiquitination of proteins (Waxman et al., 1987).  Following removal from the plates, 

cells were sonicated.  Protein concentrations were determined by the BCA assay. Ten 

micrograms of each sample was loaded onto pre-cast, polyacrylamide gels (BioRad, 

Hercules, CA).  Samples were separated via SDS-PAGE with Mini-Protean II (BioRad, 

Hercules, CA) and transferred to PVDF membranes (Millipore, Bedford, MA).  

Immunoblotting for Ub was achieved with monoclonal, HRP-conjugated secondary 

antibodies (Santa Cruz Biotechnologies, Santa Cruz, CA), and fresh ECL solution (100 

mM Tris, pH 8.5, luminol, coumaric acid, and H2O2).  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). 
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Analysis of UROtsa cell biotransformation of As(III).   
 

For analysis of As(III) biotransformation, cells were plated in T-25 flasks and 

allowed to become confluent.  Cells were treated for 24 h intervals with either 1 µΜ or 5 

µM As(III).  After As(III) exposure, cell culture media was collected.  Cells were 

harvested using 0.25% trypsin:EDTA (1 mM), and then collected and centrifuged to 

remove trypsin.  Pelleted cells were resuspended in 1 ml phosphate-buffered-saline (PBS) 

and lysed by sonication.  Both cell culture media and lysates were prepared for analysis 

by filtration on a Nanosep 10 kDa molecular weight cut-off filtration units (Pall-Gelman, 

Ann Arbor, MI).  Arsenicals in filtrates were separated and detected by HPLC (Agilent 

1500) coupled to ICP-MS (Agilent 7500a, Agilent Technologies, Inc., Palo Alto, CA) 

(Saki and Kishi, 2000).  The limit of detection for each analyte was 0.5 ppb. 

 

Statistics  
 

Data from the MTT assay and HPLC/ICP-MS are expressed as the average of 

three to six experiments.  These data are represented as the mean ± SEM.  Representative 

western blots depict the nature of the changes described herein.  Incubations, isolations, 

and western blot analysis were performed numerous times (N ≥ 3) for each condition. 
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Results 
 

As(III) toxicity in UROtsa cells 
 

Cell viability was measured with the MTT assay (Loveland et al., 1992).  Cells in 

6-well plates were exposed to As(III) in concentrations of 1 to 200 µM for 24 h.  Low-

level As(III) (0.1- 10 µM) exposure had no effect on UROtsa cell viability and instead 

stimulated mitochondrial activity (Figure 5).  Only high concentrations (> 10 µM) of 

As(III) were cytotoxic to UROtsa cells.  The IC50 value for As(III) was determined to be 

approximately 100 µM.   

Microscopic evaluation of cells revealed an analogous finding that only cells 

exposed to As(III) doses > 50 µM for 24 h had significant morphological changes in 

viability.  Normal morphology of UROtsa (Figure 6) cells in serum-free media was 

previously characterized as a monolayer with raised areas of cells forming three-

dimensional foci (Rossi et al., 2001).  While morphology remained unchanged at lower 

doses of As(III), large zones of apoptotic/necrotic cells developed around dense foci 

formed by cells upon exposure to higher doses. Areas where cells were in monolayers 

became less populated as previously described (Rossi et al., 2002).  However, 

morphology of these cells remained the same.  
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MMA(III) toxicity in UROtsa cells 
 

MMA(III) toxicity to UROtsa cells was determined with the MTT assay 

(Loveland et al., 1992).  Cells plated in 6-well plates were exposed to MMA(III) in 

concentrations of 0.5 to 10 µM for 24 h.  MMA(III) (0.5- 2 µM) exposure had no 

significant effect on UROtsa cell viability (Figure 5). The IC50 value for MMA(III) was 

determined to be approximately 5 µM in 24 h, making MMA(III) 20 times more toxic 

than As(III) to UROtsa cells (Bredfeldt et al., 2004).  

Microscopic evaluation of treated and untreated cells revealed a similar finding 

that only cells exposed to MMA(III) doses > 5 µM had significant changes in viability 

and morphology.  Morphology of untreated UROtsa cells is similar to that reported by 

Rossi and colleagues (2001) (Figure 6).  A general thinning of cell density was 

accompanied by the extensive cell death as concentration was increased.  Cells did not 

survive high concentrations of MMA(III).  These cytotoxicity studies not only identified 

an approximate IC50 for MMA(III), but also illustrate that UROtsa cells have very little 

tolerance for MMA(III).  There is an apparent threshold for cytotoxicity in UROtsa 

exposed to MMA(III) in that concentrations exceeding 5 µM are cytotoxic in 24 h. 
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Figure 5.  Toxicity of As(III) and MMA(III) to UROtsa cells in 24 h.  Cells were 
exposed to either MMA(III) (0.5-10 µM) or As(III) (10-200 µM) for 24 h.  Values 
represent means ± SEM.  Assay results are portrayed as percentage value of untreated 
samples (n = 3).  Significant changes in viability were identified with ANOVA followed 
by Bonferroni’s multiple comparisons test.  P<0.05 was considered significant and 
marked by asterisk(s) *.  
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A.  

 

B. 

 

Figure 6.  Morphology of UROtsa cells in different growth conditions.  UROtsa cell 
stock cultures are grown in serum-enriched media, which causes the cells to have an 
undifferentiated appearance common to the basal layers of the bladder transitional 
epithelium (A).  Serum free media induces differentiation in UROtsa cells, which 
becomes evident from the formation of foci and complex interactions between lateral cell 
membranes making them like the intermediate layers of the urothelium (B).  
UROtsa cell biotransformation of As(III) 
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UROtsa cells methylate inorganic arsenic 
 

Biotransformation capacity was determined by exposing UROtsa cells to 1 µM 

and 5 µM As(III) for 24 h.  After incubation, both cell lysates and media were analyzed 

via HPLC/ICP-MS for the presence of arsenicals.  In UROtsa cells, a small amount of 

As(III) as well as both mono- and dimethylated metabolites was oxidized to As(V) (Table 

3).  The amount of methylated products did not increase relative to concentration of 

As(III) exposure, suggesting that As(III) methylation is somehow limited in UROtsa 

cells.  The majority of methylated metabolites were found in cell media.  However, 

trivalent methylated arsenicals bind with high affinity to a number of specific cellular 

proteins (Styblo et al., 1997, Lin et al., 1999).  Thus, it is probable that intracellular 

trivalent methylated species are not detected because they are bound to cellular proteins.  

The observation that UROtsa cells produce MMA(III) was particularly interesting 

because it is more toxic to UROtsa cells than As(III) (Styblo et al., 2000).  
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TABLE 3.  UROtsa cells biotransform As(III).2 
 

 

  

 

 

                                                
2 Values represent means ± SEM (n = 3).
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Low-level As(III) and MMA(III) promote the accumulation of Ub-protein conjugates  

in UROtsa cells 
 

Western blot analysis of cell lysates from UROtsa cells treated with As(III) or 

MMA(III) illustrated an increase in the amount of Ub-conjugated proteins (Figure 7).  

Previous work by Kirkpatrick et al. (2003) showed the same effect in HEK293 cells 

exposed to As(III).  Increases in Ub-conjugated proteins were observed with 

concentrations as low as 0.5 µM following 24 h As(III) exposure.  Similarly, increases in 

Ub-conjugated proteins occurred at concentrations exceeding 0.05 µM following 24 h 

treatment with MMA(III).  In addition, the increase in Ub-conjugated proteins was 

dependent on concentration of As(III) or MMA(III). 
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A.   

 

B.  

 

 
Figure 7.  As(III) and MMA(III) enhance the accumulation of ubiquitinated 
proteins in UROtsa cells.  Representative western blots illustrate that As(III) (A) and 
MMA(III) (B) cause accumulation of ubiquitinated proteins at subcytotoxic 
concentrations of 0.05 µM for MMA(III) and 0.5 µM for As(III).  These concentrations 
demonstrate a threshold of arsenic concentration for subcytotoxic events in UROtsa cells. 
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Discussion 
 
 The goal of this study was to investigate and characterize the effects of low-level 

As(III) and MMA(III) in UROtsa cells, a cell line derived from the human urothelium.  

The initial goal for this study was to determine the toxicity of As(III) and MMA(III) in 

UROtsa cells, since the bladder is a target organ for As(III) carcinogenesis.  Several 

studies have suggested different values for arsenite IC50 in UROtsa cells.  Work from 

Styblo et al. (2000), determined the IC50 of As(III) 17.8 µM.  However, Rossi et al. 

(2002) found the IC50 of As(III) to be greater than 100 µM.  In this study, the IC50 value 

for As(III) was approximately 100 µM.  These differences may be explained by 

differences in culturing conditions.  The culturing conditions chosen for these studies 

were derived from those described by Rossi et al. (2002).  

 A common finding from all studies investigating the toxicity of MMA(III) and 

As(III) in UROtsa cells is that MMA(III) is significantly more toxic (> 20 times) than 

As(III).  Although the heightened toxicity of MMA(III) suggests an increased biological 

activity, it is possible that such toxicity may function as a mechanism of protection from 

MMA(III) carcinogenesis.  If an urothelial cell is intoxicated with MMA(III), it will 

rapidly die and shed from the transitional epithelium.  Therefore, cells exposed to high 

levels of MMA(III) may be protected from malignant transformation via cell death and 

subsequent shedding from the bladder lining.   

Since the interest of these studies was to examine the effects of low-level arsenic 

on UROtsa cells, the Ub-proteasome pathway was chosen as a molecular marker for 

stress induced by As(III) or MMA(III).  Previous work from Kirkpatrick et al. (2003) 
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demonstrated that low-level As(III) causes an increase in the amount of high-molecular-

weight Ub-conjugated proteins in rabbit renal slices and HEK293 cells.  

 Although environmentally relevant concentrations of As(III) do not cause 

massive damage to cellular macromolecules, changes in regulatory and signaling 

processes are observed (National Research Council, 2001).  Studies have shown that a 

number of important regulatory proteins are controlled by ubiquitination and 

deubiquitination processes (Glickman and Ciechanover, 2001).  Therefore, changes in the 

activity of the Ub-proteasome pathway may have important implications for 

understanding the effects As(III) is eliciting from signal transduction and regulatory 

pathways.   

  These studies demonstrate that As(III) and MMA(III) cause a concentration-

dependent increase in the amount of Ub-conjugated proteins in UROtsa cells.  The 

observed increase in the amount of Ub-conjugated proteins at concentrations of As(III) 

and MMA(III) as low as 0.5 µM and 0.05 µM, respectively, suggests that this event is 

occurring in urinary tracts exposed to As(III).  Since the majority of consumed As(III) is 

eliminated by urinary excretion after bioconcentration in the kidney, it is probable that 

the bladder is exposed to higher concentrations of As(III) over time.  Therefore, As(III)-

induced alterations in the Ub-proteasome pathway may contribute to carcinogenesis in 

the human bladder. 

 In order to fully characterize this cell line, I wanted to determine if the UROtsa 

cells were capable of As(III) biotransformation.  My studies illustrate that UROtsa cells 

are able to biotransform arsenic into potentially more toxic species of arsenicals, namely 
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MMA(III).  Previous studies have shown the UROtsa cells to be unable to biotransform 

As(III) (Styblo et al., 2000).  However, with the different growth conditions applied in 

these studies, UROtsa cells biotransformed As(III) to As(V), MMA(III), MMA(V), and 

DMA(V).  This is a novel observation and suggests that the urothelium is able to 

methylate As(III).  The biotransformation of As(III) to methylated species includes 

methylation of As(III) to produce MMA(V), which is then reduced to MMA(III).  

MMA(III) is a substrate for methylation to DMA(V), a species that may be reduced to 

DMA(III) (Aposhian, 1997, Cullen et al, 1984).  Pentavalent mono- and dimethylated 

species are not as toxic as the inorganic arsenicals.  

Recent research has demonstrated that trivalent methylated arsenicals bind with 

high affinity to cellular proteins (Styblo et al, 1996, Styblo and Thomas 1997).  In 

particular, MMA(III) is a potent inhibitor of a number of key proteins including 

glutathione reductase (Styblo et al., 1997), thioredoxin reductase (Lin et al., 1999), and 

pyruvate dehydrogenase (Petrick et al., 2001).  Likewise, several studies have shown that 

MMA(III) and DMA(III) may be more toxic than As(III).  Styblo et al. (2000) described 

the cytotoxicity of MMA(III) and DMA(III) and showed that these species are indeed 

more toxic in human hepatocytes, keratinocytes, and bronchial cells, as well as UROtsa 

cells.  Studies conducted by Petrick et al. (2000) also demonstrated that MMA(III) is 

more toxic than As(III) in human hepatocytes.  These studies are important because they 

illustrate how methylation of arsenicals may generate products more toxic than the parent 

species, As(III).  
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These data establish a good model to investigate the effects of low-level As(III) 

and MMA(III) on human urothelium.  Only high concentrations of As(III) were found to 

be cytotoxic within 24 h following treatment.  MMA(III), a metabolite produced in 

As(III)-treated UROtsa cells, was 20 times more toxic, making it of considerable interest 

for future work.  Concentrations as low as 0.5 µM of As(III) and 0.05 µM were found to 

elicit a stress response in UROtsa cells as measured by accumulation of ubiquitinated 

proteins. In general, an understanding of the mechanism of As(III)-induced toxicity and 

carcinogenesis will aid in better risk assessment and disease prevention within exposed 

populations.  The manner in which As(III) affects cells from various organs is diverse.  

This work shows that UROtsa cells are able to biotransform As(III) to more toxic species.  

Conclusions 
 
 The characterization studies demonstrated the following: 

1. MMA(III) is 20 times more toxic than As(III) to UROtsa cells. 

2. UROtsa cells biotransform As(III) to more toxic methylated arsenicals such as 
MMA(III).  Although the metabolic capacity of UROtsa cells to methylate 
arsenicals is limited, 2-5 % of the overall dose of arsenic is converted to 
MMA(III) in 24 h. 

 
3. As(III) and MMA(III) cause the accumulation of ubiquitinated proteins at 

biologically relevant concentrations:   
 

As(III)  > 0.5 µM 

MMA(III) > 0.05 µM 

4.  Characterization studies identified approximate minimal concentrations of As(III) 
and MMA(III) that are biologically active.  Thus, appropriate subcytotoxic 
concentrations (> 0.05 µM) of MMA(III) were identified for use in chronic 
studies. 
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CHAPTER III 

MONOMETHYLARSONOUS ACID INDUCES MALIGNANT 
TRANSFORMATION IN HUMAN BLADDER (UROtsa) CELLS 

 

Introduction 
 

Upon inhalation or ingestion, inorganic arsenic is enzymatically reduced and 

methylated to a number of metabolites (Figure 1).  Both inorganic and methylated 

arsenicals are excreted from the human body in urine.  However, the mechanism of 

arsenic-induced bladder carcinogenesis is unknown.  In addition, it is not known which of 

the arsenicals excreted in urine function as a carcinogen (Kitchin, 2001).  

With the exception of TMA, all arsenic metabolites have been detected in humans 

exposed to inorganic arsenic (Aposhian et al., 2000a; Aposhian et al., 2000b; Le et al., 

2000; Valenzuela et al., 2005).  Although many mammals methylate arsenic, humans 

possess a very different metabolic profile than most mammals in that they produce and 

excrete a rather large amount of MMA (Vahter, 1994).  Thus, monomethylated arsenic 

species are of particular interest to human health.   

Methylated, trivalent arsenicals are more toxic than As(III) to cultured human 

cells (Petrick, et al., 2000; Styblo, et al., 2000).  Early research investigating the 

mechanism of MMA(III)- induced toxicity demonstrated that this metabolite is a more 

potent inhibitor of key cellular proteins such as glutathione reductase (Styblo et al., 

1997), thioredoxin reductase (Lin et al., 1999), and pyruvate dehydrogenase (Petrick et 

al., 2001).  These findings not only illustrate that MMA(III) can affect enzyme activity, 

but may affect cellular redox state given the identity of some of these enzymes.  
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Alterations in cellular redox state could contribute to increases oxidative stress.  

Oxidative stress has been thought to contribute to arsenic toxicity by two major 

mechanisms:  alterations in signal transduction and DNA damage.  Vega and colleagues 

(2001) demonstrated that MMA(III) exposure resulted in increased secretion of growth 

promoting and proinflammatory cytokines, GM-CSF, interleukin-6 (IL-6) and tumor 

necrosis factor-α (TNF-α), and cell proliferation in human keratinocytes.  The authors 

propose that increases in reactive oxygen species (ROS) production following MMA(III) 

exposure could activate transcription factors (e.g. AP-1 and NF-κB) that contribute to 

cytokine secretion and hyperproliferation.  Subsequently, MMA(III) was demonstrated to 

be more potent than As(III) at inducing AP-1 DNA binding and gene transcription in 

human bladder cells.  The increase in AP-1 activity was due to MMA(III)-induced 

phosphorylation of extracellular signal-regulated kinase (ERK) (Drobna et al., 2003).  

A number of studies have investigated the genotoxicity of the methylated trivalent 

arsenicals.  Mass et al. (2001) found that MMA(III) nicked naked (ΦX174) DNA and 

found this metabolite to be more potent than other arsenicals, DMA(III) being the 

exception, at generating alkaline-labile sites and/or DNA strand breaks in human 

peripheral lymphocytes.  MMA(III) is believed to damage DNA by ROS formation 

(Ahmad et al., 2002; Nesnow et al., 2002, Wang et al., 2002).  Schwerdtle and colleagues 

(2003) have also observed oxidative DNA damage via MMA(III) in PM2 DNA and HeLa 

cells.  In a number of experiments, MMA(III) was found to be highly clastogenic but not 

a gene mutagen (Kligerman et al., 2003).  Since many studies have found strong evidence 

that MMA(III) is capable of inducing genetic damage and changes in signal transduction 
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consistent with many carcinogens, there is a need to assess the ability of this arsenic 

metabolite to induce malignant transformation in vivo and in vitro. 

Recently, the carcinogenicity of MMA(III) was assessed in rodents.  Delker and 

colleagues (2006) exposed K6/ODC mice to 10, 50, and 100 ppm MMA(III) in drinking 

water for a period of 26 weeks.  Following chronic MMA(III) exposure, K6/ODC mice 

developed papillomas of the skin.  Evaluation of gene expression of resultant papillomas 

found changes consistent with malignant transformation including decreased tumor 

suppressor gene expression (p27) and increased oncogene expression (c-myc, fra-1, and 

v-maf) (Delker et al., 2006).  Additionally, Krishnamohan et al. (2006) demonstrated the 

carcinogenicity of MMA(III) in a two-year rodent bioassay wherein C57BL/6J mice were 

exposed to 500 ppb MMA(III) in drinking water.  MMA(III) treatment doubled the 

incidence of tumors in exposed mice from 26% in control to 54% in treated animals.  

Autopsies performed on MMA(III)-treated animals revealed that treatment caused mice 

to develop tumors in multiple organ systems including the pancreas, liver, lung, kidney, 

lymph nodes, spleen, thymus, uterus, ovary, and gut (Krishnamohan et al., 2006).  These 

were the first studies to demonstrate that MMA(III) is carcinogenic in vivo.  However, it 

is unknown if MMA(III) is carcinogenic to human tissue. 

Previously, Mure et al. (2003) exposed human osteosarcoma cells to particularly 

low concentrations (0.00625, 0.0125, 0.025, 0.05 µM) of MMA(III) over 6 and 8 weeks.  

However, no evidence for mutagenesis or transformation was observed.  No other studies 

have investigated long-term exposures of human cells to MMA(III).   
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The model that I chose to investigate the effect of long-term exposure of a human 

cell line to MMA(III) is a human bladder urothelial cell (UROtsa).  These cells are 

derived from urothelium lining the ureter and were immortalized via temperature-

sensitive SV40 large T-antigen gene construct.  UROtsa cells do not exhibit anchorage-

independent growth or tumorigenicity in nude mice (Petzoldt et al., 1995; Sens et al., 

2004).  However, UROtsa cells can be transformed to anchorage-independent growth and 

tumorigenicity by As(III) and cadmium Cd(II).  As(III)-induced transformation was 

conducted at a low concentration (1 µM) for approximately 52 weeks.  This was the first 

study conducted in a human bladder cell line that showed direct malignant transformation 

of urothelium by As(III).  Because humans excrete an appreciable amounts of MMA(III) 

and previous studies have indicated that UROtsa have a small capacity to methylate 

As(III), it is of interest to determine if this metabolite can directly induce cellular 

transformation (Bredfeldt et al., 2004). 
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Specific Aim 
 
2.  To determine if MMA(III) can induce malignant transformation in a human cell 

line. 

Rationale 

Inorganic arsenic is a known human carcinogen that causes malignant 

transformation of human cells by an unknown mechanism.  Since inorganic arsenic is 

biotranformed to four methylated metabolites, it is likely that these methylated 

metabolites contribute to the long-term health effects of arsenic exposure.  The trivalent 

methylated arsenicals are of particular interest because DMA(III) and MMA(III) are 

more cytoxic, genotoxic, and mitogenic than As(III).  In addition, MMA(III) was recently 

found to be carcinogenic in vivo (Delker et al., 2006; Krishnamohan et al., 2006). 

UROtsa cells are an immortal, non-tumorigenic human urothelial cell line.  Sens 

and colleagues (2004) demonstrated that chronic exposure of UROtsa cells to 1 µM 

As(III) for 52 week caused malignant transformation.  Malignant transformation was 

detected by hyperproliferation, colony formation in soft agar, and tumorigenicity in 

xenografts in nude mice.  A similar approach was taken in these studies to detect 

malignant transformation of UROtsa cells following chronic MMA(III) treatment.  

However, the gene array studies were also conducted to further investigate the effects of 

long-term MMA(III) exposure as well as support the hypothesis that MMA(III) causes 

malignant transformation in human cells.  
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Materials and Methods 
 

Chemicals 
 

Sodium arsenite, methylthiazoletetrazolium (MTT, 3-(4,5-dimethylthizol-2-yl)-2, 

5-diphenyltetrazolium bromide), phenazinemethylsulfate, isopropanol, hydrochloric acid, 

citrate, diaminobenzidine, and trypan blue were purchased from Sigma Chemical 

Company (St. Louis, MO).  Dulbecco’s Modified Eagle Medium (DMEM), fetal calf 

serum (FBS), antibiotic-antimycotic, and 1X trypsin-EDTA (0.25%) were acquired from 

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

Amersham Biosciences (Piscataway, NJ).  Diiodomethylarsine (MMA(III) iodide, 

CH3AsI2) was prepared by the Synthetic Chemistry Facility Core (Southwest 

Environmental Health Sciences Center, Tucson, AZ) using the method of Millar, Heany, 

Heinekey, and Fernelius (1960).  Water used in studies was distilled and de-ionized.   

 

Treatment solutions. 
 

Pure MMA(III) iodide was stored in ampules at 4°C.  Fresh stock solutions of 25 

mM MMA(III) were made and diluted to final concentration of 5 µM for treatment.  All 

dosing solutions were sterile filtered with a 0.2 µm acrodisc and stored in sealed, sterile 

tubes that were opened only for treatment in a sterile cell culture hood.  As previously 

reported by Gong and colleagues (2001), MMA(III) solutions in distilled, de-ionized 

water were stable for approximately four months at 4°C with  < 10 % degradation to 
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MMA(V) observed when monitored monthly using high-performance liquid 

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

 

Cell culture 
 

UROtsa cells, an immortal, non-tumorigenic human bladder cell line was obtained 

from the laboratory of Drs. Donald and Mary Ann Sens (University of North Dakota).  

URO-ASSC cells were generously provided by Drs. Donald and Mary Ann Sens 

(University of North Dakota).  URO-ASSC cells, As(III)-transformed human urothelial 

cells, were developed from UROtsa cells chronically treated with 1 µM sodium arsenite 

(Sens et al., 2004).  Cells were maintained on 75 cm2 tissue culture flasks.  Culturing 

conditions were adapted from those described by Rossi and colleagues (Rossi et al., 

2001).  Cells were cultured in a growth medium of DMEM containing 5% v/v FBS and 

1% antibiotic-antimycotic.  Growth 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 with trypsin-EDTA (0.25%) and subcultured at a ratio of 1:3.  

MMA(III)-treated cells were continuously cultured in a medium enriched with 0.05 µM 

MMA(III).   

 

Cell viability for concentration selection 
 

Alterations in mitochondrial activity were used as an indicator of cell viability. 

The methylthiazoletetrazolium (MTT, 3-(4, 5-dimethylthizol-2-yl)-2, 5-diphenyl- 
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tetrazolium bromide) assay measures mitochondrial activity (Loveland et al., 1992).  

Cells were plated in 6-well plates and treated with 0.5 µM to 10 µM MMA(III) for 24, 

48, and 72 h.   

 

Confocal microscopy 
 
 Cells were cultured on Delta T dishes (Bioptech, Butler, PA) at 500,000 cells per 

plate and allowed to reach 90% confluency before visualization.  Morphology was 

evaluated weekly via light microscopy.  Photographs were taken to assess changes in 

morphology of all cell lines.  Plated cells were prepared for photography by removal of 

culture media and rinse with phosphate buffered saline (PBS).  Fresh culture medium 

containing no MMA(III) was added to cells.  Images of cells treated for 12, 24, and 52 

weeks were obtained and compared with untreated parental cell line.  To obtain 

photographs via confocal microscopy, the cells plated on Biotech culture dishes were 

attached to a temperature controller to maintain the cultures at 37o C and mounted on the 

microscope stage. A Zeiss LSM 510 confocal microscope (Carl Zeiss Microimaging Inc., 

Thornwood, NY) with a 40x "dipping" lens was used to obtain images of the parental and 

treated cells using differential interference contrast (DIC). 

 

Determination of doubling time via trypan blue enumeration 
 

Growth curves for UROtsa and URO-MSC after 12 and 24 weeks of exposure to 

0.05 µM MMA(III) were obtained via trypan blue exclusion assay.  Cells were plated in 
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6-well plates at a density of 2 x 105 cells per well.  Cells were removed from the plates 

via trypsin and counted.  Growth curves were generated based on increases in cell 

population per 24 h periods for a total time of 96 h.  These growth curves were then used 

to calculate doubling time. 

 

Detection of anchorage-independent growth with soft agar assay 
 

Anchorage-independent growth was detected by colony formation in soft agar 

Soft agar assay methodology was adapted from the method of MacPherson and 

Montagnier (1964). For colony formation in soft agar, cell were removed from culture 

flask with trypsin and suspended in culture medium 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 x 104 cells per well.  Plated cells were monitored for growth at 1, 7, and 14 

days.  After 14 days of incubation, colonies were manually counted with an Olympus 

CK2 microscope (Olympus America, Inc. Melville, NY).  Data represents colonies 

formed in single plane of agar.  Photographs were obtained with an Olympus IX70 

microscope coupled to an Olympus camera (Olympus America, Inc. Melville, NY).  

Analysis of photographs was conducted with Magnafire software (Optronics, Goleta, 

CA).  
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SCID Mouse Colony 
 
 A SCID mouse colony was developed at the University of Arizona using original 

SCID (C.B-17/IcrACCscid) mice obtained from Taconic (Germantown, New York).  The 

mice were housed in microisolator cages (Allentown Caging Equipment Company, 

Allentown, New Jersey) and maintained under specific pathogen-free conditions.  The 

mice ate NIH-31 irradiated pellets (Tekland Premier, Madison, Wisconsin) and drank 

autoclaved water.  Sentinel mice were screened monthly for mycoplasma, mouse 

hepatitis virus, pinworms, and Sendai virus via ELISA.  Male mice 6-8 weeks of age 

were bled (200 µl) by retro-orbital puncture in order to screen for the presence of mouse 

immunoglobulin (Ig) using ELISA.  Only mice with Ig levels < 20 µg/ml were used for 

the xenograft experiments.   

 

Tumorigenicity in SCID mice 
 

To assess malignant transformation, UROtsa, URO-ASC, URO-MSC24, and URO-

MSC52 cell injections (10 x 106) were given subcutaneous in the lower right flank of the 

mouse in a total volume of 100 µl of sterile saline using a 27-gauge needle (Becton 

Dickinson, Franklin Lakes, NJ).  As tumors developed, subcutaneous tumors were 

measured twice weekly for tumor volume estimation (mm
3
) in accordance with the formula 

(a
2
 x b/2) where a is the smallest diameter and b is the largest diameter.  Tumors were 

harvested from each animal after approximately 10 weeks and ½ of the tumor was placed in 

10% neutral buffered formalin (NBF) for 24 h then transferred to 70% EtOH.  The other 
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half was snap frozen in OCT.  The tissues were taken to Tissue Acquisition and 

Cellular/Molecular Analysis Shared Service (TACMASS) at the Arizona Cancer Center for 

analysis.  To evaluate histology, tumor samples were paraffin-embedded, section and 

stained with hematoxylin and eosin (H&E) and analyzed via light microscopy by Dr. 

Raymond B.  Nagle (University of Arizona, Department of Pathology).  All procedures 

were performed in accordance with approved protocols of the University of Arizona 

Institutional Animal Care and Use Committee.  

 

Evaluation of tumor proliferation via Ki67 immunohistochemistry 
 
 A representative paraffin block was selected from UROtsa and URO-MSC52 

xenografts.  Ki-67 was visualized using the Discovery XT platform from Ventana Medical 

Systems (Tucson, AZ).  Antigen retrieval was performed on-line with VMSI cell 

conditioner 1 (CC1) standard.  All reagents for detection, including Ki-67 primary antibody 

(3 mg/ml), were obtained from VMSI.  Counterstaining of slides was conducted on-line 

using hematoxylin and eosin solutions.  Lastly, sections were dehydrated through graded 

alcohols, cleared by xylene, and coverslipped with Pro-Texx mounting medium.  Images 

were collected using an Olympus BX50 microscope (Olympus America, Inc. Melville, NY) 

mounted with a SPOT RT Slider (Model 2.3.0) camera (Diagnostic Instruments, Sterling 

Heights, MI).  Collected images were standardized for light intensity.  No further 

automated analysis of data was performed. 
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cDNA Microarray analysis 
 
 Microarray analysis was performed at the Shared Genomics Facility at the 

Arizona Cancer Center (Tucson, Arizona).  The microarray chip for microarray analysis 

was made by the method previously described by Watts and colleagues (2001).  The 

microarray chip used in these studies is comprised of 19,200 Sigma/Compugen 60 mers 

(St. Louis, MO; San Jose, CA) that represent 18,600 human genes.  A list of clones on 

this array can be found at http://azcc-microarray.arl.arizona.edu.  

 Analysis of gene array was derived from the procedure of Watts et al. (2001) and 

Zheng et al. (2003).  In brief, total RNA (80 µg) was isolated from control and UROtsa 

cells treated for 52 weeks with 0.05 µM MMA(III) with the QIAGEN RNeasy Kit 

(Qiagen, Valencia, CA.  Integrity of RNA samples was evaluated by ethidium bromide 

staining of 1 µg of RNA resolved by electrophoresis on a 1.0% agarose/formaldehyde 

gel.  Fluorescent first strand cDNAs were made using Micromax Direct cDNA 

Microarray System (NEN Life Sciences, Boston, MA) following the manufacturer’s 

protocols.  Labeled (Cy3 or Cy5-labeled) cDNAs were hybridized onto the cDNA array 

slide.  Hybridized slides were scanned with an Axon Gene Pix 4000 microarray reader 

(Axon Instruments, Foster City, CA) and quantified via GenePix software.  Scanned 

images were loaded into GeneSpring (Silicon Genetics, Redwood City, CA).  Dr. George 

S. Watts and Xing Hui Zheng analyzed data via GeneSpring.  To accurately detect 

reproducible changes in gene expression, hybridizations were performed eight times.  In 

addition, genes considered to have altered expression pattern only when a 2-fold or 

greater change in expression level in seven out of eight hybridizations and a P-value of 
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<0.05 in a paired t-test were observed.   

 

Statistical methods 
 

Data analysis was carried out using GraphPad Prism 4.0 software (GraphPad 

Software, Inc., San Diego, CA).  Graphs were generated in Microsoft Office Excel 

(Microsoft Corp., Redmond, WA).  Data from the MTT assay, trypan blue assay, and soft 

agar assay are expressed as the average of three experiments.  Data from tumorigenicity 

studies represent average of four experiments.  These data are represented as the mean ± 

SEM.  Specific statistical tests used to determine significance are described in figure 

legends. 
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Results 
 

Monomethylarsonous acid toxicity in UROtsa cells 
 

Before attempting MMA(III)-induced transformation of UROtsa cells, toxicity 

was assessed to identify a non-toxic, low concentration of MMA(III) for chronic 

exposure. UROtsa cell viability was determined with the MTT assay (Loveland et al., 

1992).  Cells plated in 6-well plates were exposed to MMA(III) in concentrations of 0.5 

to 10 µM for 24, 48, and 72 h.  MMA(III) (0.5- 2 µM) exposure had no significant effect 

on UROtsa cell viability (Figure 8).  Concentrations of MMA(III) exceeding 5 µM were 

always cytotoxic to UROtsa cells.  The IC50 value for MMA(III) was determined to be 

approximately 5 µM in 24 h, making MMA(III) 20 times more toxic than As(III) to 

UROtsa cells (Bredfeldt et al., 2004).   

Microscopic evaluation of treated and untreated cells revealed a similar finding 

that only cells exposed to MMA(III) concentrations > 2 µM had significant changes in 

viability and morphology.  Morphology of untreated UROtsa cells is similar to that 

reported by Rossi and colleagues (2001).  While morphology remained unchanged at 

lower concentrations (< 2 µM) of MMA(III), large zones of apoptotic/necrotic cells 

developed throughout the monolayer with increasing concentrations (> 2 µM) after 24, 

48, and 72 h exposures. A general thinning of cell density was accompanied by the 

extensive cell death as the concentration was increased.  These cytotoxicity studies not 

only identified an approximate IC50 for MMA(III), but illustrate that UROtsa cells have 

very little tolerance for MMA(III).  There is an apparent threshold for cytotoxicity in 
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UROtsa cells exposed to MMA(III) in that concentrations exceeding 2 µM are cytotoxic. 

Low micromolar concentrations represent the concentrations of MMA(III) in found in 

human urine. The main goal of this study was to determine if MMA(III) acts as a 

carcinogen in human cells at a biologically relevant concentration.  MMA(III) was 

detected in human urine in concentrations ranging from 4 to 9 ppb or 50 to 120 nM 

(Aposhian et al., 2000a; Mandal et al., 2001).  The lower range of these concentrations 

between is between 0.75 and 7.5 ppb, which corresponds to molar values between 10 and 

100 nM.  Thus, 0.05 µM (50 nM) was the concentration chosen to conduct long-term 

exposure.  The chosen concentration assures relevance of the data to concentrations of 

MMA(III) to which the human bladder is truly exposed.  Thus, the findings from these 

studies mirror the concentrations of arsenic found in the bladder.   

 

Monomethylarsonous acid causes hyperproliferation in UROtsa cells 
 
 Transformation was conducted with cells exposed to 0.05 µM MMA(III).  The 

concentration of 0.05 µM was chosen for several reasons.  Previous work demonstrated 

that concentrations as low as 1 µM As(III) were sufficient to malignantly transform 

UROtsa cells (Sens et al., 2004).  My data indicates that MMA(III) is roughly 20-25 

times more toxic than As(III).  Therefore, a concentration that is significantly lower than 

1 µM MMA(III) would be necessary to avoid clonal selections based on survival of overt 

cytotoxicity.  The concentration of 0.05 µM is 20 times lower concentration than the  
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Figure 8.  Cytotoxicity of MMA(III) to UROtsa cells.  Cells were treated with 0.5-10 
µM MMA(III) for 24, 48, and 72 h.  Values represent means ± SEM.  Assay results are 
portrayed as percentage value of untreated samples (n = 3).  Significant changes in 
viability were identified with ANOVA followed by Bonferroni’s multiple comparisons 
test.  P<0.05 was considered significant and marked by asterisk(s) * (24 h), ** (48 h), and 
*** (72 h). 
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1 µM concentration previously used for malignant transformation by Sens and colleagues 

(2004).  The concentration of 0.05 µM MMA(III) did not cause cytotoxicity or induce 

immediate morphological changes in treated cells.  Cells were grown to 90 -100 % 

confluence before being subcultured at a ratio of 1:3.  During the first 8 weeks of 

exposure, MMA(III)-treated cells were phenotypically similar to untreated cells and are 

referred to as URO-MSC cells.  Following 12 weeks of exposure, MMA(III)-treated cells 

gained a noticeably reduced doubling time.  Due to the increased growth rate, URO-MSC 

cells were then split at a ratio of 1:5 after 24 weeks and 1:8 after 52 weeks.  A higher 

splitting ratio was not selected because I chose to avoid extensive differences in culturing 

conditions between the groups of cells.  

After URO-MSC cells became hyperproliferative, doubling time was used as a 

method for investigating changes in cell growth kinetics.  Untreated control cells have a 

doubling time of approximately 42 h.  Treated cells had a doubling time of approximately 

27 h after 12 weeks of exposure to 0.05 µM MMA(III), which is a forty percent reduction 

in doubling time (Table 4).  The URO-MSC cells had a growth rate comparable to the 

As(III)-transformed UROtsa, referred to as URO-ASSC, cells (Sens et al., 2004).  Since 

these cells were showing possible changes consistent with transformation, growth on soft 

agar was performed to determine cellular transformation.  However, cells treated for 12 

weeks did not grow in soft agar.  Therefore, MMA(III) treatment was continued and 

doubling time and growth on soft agar were reconsidered 24 weeks after exposure.  Cells 

treated for 24 weeks with 0.05 µM MMA(III) had growth kinetics similar to the 12-week 

exposure group.  
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TABLE 4.  MMA(III) induces hyperproliferation in UROtsa cells continuously 
exposed to 0.05 µM MMA(III) for 12, 24, and 52 weeks. 3  

 
 

                                                
3 Trypan blue exclusion assay was used to enumerate cells at 24, 48, 72, and 96 h after plating.  Then, 
growth curves were generated and used to estimate doubling times of treated and untreated cells. Data 
represent results from one experiment (n = 3).  ANOVA followed by Bonferroni’s multiple comparisons 
test was used to identify significant changes in doubling time.  Significant deviations from control cells 
(p<0.05) were marked with asterisk (*).  
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Doubling time for 24-week treated URO-MSC cells was approximately 25 h.  Similarly, 

cells treated for 52 weeks with 0.05 µM had a doubling time of 21 h (Table 4).  

 

Morphological changes in UROtsa cells chronically exposed to monomethylarsonous 
acid 
 

Cells were examined at each passage for changes in morphology.  Parental cell 

morphology has been extensively characterized and is comparable to that reported by 

Rossi and colleagues (2001) (Figure 9 A).  Cell morphology was not modified by 

MMA(III) treatment during the first 8 weeks of exposure.  Minor morphological changes 

were observed 12 weeks after treatment with 0.05 µM MMA(III).  Examination via light 

microscopy revealed that treated cultures maintained an epithelial morphology.  

However, URO-MSC morphology was unlike that of the untreated parent cell line or 

URO-ASSC.  These cells were similar in size to the parental cell line, but with a less 

defined cell membrane, making individual cells difficult to distinguish by cell membrane 

(Figure 9 B and C).  This morphology remained the same after 24 weeks of incubation 

with MMA(III).  Another notable feature of MMA(III)-treated cells was the increased 

appearance of multinucleated cells that contain abundant cytoplasm and two to four 

nuclei among cells of the monolayer.  Such cells are a considered an indicator of cellular 

transformation (Walen, 2004).  52 weeks of treatment resulted in a population of cells 

that appeared as squamous epithelium, being flat and wide.  Similar to the URO-MSC24  

cell morphology, URO-MSC52 cells had poorly defined cell membranes.  In addition, 

multinucleate cells were present in URO-MSC52 cell cultures (Figure 9 D). 
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A. UROtsa 

 

B.  URO-MSC12 
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C.  URO-MSC24  

 

D.  URO-MSC52 

 

Figure 9.  Morphology of MMA(III)-exposed UROtsa cells. Evaluation via confocal 
microscopy of UROtsa cells before, during, and after transformation with MMA(III).  
Morphology of untreated UROtsa cells (A).  Morphology of URO-MSC cells treated with 
0.05 µM MMA(III) for 12 (B), 24 (C), 52 (D) weeks.  Magnification used for 
photographs is X200. 
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URO-MSC growth in soft agar is similar to URO-ASSC 
 

The ability to form colonies in soft agar is a characteristic of many cancer cell 

lines.  In this study, the soft agar assay was used to determine if UROtsa cells were 

transformed by MMA(III).  URO-MSC cells were tested after 24 and 52 weeks of 

exposure to MMA(III) and were able to form colonies in soft agar.  Colony formation in 

soft agar was comparable to URO-ASSC cells (Figure 10 A).  Colonies were counted via 

microscopy and demonstrated that number of colonies formed per 20 microscope fields in 

a single plane of agar (Figure 10 B).  Shorter exposure times, including a 12-week 

treatment 0.05 µM MMA(III), were not sufficient to induce anchorage-independent 

growth in UROtsa cells (data not shown).   

 

Chronic MMA(III) treatment enhances tumorigenicity of UROtsa cells 
 
 To determine if malignant transformation had occurred in UROtsa cells 

chronically exposed to 0.05 µM MMA(III), URO-MSC cells were injected into the flank 

of SCID mice.  Subcutaneous tumor formation in xenograft is evidence of malignant 

transformation.  UROtsa and URO-ASSC cells were used as negative and positive 

control cell lines, respectively.  All injected cell lines formed tumors.  UROtsa cells have 

been previously described as non-tumorigenic (Petzoldt et al., 1995; Sens et al., 2004).  

However, theses studies did not inject high passage cells into rodents to determine if 

there was some small degree of underlying tumorigenicity in this SV40 large T antigen 

transformed cell line. 



94 
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B. 

 

 
 
 
Figure 10.  MMA(III) induces anchorage-independent growth in UROtsa cells.  
Light microscopy of colony growth 14 days after plating for negative control, UROtsa, 
positive control, URO-ASSC, and URO-MSC cells (A).  Colonies were photographed at 
X20.  (B). A single plane of agar was selected and colonies were manually counted in 
twenty randomly selected microscope fields.  Bars represent mean ± SEM (n = 3). Data 
were further analyzed with ANOVA to identify significant changes in the ability to form 
colonies in soft agar. Statistically significant values (p<0.05) are marked with asterisk 
(*).  
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Tumors formed in UROtsa cells after 24 weeks of treatment with MMA(III) were not 

statistically significant from negative control (Figure 11).   

 

MMA(III) exposure induces the formation of squamous cell carcinoma of the bladder 

  
 A pathologist (Dr. Raymond B. Nagle) with no prior knowledge regarding the 

treatment groups evaluated the histology of harvested tumors.  All tumors formed by 

UROtsa, URO-ASSC, URO-MSC24, and URO-MSC52 were moderately-differentiated 

squamous cell carcinoma.  The histology of squamous cell carcinoma produced by URO-

ASSC cells was extensively characterized by Sens and colleagues (2004).  The tumors 

possess a number of hallmark features found in squamous cell carcinoma including 

deposits of keratin, called "keratin pearls" (Figure 12).   

 

Highly proliferative tumors form from UROtsa cells chronically treated with MMA(III) 

 

 To further illustrate that MMA(III) treatment enhanced the tumorigenic qualities 

of UROtsa, tumor proliferation was investigated.  When tumors were stained for Ki-67 as 

a biomarker of proliferation, URO-MSC52 tumors strongly stained for Ki-67 

demonstrating that they were significantly more proliferative than those originating from 

UROtsa, which weakly stained for Ki-67.  In addition, strong Ki-67 staining suggests that 

chronic MMA(III) treatment induced permanent changes that caused UROtsa cells to 

form large tumors (Figure 13). 
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Figure 11.  MMA(III) enhances tumorigenicity of UROtsa cells.  Tumorigenicity of 
URO-MSC cells in SCID mice.  Tumor volumes were measured two times per week.  
Data is tumor volume (mm3) per time (days).  Bars represent mean ± SEM (n = 4).  
However, error bars in UROtsa and URO-MSC24 tumors are too small to visualize.  
Significant changes in tumor volume were identified with ANOVA followed by 
Bonferroni’s multiple comparisons test.  P<0.05 was considered significant.  URO-ASC 
tumors are statistically different in tumor volume from UROtsa 30 days after injection.  
URO-MSC52 tumors are significantly different from UROtsa 40 days after injection. 
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C. 

 

D. 

 

Figure 12.  MMA(III) and As(III) cause formation of tumors of squamous cell 
carcinoma differentiation in UROtsa cells.  Photographs of UROtsa (A), UROASSC 
(B), URO-MSC24 (D), URO-MSC52 (E) were taken at 400X magnification to illustrate 
tumor histology. 
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A. 

 

B. 

 

Figure 13.  Ki-67 staining of tumor tissue generated from mice injected with 
UROtsa (A) and URO-MSC52 (B) cells.  Representative photograph of Ki-67 stained 
tissue sections demonstrates the increased proliferation found in URO-MSC52 tumors.  
Magnification used for photographs is X400. 
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Chronic MMA(III) exposure causes gene expression changes consistent with 
malignant transformation 
 
 Gene array analysis was conducted on URO-MSC52 cells to further support the 

hypothesis that MMA(III) had induced malignant transformation in UROtsa cells.  In 

addition, such data serves as a method to identify possible mechanism(s) of MMA(III)-

induced transformation.  Substantial gene expression changes were observed after 52 

weeks treatment with 0.05 µM MMA(III).  In summary, 227 genes were down-regulated 

and 813 genes were up-regulated.  However, for the purpose of this study I am reporting 

genes that are biomarkers of bladder cancer.   

 Since tumorigenesis is associated with loss of cell cycle regulation, increased 

oncogene expression was expected in a malignantly transformed cell line.  In URO-

MSC52 cells, three well-characterized oncogenes, v-erb-b (epidermal growth factor 

receptor), v-maf (musculoponeurotic fibrosarcoma K), and vav-2, were strongly up-

regulated (Table 5).  Erb is a classic biomarker in bladder cancer (Amsellem-Ouazana et 

al., 2006; Lonn et al., 1993; Vollmer et al., 1998).  Although not classically up-regulated 

in bladder cancer, v-maf was up-regulated in MMA(III)-induced skin papillomas (Delker 

et al., 2006).  Members of pro-mitotic, anti-apoptotic signal transduction pathways were 

also up-regulated, including PI3K (phosphoinositide-3-kinase), PKC (protein kinase C), 

FZD8 (frizzled homolog 8), DVL2 (disheveled 2).  Wnt/β-catenin pathway, highlighted 

by increases in FZD8, PKC, and DVL2, was recently linked to bladder cancer 

(Thievessen et al., 2003; Urakami et al., 2006).   

 In addition to dysregulated cell cycle progression, tumorigenesis is associated 
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with metastasis via cell invasion and migration through the extracellular matrix.  Many 

cancer cells, including bladder cancer cells, secrete matrix metalloproteinases (MMP) (Di 

Carlo et al., 2006; Durkan et al., 2001; Nutt et al., 1998; Ozdemir et al., 1999).  URO-

MSC52 cells have an increased expression of MMP-1, 14, 19, and 17 (Table 5).  In 

addition, decreased expression of tissue inhibitor of metalloproteinases (TIMP) 

frequently occurs in bladder cancer as it does in URO-MSC52 cells (Durkan et al., 2001) 

(Table 6). 

 In summary, gene array data strongly illustrates that chronic MMA(III) exposure 

induces gene expression changes consistent with malignant transformation.  Many of the 

genes aberrantly expressed or silenced in the treated cells are consistent with those 

classically altered in cancers of the human bladder.   
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TABLE 5.  Genes up-regulated following 52 weeks of 0.05 µM MMA(III) exposure4. 

                                                
4 Genes up-regulated in URO-MSC52 cells at least 2-fold in seven out of eight 
hybridizations and a p-value <0.05. 
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TABLE 6.  Genes down-regulated following a 52-week treatment with MMA(III) 5. 

 

 

                                                
5 Genes down-regulated in URO-MSC52 cells at least 2-fold with a p-value <0.05 in 
seven out of eight hybridizations. 
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Discussion 
 

Epidemiological studies demonstrated that human exposure to inorganic arsenic 

causes an increased risk for the development of a number of internal cancers, including 

bladder cancer.  In addition, a number of in vitro and in vivo studies found that inorganic 

arsenite is able to transform human cell lines at low, biologically relevant concentrations 

(Chien et al., 2004; Lee et al., 1985; Mure et al., 2003; Qu et al., 2002; Sens et al., 2004; 

Takahashi et al., 2002).  However, an issue important to the field of arsenic toxicity is 

clarification of the potential carcinogenicity of arsenic metabolites.  The study presented 

herein is, to my knowledge, the first demonstration of monomethylarsonous acid-induced 

transformation of a human cell line.  

Studies investigating the carcinogenicity of methylated arsenicals have been few 

in number.  Commonly, this research was conducted in rodents where tumors have been 

difficult to induce (Basu et al., 2001; Kitchin, 2001; Rossman et al., 2001).  The focus of 

many of these studies has been on the carcinogenicity of the pentavalent methylated 

arsenicals MMA(V) and DMA(V).  F344/DuCrj rats pretreated with carcinogens (diethyl 

nitrosamine, N-methyl-N-nitrosourea, 1, 2-dimethyl hydrazine, N-butyl-N-(4-

hydroxybutyl)nitrosamine, or N-bis(2-hydroxypropyl)nitrosamine) developed cancers of 

the kidney, liver, thyroid gland, and urinary bladder after exposure to DMA(V) 

(Yamamoto, et al., 1995).  Wei et al. (1999) demonstrated F334 rats treated solely with 

DMA(V) developed tumors of the urinary bladder.  Investigations of p53 knockout and 

wild-type C57BL/6J mice treated for 18 months with DMA(V) found this metabolite to 

be a tumor-causing agent.  The tumors generated in the knockout mice were mostly 
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osteosarcomas, soft tissue sarcomas, and lymphomas.  Lower incidences of other tumors 

such as hepatocellular carcinomas, skin squamous cell carcinomas and lung adenomas 

were also observed in the p53 knockout mice.  Fewer tumors were produced in the wild-

type mice presumably due to a reduced susceptibility for neoplasia formation.  Tumors 

formed in wild-type mice were mainly malignant lymphomas with a very low occurrence 

of the previously mentioned other types of tumors.  Interestingly, the urinary tract in all 

treated and untreated mice revealed no changes in DMA-treated groups (Salim, et al., 

2003).  Another study investigating the effects of a chronic exposure found that v-Ha-ras 

transgenic (Tg.AC) mice did not develop tumors after a 17-week treatment with either 

MMA(V) or DMA(V) (Xie, et al., 2004).   

 Evidence for the in vivo carcinogenicity of the trivalent methylated arsenic 

metabolite MMA(III) has begun to accumulate.  Since MMA(III) is more genotoxic that 

inorganic arsenic, it is likely that it may act as a carcinogen in vivo (Kitchin, 2001).  

Preliminary evidence in vivo for the carcinogenicity of MMA(III) came from Shen and 

colleagues (2006) who found that female F344 rats treated with DMA(V) had a higher 

degree of pathological changes occur in their urinary bladder.  The authors suggested that 

the changes in the urinary bladder were due to the higher levels of MMA(III) in female 

F344 rat urine following DMA(V) treatment.   

 Stronger evidence for the carcinogenicity of MMA(III) came from recent studies 

investigating the effects of chronic MMA(III) treatment in mice.  Delker and colleagues 

(2006) treated K6/ODC mice with 10, 50, and 100 ppm MMA(III) in drinking water for 

26 weeks.  Following MMA(III) treatment, mice developed skin papillomas. Genes 
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expressed in MMA(III)-induced papillomas were consistent with tumor formation 

including decreased tumor suppressor gene expression (p27) and increased oncogene 

expression (c-myc, fra-1, and v-maf) (Delker et al., 2006).  In addition, Krishnamohan 

and colleagues (2006) conducted a two-year rodent bioassay and in C57BL/6J mice at 

MMA(III) doses of 500 µg/l (500 ppb).  The incidence of tumor formation doubled from 

26% to 54%.  MMA(III) treated mice specifically developed tumors of the pancreas, 

lymph nodes, liver, kidney, lung, intestine, spleen, uterus, ovary, and thymus 

(Krishnamohan et al., 2006).  These findings were the first to demonstrate 

carcinogenicity of MMA(III) in vivo.  Despite this strong evidence of carcinogenicity of 

MMA(III), it is unknown if MMA(III) can induce malignant transformation in human 

cells. 

Scientific interest in the potential effects of the trivalent, methylated arsenicals 

has grown significantly.  Research focusing on MMA(III) and DMA(III) has consistently 

found these metabolites to be more cytotoxic and genotoxic (Ahmad, et al., 2002; Mass et 

al., 2001; Petrick et al., 2000; Styblo et al., 2000).  However, there are few investigations 

examining the carcinogenicity of trivalent, methylated arsenicals in rodents or human cell 

lines.  Mure et al. (2003) found that exposure of human osteosarcoma cells to MMA(III) 

for duration of 6 and 8 weeks did not produce cellular transformation, which was 

detected as anchorage-independent growth in the soft agar assay.  In contrast, our study 

demonstrates MMA(III)-induced cellular transformation to anchorage-independent 

growth and enhanced tumorigenicity over a 52-week exposure period.   
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Since the goal of this study was to conduct a clonal selection based on exposure to 

a non-cytotoxic concentration of MMA(III), it was necessary to investigate the toxicity of 

MMA(III) in my model to identify a concentration that did not cause overt cytotoxicity.  

Preliminary findings in this study regarding the cytotoxicity of MMA(III) have been 

similar to observations from other researchers.  The IC50 value for MMA(III) was 

determined to be approximately 5 µM for 24 h exposure.  MMA(III) is roughly 20-25 

times more toxic to UROtsa cells than As(III), which has an IC50 value of approximately 

100 µM (Bredfeldt et al., 2004).  Other groups have observed similar findings (Cohen et 

al., 2002; Petrick et al., 2000; Styblo et al., 2000).  The concentration of 0.05 µM 

MMA(III) did not affect UROtsa cell viability or plating efficiency, making it appropriate 

for long-term exposure.   

In addition to concentration selection, it was important to demonstrate that 

UROtsa were not metabolizing significant amounts of MMA(III) to other toxic 

metabolites such as DMA(III).  UROtsa are able to metabolize As(III) to MMA(III), 

MMA(V), and DMA(V) (Bredfeldt et al., 2004).  However, the most abundant metabolite 

produced in those studies was MMA(III).  When treated for 24 h with MMA(III), 

UROtsa cells did not metabolize MMA(III) to more toxic products, as detected by 

HPLC/ICP-MS (data not shown).  Therefore, MMA(III) was the chemical responsible for 

the observed effects as > 90% of the dose remained in the form of MMA(III) or 

MMA(V), which is less toxic.  No DMA(III) was detected in cells treated with 0.05 µM 

MMA(III). 
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The first observed phenotypic changes, morphological differences and 

hyperproliferation, occurred in URO-MSC cells after 12 weeks of exposure to MMA(III).  

Overall, morphology of URO-MSC cells remained like that of an epithelial cell.  The 

observed increase in multi-nucleate cells (MNCs) has been defined as a feature of cellular 

transformation due to alterations in proteins that regulate cell mitosis including formation 

of spindle apparatus.  The exact mechanism of how MNCs form however is not 

completely understood.  Nonetheless, increases in MNCs were in treated cells only.  The 

few MNCs that appear infrequently in the parental cell line are known as giant cells.  

Giant cells are different from MNCs in that they generally have greater than four nuclei 

and are the result of SV40 transformation (Walen, 2004).  The other notable 

morphological change was a slight flattening of cells with a less visible appearance of 

cell membrane.  At this point in these studies, the reasons for these changes are unknown 

but suggest possible changes in cell membrane associated proteins such as adhesion 

molecules.   

URO-MSC hyperproliferation after 12, 24, and 52 weeks of exposure was notable 

due to a 40-50% reduction in doubling time, suggesting that MMA(III) drives cell growth 

via stimulation of mitogenic signal transduction pathways.  The mitogenic effects of 

MMA(III) treatment are consistent with the finding that MMA(III) is a potent inducer of 

c-jun phosphorylation and activator protein-1 (AP-1) binding to DNA in UROtsa cells.  

Further analysis found that MMA(III) treatment caused extracellular signal-regulated 

kinase (ERK) activation, which was responsible for the increased AP-1 activity (Drobna 

et al., 2003).  The manner in which MMA(III) is causing activation of mitogenic signal 
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transduction is not specifically known.  However, the mechanism of ROS-induced 

damage and alterations in signal transduction in As(III), MMA(III), and DMA(III) treated 

cells has gained considerable validity through an increasing number of studies (Ahmad et 

al., 2002; Nesnow et al., 2002; Schwertle et al., 2003).   

Few studies have investigated the impact of long-term exposure of animals or 

human cell lines to MMA(III) and DMA(III).  Based on studies investigating the DNA 

damaging potential of these metabolites, it is probable that they are able to induce 

malignant transformation.  However, Mure et al. (2003) found no increases in 

transformation HOS cells after 6 and 8 weeks of exposures.  In this study, UROtsa cells 

exposed to 0.05 µM MMA(III) for 24 and 52 weeks were able to grow in soft agar, which 

was the same end point sought to positively identify cellular transformation by Mure and 

colleagues (2003).  The longer exposure period may be the reason why we observed 

colony formation in soft agar.  The degree of growth exhibited by URO-MSC cells was 

comparable that of URO-ASSC cells.  URO-ASSC and URO-MSC cells originate from 

the same parental cell line UROtsa.  URO-ASSC cells were malignantly transformed 

with 1 µM As(III) during 52 weeks of exposure (Sens et al., 2004).   

Similar to the As(III) transformation described by Sens and colleagues (2004), 

MMA(III) induced tumorigenicity in UROtsa cells 52 weeks of exposure.  Although 

UROtsa cells have been previously described as completely non-tumorigenic, high 

passage UROtsa cells did form small tumors in SCID mice despite the fact that they did 

not form colonies in soft agar.  Injections of immortalized human cells can occasionally 

result in the formation of small tumors, which may be an artifact of the rodent model 



111 

 

system itself.  However, based on this data MMA(III) did significantly enhance the 

tumorigenicity of UROtsa cells.   

The tumors produced by MMA(III)-treated cells were squamous cell carcinoma.  

This is a novel observation since the majority (~ 90%) of bladder cancer patients have 

transitional cell carcinoma.  It remains unknown if this squamous differentiation is an 

artifact of the UROtsa cell model.  However, UROtsa cells treated with cadmium formed 

transitional cell carcinoma when injected into nude mice, suggesting that transitional 

differentiation is a possible histology (Sens et al., 2004).  Further evidence that supports 

the squamous differentiation is arsenic-induced tumors of the skin and lung (Centeno et 

al., 2002; Guo et al., 2004; Rossman et al., 2002).  In addition, chronic bladder 

inflammation such as cystitis caused by chronic Schistosomiasis infection is strongly 

associated with the development of squamous cell carcinoma of the bladder (Johansson 

and Cohen, 1997).  Although it is unknown if arsenic causes chronic inflammation in the 

bladder, As(III) and MMA(III) stimulate proinflammatory, mitogenic signal transduction 

pathways in human keratinocytes and in UROtsa cells (Vega et al., 2001; Drobna et al., 

2002).  Therefore, a similar mechanism may play a role in the development of squamous 

cell carcinoma of the bladder (Vega et al., 2001). 

To further support that MMA(III) treatment had affected the tumorigenicity of 

UROtsa cell, Ki67 staining was performed to demonstrate that MMA(III) caused UROtsa 

cells to form large, highly proliferative tumors.  Ki67 staining in URO-MSC52 cells was 

significantly higher than that of UROtsa.  Since Ki67 stains only cells that are actively 
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growing, it is apparent that MMA(III) treatment not only induced transformation but 

resulted in the production of substantially proliferative tumors.  

In addition to in vivo tumorigenicity, gene array analysis strongly supports the 

hypothesis that MMA(III) treatment induced malignant transformation in UROtsa cells.  

Increased expression of oncogenic v-erb-b, a commonly up-regulated gene in human 

bladder tumors, suggests that URO-MSC52 cells a gene expression profile like that of a 

bladder tumor (Eltze et al., 2005; Lonn et al., 1993; Vollmer et al., 1998).  Oncogenic v-

maf was also up-regulated, which is of particular interest since it was seen in vivo in mice 

chronically treated with MMA(III) (Delker et al., 2006).   

Two major growth and survival pathways appear to govern the proliferation and 

survival of URO-MSC52 cells, erb (EGFR) and Wnt/β-catenin.  Short-term studies by a 

number of researchers have implied that EGR-related signaling is activated by As(III) 

and MMA(III) in UROtsa cells, suggesting that such signaling plays a crucial role in 

bladder cancers caused by arsenic (Drobna et al., 2002; Simeonova et al., 2002).  

Although Wnt/β-catenin is a novel observation for arsenic-induced carcinogenesis model, 

it was shown to be dysregulated in bladder cancer (Thievessen et al., 2003; Urakami et 

al., 2006).  Thus, the Wnt/β-catenin pathway may be of interest in future studies. 

In addition to having altered growth and survival-related genes, URO-MSC52 

cells have increased expression of MMP-1, -7, -14, and -19.  MMP-1 is a gene thought to 

be up-regulated by EGFR in bladder cancer (Nutt et al., 1998).  MMP-1 is also used as 

prognostic biomarker in patients with bladder cancer (Durkan et al., 2001; Nutt et al., 

1998).  The enhanced tumorigenicity of URO-MSC52 cells may be in-part due to the 
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substantial increase in enzymes that play a key role in cell invasion through the 

extracellular matrix.   

Finally, a number of inflammation-associated genes, including interferon, alpha-

inducible protein 27 (IFI27), tumor necrosis factor receptor (TNFSF17), and S100 Ca2+ 

binding protein (S100A8), were up-regulated in URO-MSC52 cells.  URO-MSC52 cells 

produce tumors of squamous differentiation.  Since squamous cell carcinoma (SCC) of 

the bladder is strongly associated with chronic inflammation, the expression of such 

genes may be very important to understanding the mechanism of arsenic-induced bladder 

cancer (Johansson and Cohen, 1997).   

Taken together, these data demonstrate that MMA(III) induced tumorigenicity in 

UROtsa cells, which was measured as hyperproliferation, growth in soft agar, significant 

tumorigenicity in SCID mouse xenografts, and gene expression analogous to that of 

many bladder tumors.  To my knowledge, this is the first study to demonstrate that 

MMA(III) induces malignant transformation to anchorage-independent growth and 

tumorigenicity in SCID mice in a human cell line.   

The results of this study are particularly compelling for several reasons. Since 

MMA(III) has been detected in human urine, urothelial cells of humans consuming 

arsenic are exposed to MMA(III) (Aposhian et al., 2000a; Le et al., 2000).  Likewise, the 

concentration of MMA(III) used to transform UROtsa cells in this study is similar to 

concentrations found in arsenic-exposed humans.  MMA(III) has been found in 

concentrations of 4.8-6.9 µg/l (0.06-0.09 µM) [Aposhian et al., 2000a) and 3-30 µg/l 

(0.04-0.4 µM) [Mandal et al., 2001] in human urine.  The concentration chosen for these 
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investigations was 0.05 µM MMA(III), which falls within the ranges that have been 

detected in urine.  These observations suggest that MMA(III) can induce malignant 

transformation at biologically relevant concentrations. 

In conclusion, this study demonstrated that chronic exposure to a low 

concentration of MMA(III) could induce hyperproliferation, anchorage-independent 

growth, and tumorigenicity in a cell line originating from tissue naturally exposed to this 

arsenic metabolite.  Although the mechanism of malignant transformation is not known, 

it is probable that ROS are causal to DNA damage that results in the build up of genetic 

aberrations ultimately leading to cellular transformation.  In addition, MMA(III) 

stimulates mitogenic signal transduction pathways, particularly ERK, which promote 

tumorigenesis (Drobna et al., 2002).  

The resultant cells, URO-MSC cells, represent a model that should be further 

studied to identify changes that have occurred in human cells chronically exposed to 

MMA(III).  Such investigations will provide insight into the molecular targets of 

MMA(III) in human urothelial cells as well as identify potential biomarkers of exposure 

that could ultimately be used in human risk assessment studies.  Based on the 

observations from this study, which strongly imply that MMA(III) can itself function as a 

carcinogen, future studies should be focused on this endpoint.  Thus, a better 

understanding of complex nature of inorganic arsenic-induced carcinogenesis can be had.  

Clearly, it appears that not only does inorganic arsenic function as a transforming agent, 

but also the arsenic metabolites MMA(III) and DMA(III) contribute to cancers caused by 

arsenic exposure. 
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Conclusions 
 
 The tumorigenicity studies demonstrated the following: 

1. MMA(III) induces malignant transformation in human bladder cells at a 
biologically relevant concentration. 

 
2.  MMA(III) induced tumors have a differentiation of squamous cell carcinoma, 

which is the same histology of tumors caused by arsenic in human skin and 
lungs. 

 
3.   Gene expression changes induced in URO-MSC52 cells are like that of a 

bladder tumor and highlight the importance of EGFR and Wnt/ β-catenin 
pathway to these tumors, which may provide an area of focus for future 
studies. 

 
4.  These studies suggest that MMA(III) is carcinogenic to human cells. 
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CHAPTER IV 

MITOGENIC, PRO-INFLAMMATORY SIGNAL TRANSDUCTION CAUSED 
BY MONOMETHYLARSONOUS ACID IN UROtsa CELLS 

 

Introduction 
 
 Epidemiological studies demonstrated that environmental arsenic exposure causes 

bladder cancer (Guo et al., 1997; Hopenhayn-Rich et al., 1996; Smith et al., 1998).  Since 

previous work demonstrated that the arsenic metabolite MMA(III) can induce malignant 

transformation in human bladder (UROtsa) cells, it is of interest to identify possible 

mechanism(s) that drive malignant transformation.  URO-MSC52 cells, a UROtsa cell 

line transformed by chronic MMA(III) exposure, formed squamous cell carcinoma (SCC) 

tumors when heterotransplanted into SCID mice (Bredfeldt et al., 2006).   

Squamous cell carcinoma of the bladder is a relatively rare form of bladder 

cancer.  Generally, SCC represents the histology of 5% of individuals diagnosed with 

bladder cancer (Peterson, 1992).  Interestingly, SCC of the bladder is almost exclusively 

associated with chronic inflammation of the bladder urothelium (Johansson and Cohen, 

1997). 

Urinary schistosomiasis is a classic example of chronic inflammation causing 

SCC of the bladder.  Schistosomaisis is endemic in developing countries on the 

continents of Africa and Asia (Cohen and Johansson, 1992; El-Bolkainy, 1983).  When 

Schistosoma infect the bladder, eggs of the parasite are deposited in the bladder wall 

resulting in granulomatous inflammation followed by fibrosis and calcification.  The 
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infected, chronically inflamed urothelium of individuals suffering from schistosomaisis is 

typically hyperproliferative.  In addition, the subsequent bladder tumors observed in 

schistosomaisis-infected individuals is approximately 75% SCC (El-Bolkainy, 1983).  

Similarly, paraplegic patients with indwelling catheters have chronic bladder infections.  

These patients also have an increased frequency of SCC of the bladder (Dolin et al., 

1994). 

The hypothesized mechanism of inflammation-induced SCC of the bladder is that 

chronic inflammation causes increases in the frequency of cell death in the urothelium.  

The increased frequency of death among cells lining the bladder causes regeneration, 

which results in chronic hyperproliferation.  Increased cell proliferation may result in 

higher rates of spontaneous mutation that contribute to carcinogenesis (Cohen, S.M., 

1991). 

 The bladder carcinogen As(III) also promotes inflammation.  As(III) stimulates 

mitogenic signal transduction pathways, which are not only responsible for its tumor 

promoter action but also cause the induction of proinflammatory genes expression 

(Germolec et al., 1996; Hamadeh et al., 2002; Trouba and Germolec, 2004; Vega et al., 

2001).  The induction of proinflammatory mediators is believed to significantly 

contribute to the growth potential and aggressiveness of SCC’s of the skin (Vanderveen 

et al., 1986).  Since arsenic causes tumors of squamous differentiation in the skin, lung, 

and possibly bladder, it is possible that inflammation is a mechanism of arsenic 

carcinogenesis in these tissues. 

 Cyclooxygenase-2 (COX-2) is an inducible enzyme responsible for eicosanoid 
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synthesis.  COX-2 expression is induced by mitogens and proinflammatory cytokines 

(Vane et al., 1998).  Elevated expression of COX-2 is frequently observed in human 

malignancies, including bladder tumors (Eltze et al., 2005; Fosslien, 2000; Wadhwa et 

al., 2005).  Wadhwa and colleagues (2005) investigated the expression of COX-2 in 

human bladder tumor specimens and found that approximately ~ 84 % of tumors tested 

had elevated COX-2 expression.  In addition, COX-2 expression correlated with 

advancing T stage and grade of tumor, highlighting the importance of COX-2 as not only 

as a mediator of bladder carcinogenesis but as a key biomarker for disease state.  Klein 

and colleagues (2005) recently demonstrated that COX-2 overexpression is able to cause 

transitional cell hyperplasia (TCH) and transitional cell carcinoma in vivo.  In this study, 

COX-2 overexpression was achieved via keratin 5 promoter in transgenic mice.  The 

impact of COX-2 overexpression was apparent as only transgenic mice developed TCH 

and transitional cell carcinomas of the bladder.  Since COX-2 has been implicated as 

being a key mediator of bladder carcinogenesis, it is a potentially interesting target for 

chemotherapy or prevention.  Several groups recently demonstrated that COX-2 

inhibitors inhibit cell growth and induce apoptosis in bladder cancer cell lines (Gee et al., 

2006; Mohseni et al., 2004).  Thus, not only does COX-2 expression appear to be 

causative of bladder malignancies but necessary for sustained survival. 

 Since COX-2 is proinflammatory and appears to be crucial 

for bladder carcinogenesis, a mechanism by which MMA(III) may induce transformation 

of bladder cells is through aberrant COX-2 induction.  Both mitogen-activated protein 

kinase (MAPK) and phosphoinositide-3 kinase (PI3K) pathways have been implicated in 



119 

 

bladder carcinogenesis.  Activation of either PI3K or MAPK pathways can cause 

induction of COX-2 protein.  Either PI3K or members of the MAPK family of signal 

transduction proteins, c-Jun NH2-terminal kinases (JNKs), extracellular signal-regulated 

kinases (ERKs or p42/44 MAPK), and p38 MAPK/stress-activated protein kinases 

(SAPKs), can phosphorylate transcription factors responsible for COX-2 expression 

(Lasa et al., 2000; Volanti et al., 2005).  A number of studies demonstrated that As(III) 

can stimulate MAPK signal transduction pathways (Barchowsky et al., 1999; Drobna et 

al., 2003; Qu et al., 2002; Simeonova et al., 2002).  In addition, As(III) activates PI3K in 

some human prostate carcinoma (DU145) cells (Gao et al., 2004).  Like As(III), 

MMA(III) activates MAPK pathway, specifically ERK-2 (Drobna et al., 2003).  

Simultaneous activation of either MAPK or PI3K followed by induction of COX-2 by 

MMA(III) has not been demonstrated in any human cell lines.   

 Chronic MMA(III) exposure causes UROtsa cells to form SCC, a tumor histology 

exclusively associated with chronic inflammation of the bladder (Bredfeldt et al., 2006).  

Therefore, it is likely that MMA(III) activates proinflammatory signal transduction 

pathways that elevate COX-2 protein in UROtsa cells, which contributes to malignant 

transformation.  To address this hypothesis, COX-2 expression was investigated in URO-

MSC52 cells and UROtsa cells acutely exposed to biologically relevant concentrations of 

MMA(III).  Furthermore, pharmacological inhibitors were used to identify the signal 

transduction pathway responsible for COX-2 induction and to determine if inhibition of 

that pathway would attenuate the growth of a MMA(III) transformed human bladder cell 

line, URO-MSC52. 
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Specific Aim 
 
3.  To determine MMA(III)-induced perturbations in signal transduction that 

potentially promote malignant transformation. 

Rationale 
 
 URO-MSC52 cells, a UROtsa cell line malignantly transformed by MMA(III) 

exposure, form SCC when heterotransplanted in to SCID mice.  SCC is a tumor histology 

strongly associated with chronic inflammation of the bladder (Cohen and Johansson, 

1997).  Inflammation promotes vascularization and proliferation, which contribute to 

malignant transformation.  Thus, identification of signal transduction pathways 

stimulated by MMA(III) that drive malignant transformation not only establishes a 

possible mechanism of MMA(III) carcinogenesis but also targets for chemoprevention.  

In order to understand whether stimulation of proinflammatory, mitogenic signal 

transduction occurs in UROtsa cells chronically exposed to MMA(III), a biomarker of 

growth and inflammatory signal transduction was chosen and followed throughout long-

term exposure.  Since COX-2 is downstream of mitogenic, proinflammatory signal 

transduction pathway stimulation, pharmacological inhibitors were used to identify the 

signal transduction pathway responsible for COX-2 induction in UROtsa cells treated 

with MMA(III).  Finally, the significance of active mitogenic signal transduction was 

evaluated in URO-MSC52 cells.  Pharmacological inhibitors were used to inhibit cell 

growth in soft agar and assessed for the ability to induce cell death via MTT assay. 
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Materials and Methods 
 

Chemicals 
 

Sodium arsenite, sodium vanadate (Na3VO4), Tris-HCl sodium chloride (NaCl), 

sodium fluoride (NaF), potassium chloride (KCl), sodium pyrophosphate (Na2H2P2O7), 4-

(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), phenylmethylsulphonyl 

fluoride (PMSF), sodium deoxycholate (C24H39NaO4), protease inhibitor cocktail, 

epidermal growth factor (EGF), insulin, indomethacin, methanesulfonamide (NS-398), 

and DMSO were purchased from Sigma Chemical Company (St. Louis, MO).  H89, 

BIM, OK, PP2, JNKi, SB205380, and Wortmannin were purchased from Calbiochem a 

brand of EMB Biosciences (San Diego, CA).  PD98059 and LY294002 were obtained 

from Cell Signaling Technology (Danvers, MA).  Inhibitors were prepared according to 

manufacturer’s protocol and frozen at -20ºC.  Dulbecco’s Modified Eagle Medium 

(DMEM), Dulbecco’s Modified Eagle Medium:F12 (DMEM:F12), fetal calf serum 

(FBS), antibiotic-antimycotic, and 1X trypsin-EDTA (0.25%) were acquired from Gibco 

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

Biosciences (Piscataway, NJ).  Diiodomethylarsine (MMA(III) 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 

studies was distilled and de-ionized.   
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Cell culture 
 

UROtsa cells were provided by Drs. Mary Ann and Donald Sens (University of 

North Dakota).  Stock cell cultures were grown on 75 mm2 plastic plates using 

Dulbecco’s modified Eagle’s medium (DMEM) enriched with 5% FBS and 1% 

antibiotic-antimycotic at 37°C in 5% CO2.  For studies investigating signal transduction, 

cells were fed a serum-free growth medium made up of 1:1 mixture of DMEM and 

Ham’s F-12 supplemented with 1% antibiotic-antimycotic at least 24 h prior to dosing.  

Media was sterile filtered before use and fresh growth media was given once every three 

days.  At confluence, cells were removed from plastic using 0.25% trypsin:EDTA (1 

mM) and subcultured at a ratio of 1:4.  Cells were allowed to become 70-85% confluent 

before experiments were conducted.   

 

Monomethylarsonous acid exposures 
 

Pure MMA(III) iodide was stored in ampules at 4°C.  Fresh stock solutions of 25 

mM MMA(III) were made in distilled, de-ionized water.  As previously reported by 

Gong and colleagues (2001), MMA(III) solutions in distilled, de-ionized water were 

stable for approximately four months at 4°C with no degradation observed when 

monitored using HPLC-ICP MS.  Stock solution was diluted to final concentrations of 1, 

5, and 10 µM for dosing.  Cells were treated with 30 µl of dosing solution per 3 ml of 

media per well in 6-well plates.   
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Western blot analysis for COX-2 protein in cell lysates of UROtsa cells chronically 
exposed to MMA(III)   
 
 

UROtsa cells were plated on 100-mm tissue culture plates during chronic 

exposure to 0.05 µM MMA(III) (Bredfeldt et al., 2006).  After exposure of 12, 24, or 52 

weeks, cells were rinsed with cold PBS, removed from plates with trypsin:EDTA, and 

centrifuged.  Cell pellet was snap-frozen in liquid nitrogen.  Then, cell pellet was 

resuspended in radioimmunoprecipitation (RIPA) lysis buffer containing 50 mM Tris-

HCl (pH 8.6), 1% NP-40, 0.25% C24H39NaO4, 150 mM NaCl, 1 mM PMSF, 1 µg/ml 

aprotinin, 1 µg/ml leupeptin, 1 mM NaF, 1 mM Na3VO4, 1 mM EDTA, and 10 µg/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 BCA assay. 

Thirty micrograms of each sample was loaded onto 8-12% SDS/polyacrylamide gels.  

Samples were separated via SDS-PAGE with Mini-Protean II (BioRad, Hercules, CA) 

and transferred onto PVDF membranes (Millipore, Bedford, MA) and blocked overnight 

at 4°C with 5% non-fat dry milk in TBST.  Blots were incubated for 3 h at room 

temperature with primary antibodies for COX-2 (Cayman Chemical, Inc., Ann Arbor, 

MI) and GAPDH (Calbiochem, San Diego, CA) 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 

Pierce ECL western blotting substrate (Pierce Biotechnology, Inc., Rockford, IL).  

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). 
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Western blot analysis of COX-2 protein in UROtsa cells acutely exposed to MMA(III) 
with or without pretreatment with kinase inhibitors   
 

UROtsa cells were plated 8 X 104 per well on six-well plates for western blots.  

For studies using kinase inhibitors, cells were treated with pharmacological inhibitors 1 

to 2 h prior to MMA(III) treatment.  After MMA(III) (0-4 h) exposure, cells were rinsed 

with cold PBS and directly scraped into RIPA lysis buffer.  The above protocol was used 

for western blotting.  Blots were incubated for 3 h at room temperature with primary 

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

(Calbiochem, San Diego, CA) at manufacturer’s recommended dilution.  For MAPK 

analysis, membranes were incubated overnight at 4°C with phospho-ERK2 (Cell 

Signaling Technology, Inc., Danvers, MA), ERK2, or c-jun (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA).  The appropriate secondary antibody linked to horseradish 

peroxidase was used for detection of primary antibody.  Chemiluminescent detection was 

performed as above described.   

 

Nuclear fractionation for detection of nuclear translocation of c-jun 
 
 UROtsa cells were seeded at a density of 8 X 104/dish in 36 mm plates and grown 

to 80-90% confluence.  Cells were dosed with 0.05 µM MMA(III) for 0 to 2 h.  Nuclear 

fractionation protocol was adapted from Kosugi and colleagues (2001).  Briefly, treated 

cells were removed from plates with typsin and collected via centrifugation.  Cell pellet 

was resuspended in hypotonic buffer containing 20 mM HEPES, pH 7.4, 5 mM KCl, 2 

mM MgCl2, 0.1% NP-40, 40 mM Na2H2P2O7, 0.5% β-mercaptoethanol, 1 mM PMSF, 40 
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mM β-glycerophosphate, and 1 mM Na3VO4 and incubated for 10 min on ice.  Nuclei and 

other debris were pelleted via centrifugation through a 20% sucrose gradient at 10,000 

rpm for 1 min.  Pellet was resuspended in 800 µl of hypotonic and spun through sucrose 

gradient two more times.  Final pellet was collected and resuspended in RIPA lysis buffer 

prior to western blot analysis for nuclear translocation of c-jun. 

 

Western blot analysis for EGFR protein in cell lysates of UROtsa cells chronically 
exposed to MMA(III) 
 

UROtsa cells were collected during chronic exposure to 0.05 µM MMA(III) 

(Bredfeldt et al., 2006).  Following 12, 24, or 52 weeks of exposure, cells were rinsed 

with cold PBS, removed from plates with trypsin:EDTA, and centrifuged.  Cell pellet was 

snap-frozen in liquid nitrogen.  Then, cell pellet was resuspended in RIPA lysis buffer, 

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

concentrations were identified via BCA assay.  Thirty micrograms of each sample was 

loaded onto 8-12% SDS/polyacrylamide gels and separated via SDS-PAGE, transferred 

onto PVDF membranes, and blocked overnight at 4°C with 5% non-fat dry milk in 

TBST.  Blots were incubated overnight at 4°C with primary EGFR antibody at a 1:1000 

dilution (Santa Cruz Biotechnologies, Santa Cruz, CA).  As previously described, 

GAPDH was used as a loading control.  For detection of primary EGFR antibody, blots 

were exposed to horseradish peroxidase-linked goat anti-mouse secondary antibody for 1 

h at a 1:2000 dilution. Similarly, GAPDH primary antibody was detected with 

horseradish peroxidase-linked with goat anti-mouse secondary antibody for 1 h at a 
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1:5000 dilution.  Chemiluminescent detection was performed as mentioned using Pierce 

ECL western blotting substrate.  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). 

 

Effect of kinase or COX-2 inhibitors on URO-MSC52 cell anchorage-independent 
growth 
 

Anchorage-independent growth was detected by colony formation in soft agar. 

For colony formation in soft agar, cell were removed from culture flask with trypsin and 

suspended in culture medium 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 x 104 cells per 

well.  Cells were treated with inhibitors, PP2 (10 µM), LY294002 (10 µM), NS-398 (100 

µM), or indomethacin (100 µM), every 2 days.  After 14 days of incubation, colonies 

were manually counted with an Olympus CK2 microscope (Olympus America, Inc. 

Melville, NY).  Data represents colonies formed in single plane of agar.  Photographs 

were obtained with an Olympus IX70 microscope coupled to an Olympus camera 

(Olympus America, Inc. Melville, NY).  Analysis of photographs was conducted with 

Magnafire software (Optronics, Goleta, CA).  

 

Effect of kinase or COX-2 inhibition on URO-MSC52 cell viability 
 

Alterations in mitochondrial activity were used as an indicator of cell viability. 

The methylthiazoletetrazolium (MTT, 3-(4, 5-dimethylthizol-2-yl)-2, 5-
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diphenyltetrazolium bromide) assay measures mitochondrial activity (Loveland et al., 

1992).  Cells were plated in 6-well plates and treated with PP2 (0-50 µM), LY294002 (0-

50 µM), indomethacin (0-100 µM), or NS-398 (0-100 Μ) for 48 h.   

 

Statistical methods 
 

Data was analyzed using GraphPad Prism 4.0 software (GraphPad Software, Inc., 

San Diego, CA).  Graphs were generated in Microsoft Office Excel (Microsoft Corp., 

Redmond, WA).  Data from the MTT assay and soft agar assay are expressed as the 

average of three experiments.  These data are represented as the mean ± SEM.  Western 

blot analysis is displayed with a representative blot from multiple experiments.  Specific 

statistical tests used to determine significance are described in figure legends. 



128 

 

Results 
 

MMA(III) concentration selection 
 
 The concentration range for these studies was 0.01 to 0.1 µM MMA(III), which 

was chosen for several reasons.  Previous research demonstrated that 0.05 µM MMA(III) 

was sufficient to induce malignant transformation in UROtsa cells (Bredfeldt et al., 

2006).  Thus, the concentration range of 0.01 to 0.1 µM MMA(III) will make it possible 

to evaluate the effects of concentrations that are carcinogenic.  Finally, 0.01 to 0.1 µM 

MMA(III) are concentrations found in human urine and make this study biologically 

relevant (Aposhian et al., 2000a; Mandal et al., 2001)  

 

COX-2 is induced in UROtsa cells chronically treated with MMA(III) 
 
 Previous work has demonstrated that many bladder cancer tumor specimens have 

increased COX-2 expression (Eltze et al., 2005; Vollmer et al., 1998; Wadhwa et al., 

2005).  In addition to being an important biomarker in bladder cancer, inhibition of COX-

2 inhibits bladder cancer cell growth in vitro and in vivo (Farivar-Mohseni et al., 2004; 

Gee et al., 2006; Mohammed et al., 2006).  Western blot analysis of cell lysates harvested 

from UROtsa cells during malignant transformation via MMA(III), know as URO-MSC 

cells, treatment illustrates that COX-2 is up-regulated in a time-dependent fashion (Figure 

14).  Since cells were removed for media supplemented with MMA(III), this suggests 

that COX-2 induction is due to changes in the constitutive activity of signal transduction 

pathway responsible for induction.  
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Figure 14.  COX-2 protein is elevated in UROtsa cells chronically exposed to 
MMA(III) (URO-MSC) cells.  Cells lysates were isolated following 12, 24 and 52 
weeks exposure to MMA(III).  Representative western blot (N ≥ 3) shows the time-
dependent increase in COX-2 protein (72 kDa).  Following COX-2 western blot analysis, 
membranes were stripped and reprobed for glyceraldehyde phosphate dehydrogenase 
(GAPDH) protein, which served as a loading control. 
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Short-term MMA(III) treatment induces COX-2 in UROtsa cells 
 
 To demonstrate that COX-2 induction occurs due to MMA(III) treatment, naïve 

UROtsa cells were treated acutely with 0.01 to 0.1 µM MMA(III) for 2 and 4 h.  The 

strongest induction occurred following 4 h treatment (Figure 15). As(III) (1 and 10 µM) 

was used as a positive control since previous studies have demonstrated that short-term 

treatment with As(III) causes COX-2 induction in normal human epidermal keratinocytes 

(NHEK) and vascular endothelial cells (ECV304) (Trouba and Germolec, 2004; Tsai et 

al., 2002). Concentrations as low as 0.01 µM MMA(III) induced COX-2.  A 

concentration-dependent increase in COX-2 protein occurred between doses 0.01 and 

0.05 µM MMA(III).  However, a reduction in COX-2 protein was observed at 0.1 µM 

MMA(III), suggesting that COX-2 induction may be reduced by higher concentrations of 

MMA(III) or that the induction of COX-2 protein by higher concentrations of MMA(III) 

peaks at a time different from that of the lower concentrations. 
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Figure 15.  MMA(III) elevates COX-2 protein in UROtsa cells.  Cells were treated 
with MMA(III) (0 – 0.1 µM, 4h) and lysates were collected and analyzed for COX-2 
protein via western blot analysis.  Representative western blot (N ≥ 3) shows induction of 
COX-2 protein following MMA(III) treatment.  Recombinant COX-2 protein and As(III) 
(1 and 10 µM) were used as positive controls.  GAPDH was used to illustrate equal 
loading. 
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Extracellular signal-regulated kinase pathway activation via MMA(III) treatment is  
responsible for COX-2 induction in UROtsa cells 
 
 In order to determine which signal transduction pathway was responsible for 

MMA(III)-induced COX-2 expression, UROtsa cells were pretreated for 1-2 h with 

pharmacological inhibitors of various pathways src, PI3K, PKA, PKC, MEK 1,2, p38, 

JNK and then exposed to 0.05 µM MMA(III) for 4 h (Table7).  Following treatment, cell 

lysates were collected and analyzed via western blot to determine if COX-2 induction 

could be blocked, thusly identifying the responsible signal transduction pathway.  PP2, an 

inhibitor of src, and PD98859, an inhibitor of MEK 1, 2, robustly blocked the induction 

of COX-2 (Figure 16).  Thus, MMA(III) stimulates MAPK pathway member via ligand-

independent activation of epidermal growth factor receptor (EGFR) through src 

activation, subsequent ERK 1, 2 phosphorylation, and induction of COX-2 protein.  

Similarly, Simeonova and colleagues (2002) demonstrated that As(III) activates EGFR 

via src activation and subsequent ERK 1,2 phosphorylation in UROtsa cells.  In addition 

similar observations were made in vivo where functional src is required for As(III)-

induced activation of EGFR and ERK 1, 2 in mouse urinary bladder following chronic 

arsenic exposure (Simeonova et al., 2002).   

 

MMA(III) activates extracellular signal-regulated kinase pathway in UROtsa cells 
 
 To verify that MMA(III) does stimulate the EGFR ligand-independent pathways 

via src activation, UROtsa cells were treated with MMA(III) (0.05 µM, 0-120 min) and 

lysates were collected and analyzed via western blot for ERK 2 phosphorylation (Figure  
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TABLE 7.  Summary of effect of pharmacological inhibitors on MMA(III)-induced 
COX-2 expression in UROtsa cells. 6 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
6 Inhibitors of src and MEK 1,2 block COX-2 induction following MMA(III) treatment (0.05 µM, 4h), thus 
identifying the pathway responsible for MMA(III)-induced COX-2 expression. 
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Figure 16.  Effect of various inhibitors of signal transduction on MMA(III)-induced 
COX-2 expression in UROtsa cells.  Administration of a src (PP2, 10 or 20 µM) or 
MEK 1, 2 (PD98059, 10 µM) inhibitors blocks COX-2 protein elevation via MMA(III) 
treatment, suggesting that src and MEK activation are responsible for COX-2 expression.  
Representative western blot shows that inhibitors of src and MEK 1, 2 block COX-2 
induction.  GAPDH served as a loading control. 
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19A).  Phosphorylation of ERK 1, 2 in response to MMA(III) treatment (1 µM) was 

observed by Drobna and colleagues (2003).  In this study, ERK 2 was strongly activated, 

having a 30-fold increase in phosphorylation.  ERK1 was weakly activated with a 4-fold 

increase in phosphorylation status.  Since previous observations found that ERK 2 was 

the most strongly activated ERK, ERK 2 activation was the focus of this study.  At the 

concentration of 0.05 µM MMA(III), ERK2 is rapidly phosphorylated.  Phosphorylation 

peaks following 15 min of treatment.  This finding appears to reflect the effect of the low 

concentration of MMA(III) since the higher concentrations (1 µM) cause phophorylation 

status of ERK 2 to reach a maximum approximately 90 min after administration (Drobna 

et al., 2003). 

 Further support for the activation of ligand-independent EGFR was collected via 

observation of increases in activator protein-1 (AP-1), a transcription factor downstream 

of ERK 1, 2, nuclear translocation.  UROtsa cells were treated with 0.05 µM MMA(III) 

for 15 to 120 min.  Following treatment, cell nuclei were separated from cytosol and 

analyzed via western blot for c-jun, a component of AP-1 transcription factor.  Figure 17 

B illustrates the observed increase in nuclear c-jun protein and suggests that AP-1 is 

activated following 0.05 µM MMA(III) treatment.   

 

EGFR is up-regulated in URO-MSC52 cells 
 
 To determine if changes in EGFR-associated signal transduction occurred with 

chronic MMA(III) exposure, URO-MSC52 cell lysates were isolated and western blot  



136 

 

A. 

 

 

B. 

 

 
 
Figure 17.  MMA(III) (0.05 µM, 4 h) stimulates EGFR ligand-independent signaling 
in UROtsa cells.  A) Representative western blot shows phosphorylation of ERK 2 
following MMA(III) treatment.  B) AP-1 is a transcription factor found downstream of 
MMA(III)-induced ERK 2 activation (Drobna et al., 2003).  Western blot analysis for c-
jun protein, a component of AP-1, of cytosolic and nuclear fraction isolated from UROtsa 
cells treated with MMA(III) demonstrates that this transcription factor is activated 
following MMA(III) treatment.  Representative western blots from N = 2.   
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analysis was performed to detect increases in EGFR protein.  In URO-MSC52 cells, the 

relative amount of EGFR, also known as the oncogene erb-b, was significantly elevated  

(Figure 18).  This observation is consistent with gene array data collected from URO-

MSC52 cells, which found erb-B to be elevated 10-fold compared to control UROtsa 

cells.  Numerous studies identified erb-B to be up-regulated in bladder cancer tumor 

samples.  In addition, bladder tumors with elevated erb-B or EGFR are more likely to be 

aggressive and invasive (Vollmer et al., 1998). 
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Figure 18.  EGFR expression is elevated in URO-MSC cells.  Western blot analysis of 
UROtsa cell lysates following 24 (URO-MSC24) or 52 (URO-MSC52) weeks of 
MMA(III) exposure revealed that relative amounts of EGFR (170 kDa) protein are 
increased compared to untreated control UROtsa.  Increases in EGFR protein suggest 
possible constitutive activity in EGFR-related signal transduction.  Representative 
western blot from N = 3.  GAPDH served as loading control. 
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Inhibitors of EGFR-associated signal transduction are cytotoxic to URO-MSC52 cells 
 
 To determine if signal transduction downstream of EGFR was necessary for 

URO-MSC52 cell viability and survival, cells were treated with inhibitors of src (PP2, 0-

50 µM), PI3K (LY294002, 0-50 µM), COX-1 and -2 (indomethacin, 0-100 µM), and 

COX-2 (NS-398, 0-100 µM) for 72 h.  Cytotoxicity of various inhibitors was evaluated 

via MTT assay (Figure 19).  Inhibition of PI3K and src significantly altered viability of 

URO-MSC52 cells.  The PI3K inhibitor LY294002 was the most efficacious inhibitor 

with an IC50 of approximately 3 µM.  PP2, and inhibitor of src, was the second most 

effective inhibitor with an IC50 of roughly 10 µM.  Chiang and colleagues (2005) also 

found PP2 to be cytotoxic to a panel of 6 bladder cancer cell lines (J82, T24, UM-UC-3, 

EJ, KK47, and HU456).  Inhibitors of COX-1 and/or -2, indomethacin and NS-398, were 

not overtly cytotoxic, having IC50 values of > 100 µM.  Evaluation of treated URO-

MSC52 cells via light microscopy revealed that COX inhibitors appear to either arrest 

cell division or induce apoptosis.  Previous studies by Mohseni and colleagues (2004) 

found similar results wherein COX-1 and/or -2 inhibitors reduced the proliferation of 

bladder cancer cells via apoptosis.  Similarly, Gee et al. (2006) found that COX-2 

inhibitor NS-398 significantly inhibited growth of UM-UC-1 and UM-UC-6 transitional 

carcinoma cells.  From these data, it is apparent that PI3K, src, COX-1 and -2 are 

necessary for the survival and growth of URO-MSC52 cells.  However, PI3K and src 

appear to have a more dominant role in survival and growth. 

 



140 

 

 

 

 

 
Figure 19.  Cytotoxicity of inhibitors of EGFR-related signal transduction in URO-
MSC52 cells.  MTT assay of UROtsa cells treated with inhibitors of src (PP2, 1 - 50 
µM), PI3K (LY294002, 1 - 50 µM), and COX-1 and/or -1 (indomethacin, 10 - 100 µM, 
or NS-398, 10 - 100 µM).  Results from MTT assay (% Viable vs. Concentration of 
Inhibitor) demonstrate that LY294002 followed by PP2, NS-398, and indomethacin are 
toxic to UROtsa cells.  N = 3. 
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Inhibitors of EGFR-associated signal transduction block tumorigenic qualities of 
URO-MSC52 cells 
 
 Since PI3K, src, and COX-1 and -2 maintain functional growth and survival in 

URMSC52 cell, it is important to determine whether inhibitors of this EGFR-associated 

signal transduction pathway also alter the tumorigenic qualities of URO-MSC52 cells.  

Colony formation, or anchorage-independent growth, in soft agar is a quality frequently 

possessed by cancer cell lines.  Previous work demonstrated that URO-MSC52 cells 

grow in soft agar (Bredfeldt et al., 2006).  Cells were seeded in 0.3% agar for 14 days.  

During this time, URO-MSC52 and control cells were treated with PP2 (10 µM), 

LY294002 (10 µM), indomethacin (100 µM), and NS-398 (100 µM) every other day.  

Following incubation, colonies were counted via light microscopy.  Data represents the 

number of colonies formed per 25 microscope fields (Figure 20 A).   

In all treatment groups, colonies were smaller and fewer in number.  However, 

similar to cytotoxicity studies, LY294002 was again the most efficacious inhibitor of 

colony formation in soft agar, inhibiting colony formation approximately 90%.  PP2 

inhibited colony formation by 50% with all colonies being significantly smaller than 

untreated URO-MSC52 cells (Figure 20 B).  Indomethacin also inhibited colony 

formation.  In general, indomethacin treated colonies were smaller and less dense in 

population (Figure 20 B).  Similarly, NS-398 reduced colony formation in soft agar 

(Figure 20 B).  The effects of indomethacin and NS-398 were somewhat different that 

PP2 and LY294002.  While PP2 and LY294002 appeared to cause cytotoxicity to URO-

MSC52 cells, indomethacin and NS-398 simply block anchorage-independent growth.  
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Thus, cells treated with indomethacin or NS-398 were frequently alive, but not forming 

colonies. 

The ability of inhibitors PI3K to block colony formation of bladder cancer cells in 

soft agar has not been investigated.  However, Cheng and colleagues (2004) observed 

that inhibition of PI3K in Madin-Darby canine kidney (MDCK) epithelial cells caused 

loss of anchorage-independent growth and anoikis, or detachment-induced apoptosis.  

The ability of src-family kinase inhibitor PP2 to inhibit the tumorigenic qualities of six 

bladder cancer cell lines was previously investigated (Chiang et al., 2005).  In this study, 

PP2 inhibited all bladder cancer cell lines in matrigel invasion assay.  COX-1 and -2 

inhibitors appear to have more variable effects on the tumorigenic effects on bladder 

cancer cells.  Gee et al. (2006) observed COX-2 inhibition to prevent colony formation in 

soft agar of some bladder cancer cell lines.   
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Figure 20.  Inhibitors of EGFR-related signal transduction reduce URO-MSC52 cell 
ability to form colonies in soft agar.  A) Colonies were counted from a single plane of 
agar from 25 randomly selected microscope fields.  Bars represent mean ± SEM (n = 3).    
Data were further analyzed with student’s t-test to identify significant changes in the 
ability to form colonies in soft agar.  Statistically significant values (p < 0.05) are marked 
with asterisk (*).  B) Light microscopy of colony growth following 14 days of incubation.  
Colonies of URO-MSC52 cells untreated, treated with LY294002 (10 µM), PP2 (10 µM), 
indomethacin (100 µM) or NS-398 (100 µM) were photographed at X20.  Photographs 
illustrate that colonies in all treated groups were smaller and fewer in number than URO-
MSC52 cells.  However, LY294002 was the most efficacious inhibitor of anchorage-
independent growth in URO-MSC52 cells. 
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Discussion 
 

Since chronic MMA(III) treatment causes UROtsa cells to form tumors of 

squamiod differentiation, it is of interest to investigate whether this arsenical promotes 

inflammation of bladder cells in vitro.  Therefore, this study investigated the role of 

MMA(III)-induced signal transduction and the role of the identified pathways in the 

maintenance of tumorigenic qualities of URO-MSC52 cells.  It is hypothesized if 

MMA(III) does promote inflammation in UROtsa cells, MMA(III)-induced inflammation 

may be a key mechanism of arsenic-induced bladder cancer.   

  Cyclooxygenase-2 (COX-2) is an inducible enzyme responsible for the 

metabolism of arachidonic acid to proinflammatory prostaglandin H2 (PGH2), which is a 

precursor to other prostanoids that function as inflammatory mediators.  COX-2 may be 

induced by inflammatory cytokines or mitogens (Vane et al., 1998).  The over expression 

of COX-2 contributes to carcinogenesis via promotion of cell proliferation, inhibition of 

apoptosis, elevation of angiogenesis, and increased invasiveness (Cao and Prescott, 2002; 

Dannenberg et al., 2005).  Elevated expression of COX-2 is frequently observed in 

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

In addition, COX-2 expression is associated with increases in bladder tumor grade and 

aggressiveness, highlighting the importance of COX-2 as not only as a mediator of 

bladder carcinogenesis but as a key biomarker for disease state (Wadhwa et al., 2005).  

Recently, COX-2 overexpression was shown to cause transitional cell hyperplasia (TCH) 

and transitional cell carcinoma of the bladder in transgenic mice (Klein et al., 2005). 

 In URO-MSC52 cells, COX-2 expression increases in a time-dependent fashion.  



147 

 

The increased COX-2 expression correlates with phenotypic alterations wherein UROtsa 

cells become malignant.  For example, COX-2 expression is detected in URO-MSC cells 

following 12 weeks of exposure to 0.05 µM MMA(III).  The relative amount of COX-2 

continued to increase following 24 and 52 weeks exposure to MMA(III).  Since cell 

lysates were isolated from UROtsa cells following chronic treatment, it was unknown if 

COX-2 induction was exclusively due to MMA(III) or constitutive over activity in signal 

transduction.  To address this question, UROtsa cells were treated with MMA(III) (0-0.1 

µM, 4 h) short-term.  Western blot analysis demonstrated that MMA(III) induced COX-2 

protein at concentrations as low as 0.01 µM.  This is the first study to demonstrate that 

MMA(III) induces COX-2 expression in both short-term and chronic treatment models.  

However, previous work observed that As(III) treatment causes elevated COX-2 

expression and prostaglandin E2 (PGE2) secretion (Trouba and Germolec, 2004; Tsai et 

al., 2002).  Trouba and Germolec (2004) demonstrated that COX-2 was induced by ERK 

1,2 activation in NHEK cells.  Although Drobna et al. (2003) observed that 1 µM 

MMA(III) ERK1,2, it was previously unknown if low nanomolar does of MMA(III) 

could activate ERK. 

 Similar to work from Trouba and Germolec (2004), pharmacological inhibitors 

identified that MMA(III)-induced expression occurs via src activation and ERK 1,2 

phosphorylation.  In this study, UROtsa cells were pretreated with kinase inhibitors 1-2 h 

prior to exposure with MMA(III).  Western blot analysis of COX-2 protein revealed that 

inhibitors of src and MEK1,2 blocked COX-2 induction.  Thus, MMA(III) activates src 

and ERK 1, 2.  To illustrate that ERK 1, 2 was activated by MMA(III) western blot 
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analysis revealed that ERK 2 was phosphorylated following 15 min of 0.05 µM 

MMA(III) treatment.  ERK 2 phosphorylation was chosen rather than ERK 1, 2 because 

ERK 2 is more sensitive to MMA(III) treatment (unpublished data, Drobna et al., 2003).  

AP-1, a transcription factor downstream of ERK was also activated by 0.05 µM 

MMA(III) treatment as demonstrated by increases in nuclear translocation of c-jun.  

Recently, Hour and colleagues (2006) detected increased c-fos, a protein that may be 

present in AP-1 dimers, in bladder tissues of humans drinking arsenic contaminated 

water.  Thus, not only is there in vitro evidence that this pathway is important in arsenic 

exposed cells, there is also in vivo evidence that perturbations in this pathway occur in the 

human bladder following arsenic exposure.  The importance of this pathway was further 

illustrated in work investigating which member of the MAPKs found that activation of 

ERK not JNK was required for As(III)-induced transformation in the JB6 P+ mouse 

epidermal cell line Cl 41 (Huang et al. 1999).  In this study, Cl 41 parental cells and Cl 41 

cells transfected with a dominant negative ERK2 were exposed to As(III) for 4 weeks.  Cl 

41 cells transfected with a dominant negative ERK2 plasmid did not transform, as 

measured by colony formation in soft agar.  This study clearly illustrated the importance 

of ERK activation above that of other MAPKs in As(III)-induced transformation. 

The stimulation of ERK following arsenic treatment is believed to occur via 

EGFR-mediated signaling (Simeonova et al., 2002; Wu et al., 1999).  Recently, acute 

MMA(III) exposure was found to stimulate phosphorylation of EGFR in UROtsa cells 

(data not shown).  Thus, arsenic stimulates proliferation in UROtsa cells via ligand-

independent stimulation of EGFR, presumably via src activation.  However, the 
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mechanism of MMA(III) or As(III)-induced src activation is unknown.  In addition, the 

role of EGFR in arsenic carcinogenesis is not characterized   

EFGR, also know as erb, is up-regulated in bladder cancer, suggesting that short-

term and long-term perturbation in the activity in this signal transduction pathway are 

important in arsenic-induced carcinogenesis (Lonn et al., 1993; Eltze et al., 2005; 

Simeonova et al., 2002; Vollmer et al., 1998).  There are several mechanisms that drive 

constitutive activation of EGFR-related signaling.  Frequently, amplification occurs in the 

EGFR gene resulting in over expression and increased activity (Ohagaki, et al., 2004; 

Sunpaweravong et al., 2005).  Other mechanisms that cause constitutive activity in 

EGFR-related signaling include the over expression of EGFR ligands by tumor or 

neighboring cells as well as mutation in the EFGR gene that cause EGF signal 

transduction to increase (Moscatello et al., 1995; Salomon et al., 1995).  Due to the 

apparent importance of EGFR to arsenic-induced cancer, western blot analysis was 

performed on URO-MSC cells during transformation via MMA(III) to determine if 

relative amounts of this protein were increased.  The amount of EGFR protein was 

increased in a time-dependent fashion, suggesting that EGFR and downstream effectors 

are important to the growth and survival of URO-MSC cells. 

To determine if the hypothesis that EGFR-related signaling was indeed crucial to 

URO-MSC52 cell growth, downstream signaling targets of EGFR (src, PI3K, and COX-1 

and/or -2) were inhibited via pharmacological inhibitors.  First, the toxicity of inhibitors 

of src, PI3K, and COX-1 and/or -2 were assessed via MTT assay to determine if any of 

these signaling proteins were necessary for URO-MSC52 cell growth and survival.  
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Inhibitors of src (PP2) and PI3K (LY204002) were the most toxic to URO-MSC52 cells, 

having approximate IC50 values of 10 and 3 µM.  Only higher doses (> 100 µM) of COX-

1/-2 (indomethacin) and COX-2 (NS-398) were significantly toxic to URO-MSC52 cells.  

Thus, it can be concluded that COX-1 and -2 are not crucial for URO-MSC52 cell growth 

and survival.  The finding that COX-1 and -2 are not necessary for URO-MSC52 survival 

is interesting.  Recent research demonstrated that COX-2 inhibitors inhibit cell growth 

and induce apoptosis in bladder cancer cell lines (Gee et al., 2006; Mohseni et al., 2004).  

However, Gee and colleagues (2006) found that not all bladder cancer cell lines with 

increased COX-2 expression were affected by COX-2 inhibition.  Thus, COX-2 

expression is not necessary for sustained survival in URO-MSC52 cells.  Although COX-

1 and -2 appear to not be crucial for URO-MSC52 cell survival, these proinflammatory 

enzymes may still play a role in progression and the development of tumorigenic 

qualities in URO-MSC52 cells.  At this time, it is impossible to know if the 

administration of COX inhibitors would have prevented MMA(III)-induced malignant 

transformation in UROtsa cells or whether inhibitors would have changed the histology 

of the resultant tumors.  Therefore, such work should be of great interest in future studies. 

To further investigate the role of EGFR-related signal transduction in URO-

MSC52 cells, the ability or inhibitors of src, PI3K, and COX-1 and/or -2 to prevent 

anchorage-independent growth was assessed.  The ability to form colonies in soft agar 

was used as a measure of anchorage–independent growth.  All four inhibitors reduced the 

ability of URO-MSC52 cells to form colonies in soft agar, which was observed as smaller 

and fewer colonies.  LY2940002, an inhibitor of PI3K, in particular diminished colony 
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formation by approximately 90%.  The src inhibitor PP2 also reduced colony formation 

by 50%.  Similarly, indomethacin and NS-398 inhibited the number of colonies formed 

by 70% and 80%, respectively.  A number of studies have investigated the role of 

inhibitors of src and COX-1 and/or -2 in bladder cancer cells.  Chiang and colleagues 

(2005) demonstrated that inhibition of src reduced the invasive capacity of a number of 

bladder cancer cell lines, including J82, T24, UM-UC-3, EJ, KK47, and HU56.  In that 

study, invasion was measured with the matrigel invasion assay wherein cancer cells 

migrate through a membrane coated with matrigel.  Like src, COX-2 is also important for 

anchorage-independent growth.  Choi et al. (2005) found that COX-2 expression is 

necessary for the prevention of anoikis, or detachment-induced apoptosis, in the human 

bladder cancer cell line ES.  The authors hypothesized that COX-2 specifically activates 

PI3K kinase/Akt pathway to promote cell survival and invasiveness.  The study presented 

herein does not completely agree with that hypothesis because it appears that PI3K 

pathway has developed autonomy that is independent of COX-2 expression in URO-

MSC52 cells.  This observation may be due to the over expression of EGFR, which 

would independently activate PI3K pathway and provide a mechanism that bypasses the 

dependency of this pathway on COX-2 expression.  This hypothesis is further supported 

by the observation that src and PI3K, proteins directly downstream of EGFR, appear to 

be more important for URO-MSC52 cell survival and anchorage-independent growth. 

In summary, this study identifies a relationship between MMA(III)-induced perturbation 

in EGFR-related signal transduction wherein COX-2 protein is expressed following src 

activation and ERK phosphorylation (Figure 21).  COX-2 is an important inflammatory 
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mediator, which has been described in numerous publications to contribute to 

carcinogenesis via promotion of cell proliferation, inhibition of cell death, induction of 

angiogenesis, and facilitation of invasion.  Since MMA(III) causes UROtsa cells to form 

SCC, a tumor histology specifically associated with chronic inflammation, it is likely that 

induction of inflammation (e.g. COX-2 expression) is a plausible mechanism for 

MMA(III) bladder carcinogenesis.  In addition, COX-2 is constitutively expressed at 

early stages during MMA(III)-induced malignant transformation of UROtsa cells, making 

it a possible biomarker and target for chemoprevention of arsenic carcinogenesis 

(Castano et al., 1997; Marks and Furstenberger, 2000; Trouba and Germolec, 2004).  This 

idea is particularly appealing since pretreatment of cells with COX-1 and/or -2 inhibitors 

may block MAPK stimulation, a phenomenon that does not occur when treatment occurs 

with or following mitogenic stimulation (Huang et al., 1997). Another biomarker 

identified in this study was EGFR, which was also up-regulated in URO-MSC52 cells.  

The finding that this receptor is increased in URO-MSC cells and that inhibition of 

subsequent downstream signal transduction proteins inhibits cell growth, survival, and 

anchorage-independent growth highlights the importance of this pathway in arsenic 

carcinogenesis. Consequently, such observations are the first to establish a relationship 

between the short-term effects of MMA(III) and a pathway that is clearly dysregulated in 

an cell line malignantly transformed by MMA(III).  Therefore, this work highlights a 

potential mechanism for MMA(III)-induced bladder cancer. 
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Figure 21.  Summary of detected changes in EGFR-related signal transduction in 
URO-MSC52 cells.  In URO-MSC 52 cells, increases in EGFR and COX-2 were 
observed.  MMA(III) stimulates signal transduction downstream of EGFR via ligand-
independent signaling through src, which subsequently activates a cascade that causes 
ERK phosphorylation and AP-1 nuclear translocation.  The activation of EGFR-related 
signal transduction promotes growth, survival, and inflammation, which potentially play 
a crucial role in arsenic carcinogenesis. 
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Conclusions 
 
The signal transduction studies demonstrated the following: 

1.  MMA(III) induces COX-2 expression in UROtsa cells following acute and 
chronic treatment. 

 
2.  The induction of COX-2 protein occurs through MMA(III)-induced stimulation 

of EGFR ligand-independent pathway (src), leading to ERK2 phosphorylation 
and increases in nuclear c-jun protein. 

 
 3.  EGFR (erb-b1) is up-regulated in URO-MSC52 cells, which further supports 

the importance if perturbations in this pathway in arsenic-induced bladder 
cancer. 

 
 4.  Inhibitors of EGFR-related signal transduction, PI3K (LY294002), src (PP2), 

and COX-1 and/or -2 (indomethacin, NS-398), are cytotoxic to URO-MSC52 
cells. 

 
  5.  Inhibitors of EGFR-related signal transduction also inhibit the tumorigenic 

qualities of URO-MSC52 cells, as shown by reduced colony formation in 
soft agar. 
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CHAPTER V 

SUMMARY OF STUDIES AND FUTURE DIRECTIONS 
 

Rationale for Studies 
 
 Although a number of studies demonstrated that trivalent, methylated arsenicals 

are more toxic than inorganic arsenic, it is unknown if these metabolites contribute to 

cancer development in exposed individuals.  The primary goal of this work was to 

investigate the effects of arsenic on human bladder cells, which are a target of arsenic 

carcinogenesis.  This dissertation specifically investigated the ability of MMA(III) to 

induce malignant transformation in UROtsa cells and possible mechanism(s) driving 

transformation.  Few studies have investigated the effects of chronic MMA(III) exposure.  

MMA(III) was recently found to be carcinogenic in rodents (Delker et al., 2006; 

Krishnamohan et al., 2006).  However, attempts to transform human cells with MMA(III) 

have failed (Mure et al., 2003).  With so few studies investigating the role of MMA(III) 

in arsenic carcinogenesis, the goal of determining whether MMA(III) can cause 

malignant transformation in human cells is timely and relevant. 

Summary of Findings 
 

UROtsa cells are a good model for arsenic toxicology studies 
 

Model characterization studies evaluated the effects of both As(III) and MMA(III) 

on UROtsa cells, establishing a foundation for future studies.  UROtsa cells 

biotransformed As(III) to MMA(III), MMA(V), and DMA(V) (Bredfeldt et al., 2004).  
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Examination of the toxicity of MMA(III) revealed that MMA(III) is 20 times more toxic 

than As(III) (Bredfeldt et al., 2006).  In these studies, protein ubiquitination served as a 

biomarker to identify approximate concentrations of As(III) or MMA(III) that elicited a 

biological effect.  The accumulation of ubiquitinated proteins occurred in UROtsa cells at 

concentrations < 0.5 µM.  The concentrations identified in the ubiquitin studies 

established an approximate threshold for As(III) and MMA(III) and were used in 

subsequent acute and chronic exposure models. 

 

Is MMA(III) carcinogenic? 
 

UROtsa cells were chronically exposed to MMA(III) to determine if this 

metabolite caused malignant transformation. Growth rate, anchorage-independent 

growth, and tumorigenicity in SCID mice were monitored as indicators of transformation. 

Following 12 weeks of exposure, URO-MSC cells became hyperproliferative.  URO-

MSC cells formed colonies in soft agar after 24 weeks of exposure.  Finally, URO-MSC 

cells became tumorigenic in vivo following 52 weeks of exposure, indicating malignancy 

(Table 8).  Gene array studies were conducted to further demonstrate that URO-MSC52 

cells were a malignant cell line.  Several genes associated with proliferation, survival, and 

metastasis were elevated and mediators of apoptosis were down-regulated.  Thus, gene 

expression changes strongly support the observation that MMA(III) malignantly 

transformed UROtsa cells.  
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TABLE 8.  Summary of malignant characteristics acquired by UROtsa cells 
chronically treated with 0.05 µM MMA(III).  
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Mechanism of MMA(III)-induced malignant transformation 
 

URO-MSC52 cells formed squamous cell carcinoma (SCC) in vivo, which is 

associated with chronic inflammation (Cohen and Johansson, 1992).  The inflammatory  

mediator COX-2 is elevated in URO-MSC cell following acute and long-term exposure 

to MMA(III).  Pharmacological inhibitors identified the signal transduction pathway 

responsible for COX-2 induction.  MMA(III) stimulates EGFR in a ligand-independent 

manner via src, resulting in ERK phosphorylation and AP-1 nuclear translocation (Figure 

22).  EGFR is elevated in URO-MSC52 cells.  The importance of EGFR in URO-MSC52 

cells was identified via inhibition of src, PI3K, and COX-1 and/or -2 on URO-MSC52 

cell viability and anchorage-independent growth.  Inhibitors of PI3K and src were most 

toxic to URO-MSC52 cells.  However, COX-1 and/or -2 inhibitors were toxic at 

concentrations < 100 µM.  All inhibitors reduced colony formation in soft agar.  These 

studies illustrated that EGFR-associated signal transduction is a key pathway in arsenic-

induced carcinogenesis. 

Overall Conclusions 
 

1.  MMA(III) is carcinogenic to human cells at a biologically relevant 
concentration. 

 
2.  MMA(III) induces gene expression changes consistent with malignant 

transformation in URO-MSC cells. 
 
3.  MMA(III) elevates COX-2 levels both acutely and chronically in UROtsa 

cells. 
 
4.  Ligand-independent EGFR signaling is stimulated by MMA(III) is 

present and crucial for survival and tumorigenesis in URO-MSC52 cells. 
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Figure 22.  MMA(III) induces COX-2 expression.  MMA(III) causes increases in the 
relative levels of COX-2 by EGFR ligand-independent stimulation of src.  Src activates 
the MAPK cascade, which results in ERK 2 phosphorylation and nuclear translocation of 
AP-1.   
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Interpretation of Findings 
 

MMA(III) is carcinogenic 
 

In this study, chronic MMA(III) exposure caused malignant transformation in 

UROtsa cells (Bredfeldt et al., 2006).  Although the model chosen for this work is an 

immortalized cell line, a quality that may limit interpretation of data, recent studies 

investigating the carcinogenicity of MMA(III) in rodents support the finding that 

MMA(III) is in fact carcinogenic.  In addition, gene expression found in URO-MSC52 

cells was consistent with malignancy.  The finding that MMA(III) is carcinogenic is 

important because malignant transformation occurred at a concentration below any 

concentration used in a transformation study with As(III).  From observations that 

MMA(III) is carcinogenic, it is likely that DMA(III) is also carcinogenic.  Thus, trivalent, 

methylated arsenicals may be the ultimate toxicants in among arsenicals.   

 

MMA(III) stimulates mitogenic, proinflammatory signal transduction 
 

Chronic inflammation is strongly associated with the formation of SCC of the 

bladder (Cohen and Johansson, 1992).  Like As(III), MMA(III) exposure appears to 

cause tumors of squamoid differentiation (Bredfeldt et al., 2006).  Thus, I hypothesized 

that MMA(III)-induced inflammation was a major mechanism driving MMA(III)-induced 

malignant transformation.  Acute exposure to MMA(III) caused COX-2 induction. 

Pharmacological inhibitors identified the pathway activated by MMA(III) that was 

subsequently responsible for elevation of COX-2 protein was ERK-2.  ERK-2 was 



161 

 

activated by an EGFR ligand-independent mechanism via src.  Similar observations were 

made in UROtsa cells exposed to As(III) and higher concentrations of MMA(III) (Drobna 

et al., 2003; Simeonova et al., 2002).  These were the first studies to investigate the 

effects of MMA(III) on signal transduction at biologically relevant concentrations. 

 Although the observation that low nanomolar concentration of MMA(III) affect 

signal transduction is exciting, the study of short-term effects of a carcinogen is 

somewhat limited in scope.  The interpretation of such data is limited to stating that acute 

exposure of UROtsa cells to MMA(III) promotes cell growth.  MMA(III)-induced 

enhancement of proliferation demonstrates that MMA(III) disrupts cell cycle.  Disruption 

of cell-cycle is a common mechanism of tumor promotion (Chen et al., 2001).  However, 

to strengthen the association of inflammation with MMA(III)-induced SCC, it is 

necessary to illustrate that these inflammatory signal transduction pathways are in fact 

present in MMA(III)-induced tumors. 

 

MMA(III)-induced tumors have elevated COX-2 and EGFR 
 
 Demonstration of the relevance of perturbations in EGFR via MMA(III) exposure 

is necessary to identify the acute effects of MMA(III) as a mechanism of malignant 

transformation.  Preliminary studies revealed that URO-MSC52 cells had elevated levels 

of EGFR and COX-2.  If changes in this pathway are relevant for MMA(III) transformant 

survival and growth, pharmacological inhibition of some or all of downstream proteins 

should have some effect on URO-MSC52 growth in monolayers or in soft agar.  

Inhibition of src, PI3K, and COX-1 and/or -2 caused cell death and loss of anchorage-
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independent growth in URO-MSC52 cells.  This is the first study to associate changes in 

EGFR signaling with MMA(III)-induced malignant transformation.  When EGFR 

signaling is disrupted, URO-MSC52 cells cease to proliferate and die.  Therefore, EGFR 

pathway activation is an important component of MMA(III)-induced cell-cycle 

dysregulation and malignant transformation. 

Future Studies 
 
 The studies undertaken in this dissertation are novel in that they were the first to 

identify MMA(III) as being carcinogenic to human cells.  This work also provides a very 

basic foundation for future studies.  From my point of view, three major areas of focus 

should be addressed in future work. 

Areas of Future Research: 

1.  Mechanisms  
a.  Novel signal transduction pathways 
b.  Inhibit MMA(III) stimulated pathway and prevent tumor? 

 c.  ROS 
 
2.  Biomarkers of Exposure 
 a.  Monitor human populations 
 
3.  Modulation of Metabolism to Prevent Toxicity 
 a.  Individual variation  
 b.  Block methylation? 

 

Mechanisms of MMA(III)-induced malignant transformation 

Novel signal transduction in URO-MSC52 cells 
 
 Gene array analysis identified three major signal transduction pathways that 

appear to govern the survival and growth of MMA(III) transformed, URO-MSC52, cells 
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EGFR, wnt/β-catenin, and Notch (Figure 23).  Although acute studies have demonstrated 

that MMA(III) and As(III) stimulate EGFR, the effects of arsenicals on wnt/β-catenin 

and Notch are unknown.  In fact, the relationship between wnt/β-catenin and Notch 

signaling is now becoming an emerging area of study (Ayyanan et al., 2006; Ferres-

Marco et al., 2006).   

Since wnt/β-catenin and Notch are signaling pathways whose role in disease is 

not well-characterized, such work would be applicable not only to arsenic toxicology but 

also to many other fields.  There are three major branches of wnt pathway:  canonical 

(wnt/β-catenin), non-canonical (JNK), and wnt/calcium signaling (PKC).  Overall, 

stimulation of wnt signaling can enhance cell growth, migration, development, and 

differentiation (Karim et al., 2004; Kuhl, 2004; Mazieres et al., 2005).   

Recently, the aberrant activation of wnt/β-catenin pathway was found in bladder 

cancer (Thievessen et al., 2003; Urakami et al., 2006).  Although inappropriate activity in 

wnt/β-catenin pathway was observed in bladder cancer, the mechanism by which 

alterations in wnt/β-catenin signaling occur remains unknown.  The preliminary gene 

array data collected from URO-MSC52 cell is the first to observe aberrant activation of 

wnt/β-catenin via an environmental carcinogen.   

In addition to wnt/β-catenin pathway perturbations, changes in Notch signaling 

appear to have occurred in URO-MSC52 cells.  The role of Notch in human cancer is not 

well-characterized.  However, Ayyanan and colleagues (2006) recently demonstrated that 

changes in wnt signaling causes malignant transformation in human breast epithelial cells 

via a Notch-dependent mechanism.  Such results suggest that changes in wnt and Notch 
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signaling may be an early event that occurs during malignant transformation.  This 

hypothesis is further supported by the observation that Notch appears to regulate enzymes 

that modify histones and DNA to cause epigenetic silencing and subsequent changes in 

cell-cycle regulation, which are events that occur early during malignant transformation 

(Ferres-Marco et al., 2006). 

Relevance of pathways to malignant transformation  
 

In order to better understand the contribution of signal transduction pathways 

such as EGFR, wnt/β-catenin, and Notch to malignant transformation, inhibition during 

chemical carcinogenesis may provide insight to the relevance of each pathway during 

transformation.  For example, Wilker and colleagues (2005) demonstrated the importance 

of PI3K activity in skin tumor promotion in vivo via administration of LY294002 

following initiation with dimehtylbenz[a]anthracene (DMBA) in BK5.IGF-1 transgenic 

mice.  Similar studies could be conducted in vivo or in vitro with MMA(III) to determine 

which pathway(s) play a dominant role in malignant transformation.   

Reactive oxygen species:  Stimulate signal transduction? 
 

A better understanding of the manner by which MMA(III) perturbs cell signaling 

is important for the elucidation of the toxic mechanism of MMA(III).  Recent work has 

demonstrated that MMA(III) causes reactive oxygen species (ROS) generation in UROtsa 

cells (Eblin et al., 2006).  MMA(III) stimulates ERK-2 (Drobna et al., 2003).  However, 

the exact mechanism by which MMA(III) activates ERK-2 is unknown.  There are a 

number of studies that suggest that ERK is activated by ROS in a number of model 
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systems (Lin et al., 2005; Lo et al., 2005; Papaiahgari et al., 2006).  It is possible that 

ROS generated from arsenic exposure also mediate signal transduction pathways that 

function in tumor promotion.  Thus, clarification of the underlying molecular mechanism 

of MMA(III)-induced signal transduction perturbations may identify strategies for 

chemoprevention. 

 

Biomarkers of Exposure 
 
 A number of classic biomarkers of arsenic exposure and bladder cancer were 

observed to be up-regulated in URO-MSC52 cells (Table 9).  Many biomarkers identified 

in these studies are excreted in urine, MMP, EGF, prostaglandins, 8-oxo-7,8 dihydro-2 

deoxyguanosine (8-OH-dG), making specimen collection non-invasive and facile.  While 

elevated MMP and EGF may be found in later stages of malignancy, prostaglandins and 

8-OH-dG are elevated during acute MMA(III) exposure, suggesting that such changes 

should be observed in pre-malignant tissue (Bredfeldt et al., 2006; Eblin et al., 2006).  

Recently, a number of studies observed elevated urinary 8 OH-dG levels in individuals 

consuming arsenic contaminated drinking water (Fujino et al., 2005; Kubota et al., 2006; 

Wong et al., 2005).  Elevations urinary 8 OH-dG is indicative of increase oxidative stress 

following arsenic exposure.   

COX-2 is another sensitive indicator of increased proliferation and inflammation 

in bladder tissue (Klein et al., 2005; Wadhwa et al., 2005). Since MMA(III) increases 

COX-2 expression both acutely and chronically, such a biomarker should serve as a  
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TABLE 9.  Potential biomarkers of chronic MMA(III) exposure in UROtsa cells. 
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Figure 23.  Signal transduction perturbations in URO-MSC52 cells.  Gene array data 
revealed that there were three major signal transduction pathways active that promote 
growth and survival.  
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sensitive indicator arsenic-induced inflammation.  Increased COX-2 expression could  

be measured either directly via PCR or indirectly with increased secretion of prostanoids 

(Shibata et al., 1989; Wheeler et al., 2002). 

 Biomarkers of later stages of carcinogenesis, EGFR, wnt/β-catenin, or Notch, 

may not serve a strong role in detecting the toxic effects of arsenic on human bladder 

tissue.  However, such biomarkers serve a purpose in documenting and supporting the 

hypothesis that changes in theses signaling pathways occur in vivo and are biologically 

relevant. 

 

Modulation of metabolism to prevent toxicity 
 
 My research emphasizes the importance of metabolism to the toxicity of arsenic 

in human tissue.  Since the trivalent, methylated arsenic metabolites are more toxic and 

carcinogenic, individual variation in the ability to metabolize arsenic will affect the 

outcome of arsenic toxicity (Figure 24).  Are individuals that produce more MMA(III) or 

DMA(III) at a greater risk?  Recent studies have demonstrated that the enzymes involved 

in arsenic metabolism, including arsenic methyltransferase (AS3MT) and glutathione-S- 

transferase omega (hGSTO), are polymorphic in human populations (Adonis et al., 2005; 

Loffredo et al., 2003; Marnell et al., 2003; Meza et al., 2005; Wood et al., 2006; Yu et al., 

2003).  Although many studies have cataloged polymorphisms in gene nucleotide 

sequences of many arsenic metabolism genes, a better understanding of the functional 

impact of the polymorphism(s) need to be identified.  Tanaka-Kagawa and colleagues 

(2003) demonstrated investigated the role of variation in genotype affecting the function 
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of GSTO-1.  Only one variant, Thr217Asn, had reduced enzyme function.  

Additionally, a better understanding of the relationship between polymorphisms 

and changes in metabolic profile and health risk is needed.  Adonis and colleagues (2005) 

recently demonstrated that different polymorphisms in arsenic metabolism genes appear 

to associate with greater or lesser susceptibility to lung cancer.  However, the specific 

phenotypes associated with the identified polymorphisms remain uncharacterized. 

 Although understanding the manner in which arsenic metabolism determines the 

potential health risk in human populations is difficult to characterize, in vitro model 

systems provide and excellent platform to study the role of arsenic metabolism in 

toxicity.   Use of inhibitors of methylation during exposure to As(III) may highlight the 

role that methylation plays in the toxicity of arsenicals.   Selenite inhibits arsenic 

methylation, but appears to increase the toxicity of inorganic arsenic via increase cellular 

retention of arsenic (Styblo and Thomas, 2001).   However, this study was conducted in 

rat hepatocytes, which have a significantly different metabolic profile than human cells.  

It is unknown what effect inhibition of metabolism has on the carcinogenicity of arsenic.  

Clearly, more specific inhibitors will provide better insight into the role of metabolism in 

arsenic toxicity.  Studies in this direction will inevitably be a part of future work.
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Figure 24.  Role of metabolism in toxicity of inorganic arsenic.  Two major enzymes 
of arsenic metabolism are polymorphic, arsenic methyltransferase (ASMT) and 
glutathione-S-transferase omega (hGSTO).  Arsenic methylation is necessary for 
excretion of arsenicals from the body.  However, the relative ratio or pentavalent 
arsenicals to trivalent arsenicals may greatly dictate the toxic effects of arsenic.  In order 
to better understand the role of metabolism in arsenic toxicity, it is necessary to 
understand the relationship between arsenic metabolic profile, due to metabolic enzyme 
activity, and disease susceptibility.   
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APPENDIX A 
 

Arsenic Concentration Conversion Table 
 

 
 
 

Table values based on calculations for As(III) 
 

EPA Drinking Water Standard = 10 ppb 
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