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ABSTRACT 

Humans are exposed to arsenicals through many routes with the most common being 

drinking water.  Exposure to arsenic has been associated with an increased incidence of 

skin, lung, liver, prostate, and bladder cancer.  Although the relationship between arsenic 

exposure and carcinogenesis is well documented, the mechanisms by which arsenic 

participates in tumorigenesis are not fully elucidated.  We evaluated the potential 

epigenetic component of arsenical action by assessing the histone acetylation and DNA 

methylation state of 13,000 human gene promoters in a cell line model of arsenical-

mediated malignant transformation.  We show changes in histone H3 acetylation and 

DNA methylation occur during arsenical-induced malignant transformation, each of 

which is linked to the expression state of the associated gene.  These epigenetic changes 

occurred non-randomly and targeted common promoters whether the selection was 

performed with arsenite [As(III)] or with the As(III) metabolite monomethylarsonous 

acid [MMA(III)].  The epigenetic alterations of these promoters and associated malignant 

phenotypes were stable after the removal of the transforming arsenical.  One of the 

affected regions was the promoter of WNT5A.  This gene is transcriptionally activated 

during arsenical induced malignant transformation and its promoter region exhibited 

alterations in each of the four histone modifications examined which were linked to its 

transcriptional activation.  Experimental reduction of WNT5A transcript levels resulted in 

abrogated anchorage independent growth, suggesting a participative role for the 

epigenetic remodeling of this promoter region in arsenical-induced malignant 

transformation.  Taken together, these data suggest that arsenicals may participate in 
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tumorigenesis by stably altering the DNA methylation and histone modifications 

associated with targeted genes, uncovering a likely set of participative genes and 

representing a mechanism to potentially explain the latency associated with arsenic-

induced malignancy.   

  



 19

INTRODUCTION 

Arsenic 

Arsenic and the Environment 

 Arsenic is a metalloid element present in the earth’s crust at an average 

concentration of 2 mg/kg.  It can exist in the environment in four different valences (+5, 

+3, 0, -3) and numerous different species with the most common forms present in the 

environment that play a role in human health being the inorganic arsenicals arsenate 

[As(V)] and arsenite [As(III)] (World, 2001).  Arsenic is present in the earth’s crust and 

occurs as a natural contaminant of both air and water.  Arsenic typically exists naturally 

in the air due to dust contamination; however, the concentrations present in the air are 

largely dependant on manmade contaminants, especially industrial contamination.  In 

remote locations, concentrations may range from 0.05-4.2 ng/m3 while concentrations 

near glass manufacturing plants and smelting facilities have been documented as high as 

1483 ng/m3 (Beavington and Cawse, 1978; Nakamura et al., 1990; Romokroger and 

Llona, 1993; Romokroger et al., 1994).  Conversely, ground water concentrations depend 

primarily upon natural contamination due to physical location.  Perhaps the best example 

of this occurs in groundwater in remote areas.  These can range from showing only trace 

amounts of arsenicals to levels as high as 48,000 µg/L in regions in close proximity to 

regions of high geothermal activity (Welch et al., 1988).  Arsenic levels in ground water 

in the U.S. typically range from 1-100 µg/L with the average levels being approximately 

7 µg/L and the median concentration being approximately 1 µg/L (USGS, 2007).  The 

distribution of arsenic concentrations in the United States (U.S.) is shown (Figure 1).   
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Figure 1.  Arsenic distribution in the groundwater of counties in the United States.  The 
map shows the concentrations of arsenic in the groundwater exceeded in at least 25% of 
the samples analyzed in each county.  Note the general gradient from low levels of 
arsenicals in groundwater in the eastern U.S. to high levels in many regions of the 
western U.S.  Figure from (USGS, 2007). 
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The current drinking water standard in the U.S. is 10 µg/L, which is equal to ~0.5 µM or 

10 ppb.   

  

Routes of Arsenic Exposure 

Since arsenic is widely distributed in the environment, humans are exposed to it 

through numerous routes.  Humans are exposed to arsenic through inhalation; however, 

this occurs primarily as a result of occupational rather than environmental exposures.  

Another route of common exposure to arsenic is through contaminated food.  The amount 

of arsenicals present in food varies greatly from a mean concentration of 3.8 µg/kg in 

milk and dairy products to levels as high as 77-4830 µg/kg in certain fish and shellfish 

(Dabeka et al., 1993).  Differences in the constituents of local diets therefore may have a 

profound impact on the amount of dietary arsenical exposure.  Inhabitants of Spain and 

Japan, for example, are exposed to much higher levels of arsenic in the diet than are 

people from the United States due to their diet containing higher levels of contaminated 

seafood (Mohri et al., 1990; Urieta et al., 1996; Yost et al., 1998).  These exposures, 

however, may not be detrimental since most arsenicals found in seafood are organic and 

thus not as toxic as the inorganic forms (World, 2001).  

The most common route of human exposure to arsenic is through contaminated 

drinking water.  Drinking water contamination is not a widespread issue in the U.S. due 

to the implementation of government regulations in 2001 which reduced the maximum 

level of arsenic allowed in the drinking water in the U.S. from 50 µg/L to 10 µg/L.  The 

levels of arsenic used in this study [1 µM As(III)] are above the current legal limit; 
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however, other studies have malignantly transformed HaCaT cells using exposure to 10 

µg/L (Chien et al., 2004).  Therefore, this limit should continue to be evaluated in 

accordance with the data presented in this study and others to properly assess the 

biological limit of arsenic exposure.  While the majority of the drinking water in the U.S. 

is lower than the current legal limit, there are many countries in the world where this is 

not the case.  It is estimated that there are one hundred million people being currently 

exposed to elevated concentrations of arsenic in their drinking water (Benbrahim-Tallaa 

and Waalkes, 2008; Vahter, 2008).  Certain regions within Mexico, Argentina, India, 

Taiwan, and Chile have average contaminant levels that far exceed the permissible 

exposure limit of 10 µg/L set by the World Health Organization (Chen et al., 1985; Bagla 

and Kaiser, 1996; Wyatt et al., 1998a; Wyatt et al., 1998b; Marshall et al., 2007).  Taken 

together, these studies suggest that humans throughout the world are persistently exposed 

to variable levels of arsenicals present in the environment which may lead to an increase 

in morbitity or mortality linked to arsenic-associated ailments. 

 

Arsenic Metabolism 
 

Upon ingestion, inorganic arsenic is actively transported across the cell membrane 

and enzymatically biotransformed.  In humans, the inorganic arsenicals [As(III) and 

As(V)] are methylated by arsenite/MMA(III) methyltransferase enzymes to produce 

monomethylarsonic acid [MMA (V)].  This compound is then reduced to 

monomethylarsonous acid [MMA(III)] by GST Omega.  This pattern is then repeated as 

MMA(III) is methylated by arsenite/MMA III methyltransferase, producing 
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dimethylarsinic acid [DMA (V)], which is then reduced by GST Omega to form 

dimethylarsinous acid [DMA (III)] (Figure 2) (Huang and Lee, 1996; Aposhian, 1997; 

Zakharyan et al., 1999; Liu et al., 2002; Aposhian et al., 2004).   The human bladder is 

exposed to all arsenic metabolites since each of them have been detected in the urine of 

exposed populations (Aposhian et al., 2000b; Le et al., 2000b; Valenzuela et al., 2005).  

The metabolism of inorganic arsenic results in bioactivation since the methylated 

trivalent arsenicals are highly toxic forms of arsenic with MMA(III) being of particular 

interest (Aposhian et al., 2000a; Le et al., 2000a; Styblo et al., 2000).  MMA(III) is a 

more potent toxicant than arsenite, with its cytotoxic potency being 20 times that of the 

parent compound (Styblo et al., 2002; Bredfeldt et al., 2006). 

 

Human Health Effects of Arsenic Exposure  

 Exposure to arsenicals is associated with a variety of maladies.  Acute exposure to 

high levels of arsenic in a single bolus dose can result in rapid death as a result of 

multisystem organ toxicities (Levinscherz et al., 1987).  Most exposed people do not 

immediately succumb to acute arsenic poisoning but rather exhibit deleterious health 

effects as a result of chronic exposure.  Perhaps the most visually obvious and most 

sensitive toxic effect is the alteration of skin pigment and texture.  Humans exposed 

chronically to arsenicals often show a characteristic pattern of skin lesions including 

disperse or small regions of keratosis as well as pigmentation alterations on the face and 

neck, even at relatively low exposure levels (Zaldivar, 1974; Zaldivar, 1977; Ahsan et al., 

2006).  It has been hypothesized that these alterations may be due to altered 



 24

 

 
Figure 2.  Inorganic arsenic metabolism pathway in humans.  Humans metabolize arsenic 
through a series of sequential methylation and reduction reactions producing a number of 
pentavalent and trivalent methylated arsenic species.  Of particular note are those 
arsenicals highlighted, arsenite and monomethylarsonous acid.  Enzymes responsible for 
the catalysis of each step are noted.  Figure adapted from (Aposhian et al., 2004).   
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differentiation of skin keratinocytes (Kachinskas et al., 1994).  In addition to the effects 

that arsenicals have upon the skin, exposure has been linked to vascular disorders such as 

hypertension, ischemic heart disease, arteriosclersosis, and blackfoot disease (Chen et al., 

1985; Franzblau and Lilis, 1989; Council, 1999; Mukherjee et al., 2003; Mumford et al., 

2007).  A recent study has also shown that there is a significant correlation between 

arsenic exposure and the incidence of type-2 diabetes in humans (Navas-Acien et al., 

2008).  As exhibited by the wide range of ailments associated with exposure, arsenic is 

likely affecting multiple organ systems.  While these disease conditions are clearly 

important for human health, the most well known and well characterized effect of long-

term arsenical exposure is cancer. 

 

Cancer 

Arsenic and Tumorigenesis 

Arsenic has long been documented as a carcinogen since it was first linked to 

tumorigenesis by Hutchinson in 1887 (Benbrahim-Tallaa and Waalkes, 2008).  Numerous 

epidemiological studies have since indicated that exposure to arsenicals leads to cancers 

of the lung, skin, liver, prostate, and bladder (Zaldivar, 1974; Zaldivar et al., 1981; Chen 

et al., 1988; Wu et al., 1989; Chen et al., 1995; Hopenhayn-Rich et al., 1996; Morales et 

al., 2000; IARC, 2004; Smith et al., 2006; Marshall et al., 2007).  Of particular interest is 

the increase in the incidence of bladder cancer.  As previously described, metabolism of 

inorganic arsenic and subsequent excretion via the urinary system results in the bladder 

being exposed to both inorganic arsenic and methylated metabolites.  Numerous studies 
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have reported an increased incidence of bladder cancer in Taiwanese populations exposed 

to high levels of arsenic in their drinking water (Chen et al., 1985; Chen et al., 1992; 

Morales et al., 2000).  These studies linked a dose dependant increase in mortality rate 

ratios to increased levels of arsenic in their drinking water.  In men, the mortality rate 

ratio increased from 5.1 to 28.7 coincident with increasing arsenic concentrations from 

170 µg/L to 800 µg/L. (Chen et al., 1988; Smith et al., 1992).  Results consistent with 

these data were also published using a Japanese cohort, although the sample size was 

relatively small.  This study revealed that the frequency of death from bladder cancer was 

approximately 20 times greater in exposed populations than would be expected in a 

random population (Tsuda et al., 1995).  In addition, a recent report detailing a 50-year 

epidemiological study suggested that a significant increase in bladder cancer mortality, 

peaking with a rate ratio of 6.1-13.8, was linked to higher levels of arsenic in the drinking 

water in a Chilean population (Marshall et al., 2007). Taken together, these studies 

provide compelling evidence suggesting a link between arsenic exposure and an increase 

in the incidence of bladder cancer in human populations. 

 

Bladder Cancer 

 Cancer of the urinary bladder is the second most common genitourinary system 

malignancy with 67,000 new cases and 14,000 deaths each year in the United States 

(Friedrich et al., 2005; Jemal et al., 2007; Barocas and Clark, 2008; Enokida and 

Nakagawa, 2008).  Cancer of the urinary bladder occurs about 3 times more frequently in 

men than in women, perhaps due to the proximity to the prostate (Jemal et al., 2007).  
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Bladder cancer is subcategorized into invasive and non-invasive types based on muscular 

invasion.  Non-invasive bladder cancer represents the majority of cases with 

approximately 70-85% of diagnoses being of this classification (Friedrich et al., 2005; 

Barocas and Clark, 2008; Enokida and Nakagawa, 2008).  Non-invasive tumors at the 

time of initial diagnosis frequently recur (50-70%), after which approximately 10-15% 

will become invasive (Friedrich et al., 2005; Enokida and Nakagawa, 2008).  Due to this 

high level of tumor recurrence, frequent physical examinations are necessary in patients 

that have been previously diagnosed.  While the death rates from bladder cancer in the 

U.S. have declined 7.5% in men and 5.98% in women over the past fifteen years, early 

detection of bladder cancer is critically important in decreasing these numbers further 

(Jemal et al., 2007). 

 The primary mode of diagnosis is cystoscopy which provides a very high level of 

specificity, especially for high grade or advanced disease, however this technique may 

not consitently distinguish between normal urothelium and low grade cancer (Grossman 

et al., 2006b; Barocas and Clark, 2008).  Similar to many types of malignancy, the 

probability of death from the disease is increased when diagnosis is made at later stages, 

going from a 95% 5-year survival rate for stage 0 to a 16% 5-year survival rate for stage 

IV (American, 2008).  Urinary cytology is often performed in conjunction with 

cystoscopy, however small or well differentiated tumors are difficult to diagnose using 

this technique as well (Grossman et al., 2006b).  For this reason, numerous other 

diagnostic techniques are currently being developed for the improved detection of 

bladder cancer including the analysis of various biomarkers in the urine of those afflicted 
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(Barocas and Clark, 2008).  Genetic and protein level biomarkers have been developed 

and have exhibited similar levels of sensitivity in detecting disease as urinary cytology 

(Grossman et al., 2006b; Sarosdy et al., 2006).  Since cystoscopy often fails to be 

diagnostic for low grade tumors and urinary cytology exhibits high levels of variability, 

continous development of complementary biomarker development is needed for the 

detection and monitoring of bladder cancer (Grossman et al., 2006a).  Similar to FISH-

based screening for genomic alterations in the urine (UroVysion) (Sarosdy et al., 2006), 

one potentially informative assay may be detecting epigenetic aberrations that are 

diagnostic for cancer in the urine.  

 

UROtsa Cells 

We used an immortalized, non-tumorigenic cell line model of human urothelial 

cells, UROtsa, and malignantly transformed variants of UROtsa that emerged from long-

term exposure to arsenicals in our studies (Figure 3) (Petzoldt et al., 1995; Rossi et al., 

2001).  The UROtsa cell line was created from the urothelial cells of a 12-year-old female 

donor and were immortalized using a temperature sensitive SV40 large-T antigen 

construct (Petzoldt et al., 1995; Rossi et al., 2001).  These cells were malignantly 

transformed through chronic exposure to either 1 µM As(III) or 50 nM MMA(III), 

resulting in two independent cell line derivatives termed URO-ASSC and URO-MSC, 

respectively (Sens et al., 2004; Bredfeldt et al., 2006).  Initial studies showed that chronic 

treatment of UROtsa cells with As(III) resulted in the generation of cells showing cancer  
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Figure 3.  UROtsa cells and malignantly transformed variants function as a model of 
arsenical-induced malignant transformation.  UROtsa cells are an immortalized, non-
tumorigenic model of human urothelium.  These cells were exposed to 1 µM As(III) 
(URO-ASSC) or 50 nM MMA(III) (URO-MSC12, 24, 36, 52) with exposure time for 
each cell line described.  Note the increasing acquisition of phenotypic measures of 
carcinogenicity increases with increasing time of exposure to arsenicals.   
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phenotypes including hyperproliferation, anchorage independent growth, and tumor 

formation after heterotransplantation into nude mice (Sens et al., 2004).  Similar findings 

were independently obtained by Bredfeldt et al. after exposing UROtsa cells to 50 nM 

MMA(III).  Exposing UROtsa cells for 12 weeks (URO-MSC12) resulted in a decreased 

doubling time (Bredfeldt et al., 2006).  After 24 weeks of treatment (URO-MSC24), cells 

exhibited anchorage independent growth and hyperproliferation but did not form tumors 

when injected into SCID mice.  After 52 weeks of MMA(III) treatment, these cells 

(URO-MSC52) acquired the ability to form tumors in SCID mice in addition to 

exhibiting anchorage independent growth (Bredfeldt et al., 2006).  These UROtsa cell 

lines provide a unique model in which to study the events that occur during arsenical-

mediated tumorigenesis and show the progression from immortality to malignancy. 

 

Bladder Cancer Cell Lines 

 Bladder cancer cell lines represent a means by which in vitro studies can be 

performed using the native human disease.  Transitional cell carcinoma represents 

approximately 90% of all bladder cancers, thus we chose to use three different cell lines 

(SW780, T24, and UM-UC-3) derived from this disease.  SW780 cells were obtained 

from diseased tissue of an elderly, female donor.  These cells exhibited the phenotypic 

characteristics of anchorage independent growth and tumor formation in immuno-

compromised mice (Kyriazis et al., 1984).  T24 cells were derived from a tumor from an 

82 year old female patient confirmed histologically to be a grade III urinary bladder 

carcinoma.  These cells exhibited tumorigenic properties as implantation of these cells 



 31

into the cheek of Syrian hamsters resulted in tumor formation (Bubenik et al., 1973).  The 

UM-UC-3 cell line was created by Grossman and colleagues (Grossman et al., 1986) and 

has been classified by histology as transitional cell carcinoma (Williams, 1980; Gohji et 

al., 1987) 

 

Mechanisms of Arsenical-Associated Tumorigenesis 
 
Overview 

The molecular etiology of cancer linked to arsenic exposure is complex and 

multiple factors have been described as playing a role in this process including the 

production of reactive oxygen species (ROS), perturbed cellular signaling including the 

MAPK and WNT pathways, DNA damage, and altered epigenetic status.  It is likely that 

no single entity is acting alone, but rather a combination of multiple factors is playing a 

role in this process.   

 

Arsenicals produce Reactive Oxygen Species  

Numerous studies have shown a link between arsenical exposure and the 

production of ROS.  Exposure of human keratinocytes to 10-50 µM As(III) resulted in 

the production of ROS, in particular superoxide, which could be reduced when cells were 

co-treated with superoxide dismutase (Shi et al., 2004a; Ding et al., 2005).  A similar 

pattern is seen in immortalized, non-tumorigenic human bladder cells.  Treatment of 

UROtsa cells with both As(III) and MMA(III) results in the production of reactive 

oxygen species which could be reduced by both enzymatic and non-enzymatic anti-
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oxidants (Eblin et al., 2008a).  These studies suggest that exposure of human cells to 

arsenicals results in an increase in intracellular ROS.  Production of ROS may have 

multiple implications including acting as a signaling molecule resulting in altered 

signaling pathways or DNA damage. 

 

Arsenicals and the Alteration of Signaling Pathways 

Exposure to arsenicals results in the perturbation of multiple signaling pathways 

including the mitogen activated protein kinase (MAPK), WNT, Notch, Jak-STAT, PI-3K, 

and AP-1 signaling processes (Ludwig et al., 1998; Simeonova et al., 2001; Hour et al., 

2006; Eblin et al., 2007; Ahlborn et al., 2008).  A recent study in which mice were 

treated with various concentrations of As(III) in their drinking water revealed the 

overexpression of components of the PI-3K and AKT signaling pathway, specifically 

Akt1.  This gene was also up-regulated in the tumors derived from the skin of mice 

treated with methylated metabolites of As(III) (Ahlborn et al., 2008).  While primarily 

linked to processes such as survival and cell-cyle regulation, it is interesting to note that 

this pathway has been recently linked to epigenetic control of specific loci (Cha et al., 

2005).  Additionally, in the aforementioned study of gene expression in the skin of 

exposed mice, the most commonly changed signaling pathway was the MAPK pathway 

(Ahlborn et al., 2008). 

 

MAPK Signaling 
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The MAPK signaling pathway is of particular interest as it has been implicated as 

contributing to many types of cancer including neoplasia of the bladder (Wadhwa et al., 

2005).  Evidence suggests that O2
• may activate MAPK signaling, resulting in 

hyperproliferation (Buetler et al., 2004; Kumagai and Sumi, 2007).  The proliferative 

effects of O2
• may be reduced by overexpression of superoxide dismutase, a naturally 

occurring anti-oxidant enzyme (Pervaiz and Clement, 2002).  One of the downstream 

targets of MAPK activation is COX-2, and activation of COX-2 may be accomplished by 

ROS.  COX-2 expression was increased concomitantly with ROS during acute exposure 

to As(III) and MMA(III) in UROtsa cells.  This increase in expression could be largely 

abrogated through the use of both enzymatic and non-enzymatic antioxidants, suggesting 

that ROS may act as a secondary signaling molecule important in MAPK signaling (Eblin 

et al., 2008a).  This overexpression of components of the MAPK signaling pathway in 

response to acute arsenical exposure may play a role in the malignant transformation of 

UROtsa cells when chronically exposed to arsenicals.  Indeed, COX-2 is overexpressed 

in the malignantly transformed URO-MSC cell lines.  Treatment of these cells with ROS 

scavengers resulted in a decrease in COX-2 expression and a decrease in doubling time, 

consistent with ROS-induced MAPK signaling playing an important role in arsenical-

induced malignant transformation (Eblin et al., 2008b).   

 

WNT Signaling 

Another signaling pathway that has not been extensively studied for its role in 

arsenical-associated malignancy, but is effected by arsenicals, is the WNT family of 
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secreted glycoproteins (Ahlborn et al., 2008).  The WNT family consists of 19 genes in 

humans, each of which is related based upon sequence homology.  WNT proteins are 

important molecules in development and differentiation and exert their effects through 

the binding of cell surface receptors.  WNT family members are classified based upon 

their receptor binding and subsequent downstream signaling.  The effects of the canonical 

WNT pathway are mediated through the binding of a WNT protein to a frizzled family 

receptor resulting eventually in the stabilization of β-catenin in the nucleus and 

subsequent expression changes of target genes (Miller et al., 1999).  The non-canonical 

WNTs may signal through other mechanisms resulting in the alteration of intracellular 

calcium levels activation of PKC, a pathway which was directly linked to increased cell 

invasion in melanoma cells (Sheldahl et al., 1999; Weeraratna et al., 2002; Sheldahl et 

al., 2003).  Of particular interest is the non-canonical family member WNT5A since it is 

often improperly regulated in many types of cancer.   

The role of WNT5A in cancer appears to be highly tumor-type specific.  In colon 

and hematological tissues WNT5A is expressed at lower levels in tumors compared to 

normal tissue, suggesting a tumor suppressor function (Liang et al., 2003; Ying et al., 

2008).  Conversely, WNT5A expression is increased compared to normal tissue in 

malignant melanoma, glioblastoma, and cancers of the stomach, pancreas, and bladder 

(Zhuang et al., 1999; Bittner et al., 2000; Weeraratna et al., 2002; Kurayoshi et al., 2006; 

Ripka et al., 2007; Yu et al., 2007). In cutaneous malignant melanoma, high levels of 

WNT5A expression are the best indicator of a highly aggressive tumor (Bittner et al., 

2000).  The upregulation of WNT5A in such a diverse collection of tumor types suggests 
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that it may play a role in tumorigenesis, including bladder cancer (Kurayoshi et al., 2006; 

Dissanayake et al., 2007; Yu et al., 2007).  While the alteration of important signaling 

pathways is a common feature in carcinogenesis which plays a role in this process, tumor 

initiation and progression is also linked to alterations in the genome and epigenome, thus 

it is likely that other factors are also contributing to arsenical-associated malignancy. 

 

Arsenicals induce DNA Damage 

 Arsenic is classified as being non-mutagenic since it is unable to induce mutations 

using classical mutagenicity assays, perhaps due to the inability of As(III) and As(V) to 

bind to either DNA or histone proteins (Rossman et al., 1980; Jacobsonkram and 

Montalbano, 1985; Kitchin and Wallace, 2008a).  Arsenic may, however, induce DNA 

damage via the production of reactive oxygen species (ROS) via other mechanisms or by 

potentiating the effects of other co-carcinogens (Hei et al., 1998; Kitchin and Ahmad, 

2003; Schwerdtle et al., 2003; Eblin et al., 2006; Kligerman and Tennant, 2007).  Indeed, 

numerous studies have linked arsenical-induced ROS production to DNA damage.  

Exposure of UROtsa cells to As(III) or MMA(III) resulted in the increased detection of 8-

hydroxyl-2’-deoxyguanosine, a mark indicative of DNA damage (Eblin et al., 2006).  In 

addition, exposed human populations in Nevada and Chile DNA exhibited an increase in 

micronuclei, a non-specific marker of DNA damage, in urine which could be reduced by 

drinking arsenic-free water (Moore et al., 1997).  This suggests that arsenic exposure may 

be linked to reparable DNA damage.  
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DNA damage may also be influenced by altered DNA repair enzymes.  When 

human fibroblasts were exposed to UV irradiation with and without As(III), results 

suggested that As(III) impaired the nucleotide excision repair capability of these cells 

(Hartwig et al., 1997).  Exposure to arsenicals has also been shown to alter the function 

of DNA repair enzymes including PARP1 and XPA (Kitchin and Wallace, 2008b; Qin et 

al., 2008).  While DNA damage and impairment of repair of these lesions occur, since 

arsenic does not induce mutations and is classified as neither a tumor initiator nor 

promoter (Huang et al., 2004), it is plausible that arsenicals may also be participtating in 

carcinogenesis by altering the epigenetic regulation of genes important in this process. 

 

Epigenetic Regulation 

Overview  

 Epigenetics is defined as the study of heritable changes in gene expression in the 

absence of changes in the underlying DNA sequence (Jones and Baylin, 2007).  Both 

genetic and epigenetic information is heritable; however epigenetic modifications are 

unique as they are inherently reversible.  Epigenetic regulation includes a variety of 

processes including RNA interference, nucleosome reorganization, nuclear localization, 

DNA methylation and histone tail modifications.  These epigenetic processes are 

important in numerous physiological processes including X chromosome inactivation, 

transcriptional regulation, development, differentiation, and the silencing of endogenous 

retroviruses (Okano et al., 1999; Jaenisch and Bird, 2003).  While each of these 
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epigenetic mechanisms is important, the two best characterized are DNA methylation and 

histone tail modifications. 

 

DNA Methylation 

 In addition to the primary bases that comprise the genetic code, mammals and 

many other organisms have an additional modified base spread throughout their genome 

(Riggs, 1975).  This base, 5-methylcytosine, is the product of an enzymatically catalyzed 

addition of a methyl group to the 5-carbon position of cytosine residues.  In humans, 

cytosine residues may be methylated when located immediately 5’ of a guanine residue 

with 5-methylcytosine representing approximately 1% of the human genome (Ehrlich et 

al., 1982) (Figure 4).  This dinucleotide pair, termed a CpG site or CpG dinucleotide, is 

methylated on the cytosine residue in 70-90% of cases in normal, somatic cells (Bird, 

1986; Miranda and Jones, 2007) with unmethylated CpG dinucleotides clustering in CpG 

islands (Josse et al., 1961; Swartz et al., 1962; Gardiner-Garden and Frommer, 1987).  

CpG islands are regions, often associated with gene promoters, where CpG dinucleotides  

occur at a frequency much higher than throughout the rest of the genome (Gardiner-

Garden and Frommer, 1987).  While the definition of a CpG island may vary slightly, a 

region was originally defined as a CpG island if it was larger than 200 bp in length, had a 

GC content greater than 50%, and had an observed/expected ratio for CpG sites of greater 

than 0.6 (Gardiner-Garden and Frommer, 1987).  It is estimated that approximately 60% 

of all genes contain CpG islands in their promoter regions (Takai and Jones, 2002).  
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Figure 4.  Cytosine residues may be methylated.  When located immediately 5’ to a 
guanine, cytosine residues may be methylated, resulting in the modified base 5-
methylcytosine.  This reaction is catalyzed by a DNA methyl-transferase enzyme 
(DNMT), of which there are three predominant forms (DNMT1, DNMT3A, DNMT3B).  
Each of these utilizes S-adenosylmethione (SAM) as the methyl donor and transfers the 
methyl group to the 5-carbon position of cytosine, resulting in 5-methylcytosine and S-
adenosylhomocysteine (SAHC). 
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The addition of a methyl group to cytosine residues is catalyzed by the DNA-

methyltransferase enzymes DNMT1, DNMT3A, and DNMT3B.  While each of these 

enzymes contains a SET domain, allowing the transfer of a methyl group from the donor 

compound S-adenosylmethionine (SAM) to the recipient cytosine residue, they are 

thought to have distinct primary functions.  DNMT1 is classified as a maintenance 

methyltransferase enzyme, functioning to maintain DNA methylation patterns during cell 

division by localizing to the replication fork (Leonhardt et al., 1992; Chuang et al., 1997; 

Liu et al., 1998).  This gene and levels of 5-methylcytosine are critical in both humans 

and mice as deficiencies of DNMT1 lead to a reduction in the ability to maintain DNA 

methylation patterns during replication, thereby leading to increased mitotic defects in 

humans or embryonic lethality in mice (Li et al., 1992; Panning and Jaenisch, 1996; 

Jackson-Grusby et al., 2001; Chen et al., 2007).  DNA methylation must be maintained 

during mitotic cell division while de novo DNA methylation is important during early 

embryonic development.  Murine embryonic stem cells which had Dnmt1 knocked out 

still exhibited de novo DNA methylation, suggesting that presence of additional enzymes 

capable of methylating DNA (Lei et al., 1996).  The genes responsible for de novo 

methylation, DNMT3A and DNMT3B, show no preference for the hemimethylated 

substrate preferred by DNMT1 and are expressed at high levels during early 

embryogenesis but at lower levels in normal adult somatic tissue (Okano et al., 1998; 

Robertson et al., 1999).  Consistent with studies on DNMT1, knockout of DNMT3A and 

DNMT3B result in developmental catastrophe, suggesting that de novo methylation is 

required for organism viability (Okano et al., 1999).  In addition, mutations in the 
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catalytic domain of DNMT3B result in immunodeficiency, centromere instability, facial 

anomalies (ICF) syndrome (Jiang et al., 2005), further indicating the importance of 

DNMT enzymes in human health.  These studies provide evidence for the functional 

importance that DNA methylation has upon mammalian viability. 

Numerous studies have linked elevated levels of DNA methylation in CpG island 

promoter regions with a reduction in gene expression levels, although this correlation 

does not always exist (Baylin et al., 1998; Jones and Takai, 2001; Eckhardt et al., 2006).  

What is less clear is how well DNA methylation in promoter regions which are not CpG 

islands correlates with gene expression.  Recent evidence suggests that the inverse 

correlation between DNA methylation and gene expression may also exist in these 

regions.  SERPINB5 (Maspin) and 14-3-3σ expression is tightly linked to the methylation 

of their respective promoter regions, even though it is not classified as a CpG island by 

some criteria (Futscher et al., 2002; Oshiro et al., 2005a).  A similar pattern was seen in 

the promoter region of the Oncostatin gene which lacks a defined CpG island (Eckhardt 

et al., 2006).  Together, these studies indicate an overall inverse correlation exists 

between DNA methylation and gene transcription.  DNA methylation, however, does not 

act alone but rather has been mechanistically linked to alterations in histone tail 

modifications.  This link may be mediated by the methyl-binding domain (MBD) class of 

proteins.  These proteins mechanistically link methylated DNA to various components of 

the chromatin remodeling machinery (Jones et al., 1998; Nan et al., 1998). 
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Histone Tail Modifications 

 DNA is packaged within the cell in a complex higher order structure known as 

chromatin which allows for the compaction of this material by approximately 10,000 fold 

(Spencer and Davie, 1999).  The most basic subunit of chromatin, the nucleosome, 

consists of histone proteins around which the DNA wraps (Strahl and Allis, 2000).  Each 

nucleosome contains 146bp of DNA wrapped around a histone octamer consisting of two 

each of the histone proteins H2A, H2B, H3, and H4, each of which contain an amino-

terminal tail which can be extensively post-translationally modified (Figure 5) (Spencer 

and Davie, 1999; Strahl and Allis, 2000; Jenuwein and Allis, 2001).   

The histone modification profile of a given nucleosome is exquisitely controlled 

through the opposing actions of enzymes.  The types and location of the covalent addition 

of chemical groups to the amino-terminal histone tails is controlled by the enzymes 

responsible for the additions.  The three primary amino acids affected by post-

translational modification are serine, arginine, and lysine residues.  Serine residues, in 

particular serine-10 of histone H3, may be phosphorylated by any of a number of kinases 

(Prigent and Dimitrov, 2003).  Specific arginine residues in the tails of histones H3 and 

H4 may be methylated by one of three known arginine methyltransferase enzymes (Wang 

et al., 2001; Kim et al., 2008).  Lysine residues may be acetylated, methylated, or 

ubiquitinated.  Lysine residues are acetylated by a large group of histone 

acetyltransferase enzymes (HATs).  These epigenetic marks may be removed by histone 

deacetylase enymes (HDAC), providing a mechanism for precise regulation of chromatin 

structure.  Histone methyltransferase enzymes are responsible for the addition of up to 
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Figure 5.  Post-translational modifications occur on the amino-terminal tail of histone 
proteins.  Shown here are common histone tail modifications present on each of the core 
histone proteins.  These modifications result in the ubiquitinization, phosphorylation, and 
acetylation of specific residues, often lysines.  Methylation of histone H3 lysine-4 and 
acetylation of H3 lysine-9 and lysine-14 (green boxes) are permissive modifications 
associated with an open chromatin structure.  Methylation of lysine-9 and lysine-27 of H3 
(red boxes) are typically indicative of compact, transcriptionally incompetent chromatin. 
Diagram adapted from reference (Spencer and Davie, 1999). 
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three methyl groups to lysine residues with each enzyme targeted to a specific locus 

within the tail region.  The enzymes G9A and SUV39H1, for example, are responsible 

for the addition of methyl groups to lysine-9 of histone H3 (H3K9).  The tri-methylation 

of histone H3 at lysine-27 is mediated by the polycomb group (PcG) of transcriptional 

repressors (Cao et al., 2002).  Initially discovered as epigenetic repressors of homeotic 

genes during embryogenesis, the polycomb group is made up of the histone 

methyltransferase EZH2, SUZ12, and EED (Lewis, 1978; Cao et al., 2002; Cao and 

Zhang, 2004).  Much like the balance between HATs and HDACs, recent studies have 

uncovered a set of histone demethylase enzymes capable of removing these marks (Shi et 

al., 2004b).  These data indicate that histone modifications are tightly regulated through 

the addition and removal of site specific post-translational chemical modifications. 

The histone code hypothesis states that it is the full complement of these 

modifications that control chromatin structure and subsequent gene transcription.  It is 

interesting to note that the presence of one histone modification may influence another.  

Phosphorylation of serine-10 of histone H3 acts to positively influence the levels of 

acetylation of neighboring lysine residues 9 and 14 and vice versa (Rea et al., 2000).  

Conversely, lysine-9 cannot be methylated when the neighboring serine residue is 

phosphorylated.  In addition, numerous lysine residues may be modified in a different 

manner which can be mutually exclusive.  It has been hypothesized, however, that some 

gene promoters may contain multiple, antagonistic histone modifications.  This bivalent 

theory of histone modification proposed by Bernstein suggests that in the promoter 

regions of genes where gene expression is turned on and off during development, this 
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dual enrichment allows for the agile control of gene transcription through controlling the 

local chromatin context (Bernstein et al., 2006).  These studies support a histone code 

whereby epigenetic control is typically mediated by the full complement of epigenetic 

factors present in a nucleosome. 

Histone modifications can be classified based upon their relationship to 

transcriptional potential.  Certain histone modifications, such as di- and tri-methylation of 

histone H3 lysine-4 and acetylation of histone H3 lysine-9 and lysine-14 are classified as 

permissive since enrichment of these modifications in gene promoter regions is often 

associated with transcriptional competence (Liang et al., 2004).  Conversely, 

modifications such as di- and tri-methylation of histone H3 lysine-9 and tri-methylation 

of histone H3 lysine-27 are associated with a transcriptionally repressive chromatin 

structure (Nakayama et al., 2001; Cao et al., 2002).  It is likely that the relative ratios of 

these opposing groups of histone modifications, in concert with DNA methylation, that 

contributes to transcriptional control.   

Epigenetic modifications are heritably stable; however, different modifications 

may exhibit different levels of stability.  Since histone tail modifications are dynamically 

regulated through the action of opposing enzymes, they are likely to be less stable 

relative to DNA methylation.  Indeed, the steady state half life of histone acetylation is 

approximately 5 minutes (Zhang and Nelson, 1988).  There have been no DNA 

demethylase enzymes described, therefore DNA methylation must be removed through 

passive demethylation, the failure of DNMT enzymes to re-methylate residues during 

replication, suggesting that the half life of DNA methylation could not be less than the 
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replication rate of a given cell.  This relationship is also demonstrated through the use of 

epigenetic modifying compounds.  Differentiation of NB4 cells with all-trans retinoic 

acid (ATRA) resulted in the differential acetylation of numerous CpG islands but resulted 

in no significant changes in DNA methylation, suggesting that DNA methylation may be 

the more stable epigenetic mark (Nouzova et al., 2004).  For genes which are DNA 

hypermethylated and exhibit aberrant histone modifications, gene reactivation may be 

accomplished only through the inhibition of DNA methylation or DNA methylation and 

histone acetylation concomitantly (Novak et al., 2006).  Taken together, these data 

suggest that DNA methylation is likely to be a more stable epigenetic modifier than are 

histone modifications. 

 

Mechanisms of Epigenetic Mediated Transciptional Control 

Since gene promoter regions often overlap with CpG islands and various histone 

tail modifications have been linked to transcptional competence, it is logical that 

epigenetic modifications play a functional role in controlling gene expression.  The 

epigenetic state of a gene promoter is tightly linked to its transcription; however, the 

mechanisms by which epigenetic modifications control gene expression have not yet 

been completely elucidated.  Theories by which this occurs largely fall into three major 

categories, all of which likely contribute to the process: inhibition of transcription factor 

binding, nucleosome occupancy, and chromatin remodeling.  Some transcription factors 

have recognition sequences which contain CpG dinucleotides and binding of these factors 

to DNA may be influenced by the DNA methylation state.  The binding of the 
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transcription factors CTCF, MYB, and AP2 has been shown to be reduced when their 

recognition sequences are methylated (Comb and Goodman, 1990; Klempnauer, 1993; 

Bell and Felsenfeld, 2000).  While this is a plausible explanation for the transcriptional 

silencing of specific genes, the lack of evidence implicating this mechanism for other 

transcription factors suggests that it is not the primary mechanism.  Conversely, 

chromatin remodeling has been shown to affect multiple genes.   

DNA methylation and histone modifications act in concert to control gene 

transcription.  As described previously, DNA methylation may precede histone 

deacetylation and thereby control chromatin structure (Jones et al., 1998; Nan et al., 

1998).  In this model, methylated DNA recruits HDAC enzymes through the MBD 

family of proteins.  When this occurs, the negatively charged acetyl groups are removed 

from the histone tails, removing the charge based repulsion of histone tails and DNA, 

resulting in a closed chromatin structure and transcriptional silencing.  Conversely, other 

studies have suggested that repressive histone modifications may precede DNA 

methylation.  Heterochromatin protein 1 (HP1) interacts with DNMT enzymes.  HP1 

recognizes methylated lysine-9 residues and could therefore provide a link between 

repressive histone marks and DNA methylation (Smallwood et al., 2007).  In addition, 

DNNT enzymes have been shown to interact with SUV39 and EZH2, two components of 

the polycomb repressive complex responsible for TriMeK27 (Fuks et al., 2003; Vire et 

al., 2006).  In doing so, it has been proposed that this modification is influencing the 

placement of DNA methylation.  While these studies differ in the order of recruitment of 

the two epigenetic components, they suggest that it is this interplay between methylated 
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regions of DNA and repressive histone modifications that can result in a condensed 

chromatin structure, leading to functional inactivation of associated gene transcription. 

 

Epigenetic Modifications and Cancer 

 Epigenetic dysregulation is an important and common feature of nearly all tumor 

types, including bladder, and likely occurs in a genome-wide fashion (Salem et al., 2000; 

Jones and Baylin, 2007).  Relative to their normal counterparts, tumor cells generally 

exhibit a redistribution of DNA methylation, resulting in a pattern of global 

hypomethylation with regional hypermethylation (Riggs and Jones, 1983). The loss of 

DNA methylation during carcinogenesis occurs primarily in repetitive elements and 

intragenic regions.  This DNA hypomethylation has been shown to result in chromosome 

instability and an increased mutation rate (Lengauer et al., 1997; Chen et al., 1998; Shann 

et al., 2008).  DNA hypermethylation is typically associated with the promoter regions of 

genes or clusters of genes exhibiting a tumor suppressor function (Feinberg and 

Vogelstein, 1983; Goelz et al., 1985; Costello et al., 2000; Novak et al., 2006; Novak et 

al., 2008).  The non-random hypermethylation of genes or clusters of genes leads to the 

silencing of genes critical in normal cellular functions thereby contributing to 

tumorigenesis.  The number of differentially methylated regions in tumors has now been 

estimated as reaching into the hundreds or low thousands in an individual tumor (Jones 

and Baylin, 2007; Novak et al., 2008).  Concomitant with or independent of DNA 

methylation, histone modifications can also participate in the aberrant silencing of 

individual or clusters of tumor suppressor genes (Oshiro et al., 2005b; Novak et al., 2006; 
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Gal-Yam et al., 2008; Kondo et al., 2008). Taken together, these data indicate that 

improper regulation of the epigenetic machinery occurs during carcinogenesis. 

 

Epigenetic Regulation of Bladder Cancer 

Analogous to nearly all tumor types, bladder tumors exhibit an aberrant pattern of 

DNA methylation which may be used in the detection of bladder cancer using DNA 

obtained from tumor specimens or from urine.   Indeed, DNA methylation levels of 

urothelium may have prognostic value as levels of DNA methylation have been 

correlated with invasive potential of bladder tumors (Dhawan et al., 2006).  Numerous 

putative tumor suppressor genes have been described as being aberrantly 

hypermethylated in bladder cancer specimens including CDKN2A, MGMT, and DBC1 

(Salem et al., 2000; Tada et al., 2002).  In addition to these targets, panels of epigenetic 

target sites have exhibited varying levels of sensitivity in detecting bladder cancer in the 

urine of afflicted patients.  Among these are genes which code for laminin proteins 

including the gene LAMA3 (Sathyanarayana et al., 2004).  LAMA3 is one of three genes 

which encode the extracellular matrix protein laminin-5.  In bladder cancer, methylation 

of the LAMA3 promoter was a strong predictor in differentiating invasive from non-

invasive specimens (Sathyanarayana et al., 2004).  Since bladder cancer has been linked 

to arsenic exposure, the precedence for the detection of DNA methylation changes during 

bladder cancer suggests that a similar method may be used to measure arsenic exposure if 

the correct set of target genes is identified. 
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Epigenetic Modifying Drugs as Cancer Therapeutics 

 Epigenetic modifications are reversible and therefore intriguing targets for 

pharmacologic intervention.  Numerous studies are ongoing to evaluate the efficacy and 

risk of using epigenetic modifying compounds in the treatment of many types of cancer 

(Yoo and Jones, 2006).  These drugs typically fall in to one of two classes; those 

compounds which inhibit DNA methyltransferase enzymes and those which interact with 

histone modifying complexes, although some drugs may have dual efficacy on both 

groups (Nguyen et al., 2002; Wozniak et al., 2007).   

 The classic DNA methyltransferase inhibitors are the nucleoside analogues 5-aza-

cytidine (5-aza-Cyd) and its derivative 5-aza-2’-deoxycytidine (5-aza-dCyd).  Each of 

these drugs is thought to function by being incorporated into replicating DNA and 

irreversibly binding to DNMT enzymes, thereby rendering them inactive and therefore 

decrease DNA methylation and increase expression at target genes (Creusot et al., 1982; 

Christman, 2002).  While these compounds are expected to target genes in a non-specific 

manner, it is interesting to note that treatment with 5-aza-dCyd may reactivate more 

genes in tumor cells than in normal counterparts and may non-randomly reactivate 

aberrantly silenced tumor suppressor genes in T24 bladder cancer cells (Liang et al., 

2002).  Until recently,  treatment with DNA methyltransferase inhibitors was used 

primarily as a functional test of DNA methylation induced gene silencing, however, the 

Food and Drug Administration (FDA) recently approved 5-aza-dCyd for the treatment of 

myelodyspastic syndrome (Jones and Baylin, 2007).  In addition, clinical trials are 
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currently ongoing to assess the efficacy and tolerance of 5-aza-dCyd in the treatment of 

solid tumors including bladder cancer (Aparicio et al., 2003; Yoo and Jones, 2006).   

 Pharmaceutical agents are currently in clinical development that target HDACs or 

other histone modifying complexes.  The HDAC inhibitor suberoylanilide hydroxamic 

acid (SAHA) was recently approved for the treatment of T-cell cutaneous lymphoma 

(Breslow et al., 1991; Richon et al., 1998; Jones and Baylin, 2007; Marks, 2007). Other 

HDAC inhibitors currently being investigated in clinical trials include the short-chain 

fatty acids butyrate and valproic acid. While these drugs have been shown to inhibit 

HDACs, they have qualities, including low bioavailability, that make clinical use of these 

compounds suboptimal.  Another HDAC inhibitor, Trichostatin A (TSA), has been 

shown to inhibit HDAC activity at very low concentrations and may act synergistically 

when combined with 5-Aza-dCyd to transcriptionally reactivate genes aberrantly silenced 

via epigenetic mechanisms in both mouse and human cancer cell lines (Cameron et al., 

1999; Novak et al., 2006) 

 In addition to those compounds currently being investigated as cancer 

therapeutics, other epigenetic modifying compounds have helped to deduce the 

epigenetic machinery underlying epigenetic mofications.  One example of such a 

compound is the PI3K-AKT inhibitor LY294002.  This compound may increase the 

activity of EZH2, the histone methyltransferase enzyme responsible for histone H3 

lysine-27 methylation, through the inhibition of an inhibitory phosphorylation placed 

upon EZH2 by AKT (Cha et al., 2005).  This inhibition reduces expression of EZH2 

target genes. Taken together, these studies suggest an emerging role for epigenetic 
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modifying drugs as cancer therapeutics. and as tools for elucidating epigenetic 

mechanisms of gene regulation. 

 

Arsenic and Epigenetic Regulation 

Cells may also adapt to long-term arsenical exposure through epigenetic 

mechanisms of gene control.  Molecular toxicological studies on the heavy metals nickel 

and arsenic support this possibility.  Using various cell types, it has been demonstrated 

that exposure to nickel can result in an altered chromatin state, specifically a decrease in 

histone acetylation (Lee et al., 1995; Broday et al., 2000; Ke et al., 2006).  In addition, it 

has been shown, both in vitro and in vivo, that arsenic exposure results in the loss of 

genomic DNA methylation in rat hepatocytes (Zhao et al., 1997; Chen et al., 2004).  A 

similar pattern of genomic hypomethylation was observed during the malignant 

transformation of an immortalized, non-tumorigenic human prostate cell line (Achanzar 

et al., 2002). Other studies have shown alterations in DNA methylation within the 

promoter regions of genes, although these were performed on fully malignantly 

transformed cells and therefore provide little insight into what changes occur when non-

tumorigenic human cells are exposed and transformed with arsenicals (Mass and Wang, 

1997; Zhong and Mass, 2001). This relationship between the DNA methylation status of 

the RASSF1A and PRSS3 promoters and arsenic exposure is also observed in human 

bladder cancer (Marsit et al., 2006).  These studies shed light upon gene-environment 

interactions that involve the epigenetic control of carcinogenesis.  Currently, however, 

little is known about the histone modification profile that results from chronic, low-level 
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exposure to As(III) and MMA(III).  In light of recent research depicting environmental 

causes for perturbation of the epigenetic landscape, further studies are warranted in 

determining the role of arsenicals in the induction of epigenomic changes. 
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Hypothesis and Specific Aims 

The long-term effects of arsenicals on cellular phenotype may be mediated 

through aberrant epigenetic control of important loci.  We hypothesized that alterations of 

epigenetic control may occur in the promoters of genes participating in arsenical-induced 

malignant transformation and that these changes would be stable after the removal of the 

transforming arsenical.  We employed five specific research aims to address this 

hypothesis. 

a)  Assess the histone H3 acetylation state of promoter regions using ChIPs 

coupled to a human promoter microarray.   

b)  Analyze the levels of DNA methylation in promoter and other genomic 

regions during arsenical-induced malignant transformation complementary microarray 

platforms. 

c)  Examine whether epigenetic changes are stable in the promoter regions of 

identified target genes after the removal of MMA(III) from URO-MSC cell lines using 

Sequenom MassARRAY technology. 

d)  Determine the functional consequence of epigenetic remodeling by assessing 

the role of WNT5A, a gene that becomes transcriptionally activated during arsenical-

associated malignant transformation by epigenetic mechanisms. 

Taken together, these data provide a genome-wide view of the epigenetic changes 

associated with chronic arsenical exposure and provide new gene targets that participate 

in arsenical-induced tumorigenesis.  
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MATERIALS AND METHODS 

Materials 

Chemicals  

Sodium arsenite, phenylmethylsulphonyl fluoride (PMSF), Aprotinin, Pepstatin 

A, PIPES, NP40, EDTA, Tris, Triton X-100, NaCl, LiCl, SDS, and NaHCO3 were 

obtained from Sigma-Aldrich (St. Louis, MO).  Diiodomethylarsine (MMA(III) iodide, 

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

Environmental Health Sciences Center, Tucson, AZ) using previously described methods 

(Millar et al., 1960). 

 

Methods 

Cell Culture  

UROtsa and URO-ASSC cells were kindly provided by the laboratory of Drs. 

Donald and Maryann Sens.  URO-MSC12, URO-MSC24, URO-MSC36, and URO-

MSC52 cell lines were provided by the laboratory of Dr. A. Jay Gandolfi.  All cells were 

cultured in DMEM media (Cellgro, Herndon, VA) supplemented with 5% v/v FBS 

(Omega Scientific, Tarzana, CA) and 1% v/v penicillin/streptomycin (Cellgro, Herndon, 

VA) and maintained in 150 cm2 culture flasks (Greiner Bio-One, Monroe, NC) at 37°C 

with 5% CO2 as described previously (Bredfeldt et al., 2006).   URO-MSC24 and URO-

MSC52 cells were also cultured in the absence of MMA(III) using the conditions 

described above for one year to create cells at monthly intervals removed from 

MMA(III).  SW780, UM-UC-3, and T24 human bladder cancer cell lines were purchased 
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from the American Type Culture Collection (Manassas, VA).  SW780 cells were cultured 

in Leibovitz's L-15 Medium (Cellgro, Herndon, VA) with 10% v/v FBS (PAA, New 

Bedford, MA) and 1% v/v penicillin/streptomycin (Cellgro, Herndon, VA) added.  UM-

UC-3 cells were cultured in EMEM (Gibco, Carlsbad, CA) with 1% v/v L-glutamine 

(Cellgro, Herndon, VA), 10% v/v FBS(PAA, New Bedford, MA),  and 1% v/v 

penicillin/streptomycin (Cellgro, Herndon, VA) added.  T24 cells were cultured in 

McCoy’s 5a Medium Modified (Cellgro, Herndon, VA) with 10% v/v FBS (PAA, New 

Bedford, MA) and 1% v/v penicillin/streptomycin (Cellgro, Herndon, VA) added. 

 

Drug Treatments   

URO-ASSC, URO-MSC24, and URO-MSC52 cells were treated with 20 µM 

LY294002 (Cayman Chemical Company, Ann Arbor, MI) or an equal volume of DMSO 

(vehicle control) for 6 hours.  UROtsa cells were treated with 300nM trichostatin A 

(TSA), 5 mM sodium butyrate (SB), or phosphate buffered saline (vehicle control) for 24 

hours.  UROtsa, URO-MSC24, URO-MSC52, and URO-ASSC cells were treated with 10 

µM 5-aza-2’-deoxycytidine (5-aza-dCyd) for 96 hrs.  For each treatment, cells were 

plated in a 6-well dish (Greiner Bio-One, Monroe, NC) and allowed to attach overnight.  

Cells treated with 5-aza-dCyd were dosed after attachment and incubated in the presence 

of drug for 48 hrs.  At this point, media was replaced with fresh media containing 5-aza-

dCyd for the remaining of the 96 hr timecourse.  TSA (Sigma, St. Louis, MO), SB 

(Sigma, St. Louis, MO), and 5-aza-dCyd (Sigma, St. Louis, MO) were dissolved in PBS.  

LY294002 was dissolved in DMSO. 
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Nucleic Acid Isolation  

Total RNA was isolated using the RNeasy Mini Kit according to manufacturer’s 

protocol (Qiagen, Valencia, CA).  Genomic DNA was isolated using the DNeasy Blood 

and Tissue Kit as described by manufacturer (Qiagen, Valencia, CA).  The quantity and 

relative quality of each sample was assessed using absorbance at 260 nm using the 

NanoDrop 1000 Spectrophotometer (NanoDrop, Wilmington, DE).    

 

Chromatin Immunoprecipitation (ChIPs)   

Cells were grown until nearly confluent in 150 cm2 dishes (Greiner Bio-One, 

Monroe, NC).  Two dishes were combined for each lysate.   Media was aspirated and 

cells were treated with 10 mL of Hank’s Balanced Salt Solution (HBSS) (Cellgro, 

Herndon, VA) containing 0.1% EDTA and 1% formaldehyde for 10 mins at room 

temperature to crosslink DNA and protein.  HBSS containing formaldehyde was then 

aspirated and cells were washed once with 10 mL of PBS. Cells were then scraped from 

culture plates in HBSS containing the protease inhibitors PMSF (1 mM), Aprotinin (1 

µg/mL), and Pepstatin A (1 µg/mL).  Cells were subjected to centrifugation and 

resuspended in PIPES buffer (5 mM Pipes buffer pH 8.0, 85mM KCl, 0.5% NP40) with 

protease inhibitors for 10 minutes on ice.  Cells were again collected using centrifugation 

and were resuspended in Lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 

8.1) containing protease inhibitors (PMSF, Aprotinin, Pepstatin A), after which lysates 

were stored at -80°C until further processing was needed. Resulting DNA/protein 



 57

complexes were sonicated and subjected to gel electrophoresis to ensure proper 

sonication.  Proper sonication was determined as the DNA/protein complex being 

between 500-1000 bp in size when run on a 1% agarose/TBE gel.  Lysates were then 

pelleted by centrifugation and supernatant was added to 4 mL ChIPs dilution buffer 

(0.01% SDS, 1.1% Triton-X 100, 1.2 mM EDTA, 16.7 mM Tris-Cl pH 8.1, 167 mM 

NaCl).  A portion of the diluted product (400 µL) was removed for later analysis as input 

DNA.  The remaining portion was pre-cleared using protein A Sepharose GL-4B beads 

(GE Healthcare, Piscataway, NJ) for one hour.  Beads were separated by centrifugation at 

4°C and lysate was incubated overnight with an antibody directed toward the desired 

histone modification.  TriMeK27 and AcH3 antibodies were purchased from 

Millipore/Upstate (Billerica, MA).  DiMeK9 and DiMeK4 antibodies were purchased 

from Abcam (Cambridge, MA).  After incubation, the bound DNA was 

immunoprecipitated and washed for 5 minutes at 4°C with each of the following buffers: 

low salt (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM 

NaCl), high salt (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 

500 mM NaCl), LiCl (0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, 10 mM 

Tris-HCl, pH 8.1) and twice with TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).  DNA 

was eluted in 500 µL of ChIPs elution buffer (0.1 M NaHCO3, 1% SDS).  Input and 

immunoprecipitated DNA was then treated with 5M NaCl for 4 hours at 65°C to reverse 

DNA-protein crosslinks, after which protein was digested with Proteinase K (Fermentas, 

Glen Burnie, MD) for 1 hr at 45°C.  Immunoprecipitated and input DNA samples were 

purified using the PCR Purification Kit (Qiagen, Valencia, CA) and were quantified 
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using the Quant-IT Picogreen dsDNA detection kit (Invitrogen, Carlsbad, CA). 

Fluorescence was measured using the Biotek FLx800 microplate reader 

(Biotek,Winooski, Vermont).  Schematic diagram of this process, along with 

hybridization to the 13,000 element human promoter microarray, are depicted in Figure 

6. 

 

Production of the 13,000 Element Human Promoter Microarray  

Primers for the human promoter microarray probes were obtained from the 

Whitehead Institute (Odom et al., 2004).  Primers for 13,000 gene promoters were 

designed to correspond to cDNAs from the NCBI Refseq database.  Each primer was 

designed to span approximately 750 bp upstream and 250 bp downstream of the 

transcription start site of these genes based upon the April, 2001 build of the NCBI 

database (Odom et al., 2004).  Microarray probes were generated by adding 100 ng 

genomic DNA from normal, human mononuclear cells to 45 µL of PCR master mix 

(Eppendorf, Hamburg, Germany) with PCR primers (20 ρmoles each) added.  PCR 

reactions were performed in a 96-well format (ABgene, Rochester, NY).  After 

completion of PCR, a 3 µL aliquot of PCR product was analyzed by gel electrophoresis 

in a 96-well format using the Invitrogen 2% agarose E-Gel 96 system (Invitrogen, 

Carlsbad, CA).  Remaining product was then purified using the QIAquick 96 PCR 

Purification Kit (Qiagen, Valencia, CA).  DNA was then lyophilized and resuspended in 

10 µL 3x SSC for printing onto activated microarray slides (Corning, Lowell, MA) using 

the OmniGrid Robot (Gene Machines, San Carlos, CA).  
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Figure 6.  Chromatin immunoprecipitation (ChIPs) coupled to human promoter 
microarray.  Schematic outline of the processes involved in ChIPs coupled to human 
promoter microarray are shown.  Antibody used in this diagram is targeted to AcH3; 
ChIPs for DiMeK9, DiMeK4, and TriMeK27 were performed similarly. 
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Microarray Hybridization  

Equal amounts of Input and ChIP DNA (100ng) were amplified using the 

BioPrime Array CGH Genomic Labeling Module (Invitrogen, Carlsbad, CA) according 

to modified manufacturer’s protocol.  Resulting amplified DNA was purified using the 

PCR Purification Kit (Qiagen, Valencia, CA) and quantified, after which equal amounts 

of Input and ChIP DNA (1 µg) were subjected to another round of amplification using the 

BioPrime Array CGH Genomic Labeling Module (Invitrogen, Carlsbad, CA), this time 

incorporating cyanine-labeled dUTP (GE Healthcare, Piscataway, NJ).  Input DNA was 

labeled with Cy-5 and ChIP DNA was labeled with Cy-3.  Labeled DNA was again 

purified using the PCR Purification Kit (Qiagen, Valencia, CA) and quantified to ensure 

proper amplification and incorporation of labeled dUTP using the microarray function of 

the NanoDrop 1000 Spectrophotometer (NanoDrop, Wilmington, DE). Input and ChIP 

DNA were then combined, to which was added human COT-I DNA (Invitrogen, 

Carlsbad, CA) and yeast tRNA (Invitrogen, Carlsbad, CA), and the resulting mix was 

lyophilized to dryness.  Dried target was then resuspended in Domino Oligo 

Hybridization Buffer (Gel Company, San Francisco, CA), denatured, and applied to the 

human promoter microarray slide.  Slides were incubated for 16 hrs with labeled sample 

using an Advacard (Sunergia Medical, Herndon, VA) in an Array Booster (Sunergia 

Medical, Herndon, VA).  After incubation, slides were washed for 5 mins in each of the 

following: wash 1 (0.5x SSC, 0.01% SDS), wash 2 (0.06x SSC, 0.01% SDS), and wash 3 

(0.06x SSC).  Slides were then dried by centrifugation and scanned using an Axon 

GenePix 4000B microarray scanner (Axon, Sunnyvale, CA). 
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ChIPs Coupled To Real-Time PCR   

Equal amounts of input and immunoprecipitated DNA (1ng) were added to IQ 

supermix (Bio-Rad, Hercules, CA) or PerfeCTa qPCR Supermix (Quanta Biosciences, 

Gaithersburg, MD), promoter-specific primers, and fluorescent probes (Roche, Basel, 

Switzerland) and were analyzed using the ABI 7500 Real-Time Detection System 

(Applied Biosystems, Foster City, CA). Values were calculated using the Delta Ct 

method normalizing to the respective input for each sample. Primers were designed using 

Primer3 in conjunction with ProbeFinder version 2.40 software (Roche Applied Science, 

Basel, Switzerland).  Statistics were calculated using an unpaired t-test between each 

transformed cell line and UROtsa.  Primer sequences are described in Table 1. 

 

Real-Time RT-PCR  
  

Total RNA (250ng) was converted to cDNA according to manufacturer’s 

instructions (Applied Biosystems, Foster City, CA).  Converted cDNA (10ng) was added 

to IQ supermix (Bio-Rad, Hercules, CA) or PerfeCTa qPCR Supermix (Quanta 

Biosciences, Gaithersburg, MD), gene-specific primers, and fluorescent probes (Roche, 

Basel, Switzerland) and subjected to Real-Time PCR analysis using Roche 

UniversalProbe  technology (Roche, Basel, Switzerland) using the ABI 7500 Real-Time 

Detection System (Applied Biosystems, Foster City, CA).  For WNT5A, converted cDNA 

(10 ng) was added to 2X PCR Master Mix (Applied Biosystems, Foster City, CA) and a 

WNT5A-specific primer/probe (Applied Biosystems, Foster City, CA) and  
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ChIPs Real-Time PCR Primers 

 
Gene Forward Primer Reverse Primer Probe Location 
KRT7 agtccaagcagggatggtc gttctctgcggccgtcta 51 chr12:50913073-

50913133
ZSCAN12 tggtaaatggaacgggtttatc cagttctacaagcctcgacca 35 chr6:28475662-

28475755
FAM83A ataattggggcttcggatg ggatcaggaggtcagtggtc 56 chr8:124264862-

124264928
NEFL taaataggggtggcagaacg agagggaagggggaggat 76 chr8:24870012-

24870073  
KCNK10 gagaccggaggagacgatg tctctggctgagctgttcatt 83 chr14:87862981-

87863052
C1QTNF6 cagaggcaggaggaaatgtg tctccctctgactgggacag 80 chr22:35913991-

35914050
DBC1 gacggccgaaaatgaatg acactcctcggaagcaacc 17 chr9:121171618-

121171699
GAPDH cccgtccttgactccctagt gtgatcggtgctggttcc 44 chr12:6513617-

6513680
WNT5A 
(Promoter) 

ttcacaccacagattctgcaa ggctacagacccagagagga 78 chr3:55496590-
55496666

FGF5 tcaaccctccgtttctatcg gaaacgagctcggcgtta 65 chr4:81406473-
81406533

EYA4 tgggtagcgagagagttcca cactgtcgatccccacct 43 chr6:133603721-
133603787

WNT5A 
(Intron) 

atgtggggaaagccacttc 
 

cctagtctggctgaagaacgtc 60 chr3:55490654-
55490727

 
 
 
Table 1.  The primer sequences and Roche Universal Probe Library probe used for ChIPs 
coupled to quantitative real-time PCR.  Location is based upon the March, 2006 build of 
the UCSC genome browser (http://genome.ucsc.edu). 

http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113092006&db=hg18&position=chr12:50913073-50913133&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113092006&db=hg18&position=chr12:50913073-50913133&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr6:28475662-28475755&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr6:28475662-28475755&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr8:124264862-124264928&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr8:124264862-124264928&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr8:24870012-24870073&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr8:24870012-24870073&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr14:87862981-87863052&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr14:87862981-87863052&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr22:35913991-35914050&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr22:35913991-35914050&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr9:121171618-121171699&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr9:121171618-121171699&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr12:6513617-6513680&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr12:6513617-6513680&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr3:55496590-55496666&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr3:55496590-55496666&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr4:81406473-81406533&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr4:81406473-81406533&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr6:133603721-133603787&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr6:133603721-133603787&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr3:55490654-55490727&hgPcrResult=pack
http://genome.ucsc.edu/cgi-bin/hgTracks?hgsid=113853725&db=hg18&position=chr3:55490654-55490727&hgPcrResult=pack
http://genome.ucsc.edu/
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analyzed utilizing the ABI 7500 Real-Time detection system (Applied Biosystems, Foster 

City, CA).  Results were calculated using the Delta Ct method normalizing to β-ACTIN 

or GAPDH expression for each sample. Primers were designed using Primer3 in 

conjunction with ProbeFinder version 2.40 software (Roche Applied Science, Basel, 

Switzerland). Statistics were calculated using an unpaired Student’s t-test between each 

transformed cell line and UROtsa.  Primer sequences are described in Table 2. 

 

Methylcytosine Immunoprecipitation (MeDIP)  

RNase-treated genomic DNA (15 µg) was sonicated and analyzed using gel 

electrophoresis on a 1% agarose/TBE gel to ensure proper sonication.  After sonication, 

10% of sample was set aside for future analysis as input DNA.  The remaining product 

was denatured at 100°C for 15 minutes and incubated overnight with an antibody to 5-

methylcytosine (Aviva Systems Biology, San Diego, CA).  Antibody-DNA complexes  

Were incubated with protein A Sepharose GL-4B beads (GE Healthcare, Piscataway, NJ) 

for one hr, precipitated,  and washed for 5 mins at 4°C with each of the following buffers: 

low salt (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM 

NaCl), high salt (0.1% SDS, 1% Triton X100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 

500 mM NaCl), LiCl (0.25 M LiCl, 1% NP40, 1% deoxycholate, 1 mM EDTA, 10 mM 

Tris-HCl, pH 8.1) and twice with TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0).  DNA 

was eluted with buffer QG (Qiagen, Valencia, CA) using the QiaQuick Gel Extraction 

Kit (Qiagen, Valencia, CA) according to manufacturer’s protocol. DNA was quantified 

using absorbance at 260nm on the NanoDrop 1000 Spectrophotometer  
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Real-Time RT-PCR Primers Used 

Gene Forward Primer Reverse Primer Probe 
KRT7 ctgaggctgaagcctggta gggtattccggaggtcgt 64 
ZSCAN12 tccgtaggagggagttctctt tggaaactgtattcctggacagt 81 
FAM83A cagatctctgacagtcacctcaag ctgcctgacttggcacagta 12 
NEFL atgaatgaagcgctggagaa tttctaatttgttgatcgtgtcct 17 
KCNK10 cggcatctttcttggatgtt ccgttagtggcgctcttg 49 
C1QTNF6 ggaggccacaggacacag agggatctcacacatcaggag 15 
DBC1 agtcttgggccgaagcttat tggtcaggaagtggttgct 80 
G0S2 ggaggagaacgctgaggtc atctcggctctgggctct 15 
THEM4  ccaacagcataggttttcatca ctacagcagccctaggaaatg 12 
GAPDH gagtccactggcgtcttcac gttcacacccatgacgaaca 45 
B-ACTIN ccaaccgcgagaagatga ccagaggcgtacagggatag 64 
CYP24A1 catcatggccatcaaaacaat gcagctcgactggagtgac 88 
NR0B1 gcttttgcggtaaagaccac gtttgctttgcgctcgtc 89 
GNA14 gacaggaggagggagtacca atgcggtcaatgtcagtcag 53 
EREG aggatggagatgctctgtgc ggactgcctgtagaagatgga 13 
BCL2L10 ccaagaaaaccagcgaagg ctcccgcaactggtcaac 3 
GPR101 ccagtcgtcgtaacagcaac cagctttgcactggtagcac 82 
    
 
 
Table 2.  The expression primer sequences and Roche Universal Probe Library probe 
used in quantitative real-time RT-PCR.    
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(NanoDrop, Wilmington, DE).  Real-time PCR for these samples was performed as 

described previously for histone H3 acetylation.  Hybridization to human promoter 

microarray was performed as previously described for ChIPs and is shown in Figure 7. 

Statistics were calculated using an unpaired Student’s t-test between each transformed 

cell line and UROtsa.   

 

Microarray Data Analysis  

All microarray data were processed in R programming environment (R, 2007).  

For normalization of all data, the Linear Models for Microarray Data (Limma) package 

was used (Smyth, 2005).  Differentially acetylated or methylated elements  were 

identified using statistical approaches previously described (Smyth, 2004).  To control for 

false discovery rate,  a multiple testing correction was performed according to methods 

described by Benjamini and Hochberg (Benjamini and Hochberg, 1995). Gene ontology 

terms over-representation testing was performed using GOstats package (Falcon and 

Gentleman, 2007).  Overlapping probabilities of DMR sets were calculated using a 

hypergeometric test (Fury et al., 2006). 

 

WNT5A shRNA Cell Lines   

WNT5A MISSION shRNA lentiviral transduction particles were obtained from 

Sigma-Aldrich (Sigma, St. Louis, MO).  Transduction of these cell lines was performed 

following the manufacturer’s protocol.  Briefly, cells were seeded in a 6-well tissue 

culture dish and allowed to attach for 24 hours. After 24 hours, cells were transduced  
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Figure 7.  Methylcytosine immunoprecipitation (MeDIP) coupled to human promoter 
microarray.  Schematic outline of the processes involved in MeDIP coupled to human 
promoter microarray are shown.  Figure adapted from (Weber et al., 2005). 
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with WNT5A lentiviral particles after media containing 6 µg/mL hexadimethrine bromide 

(Sigma, St. Louis, MO) was added.  After 24 hours, the media containing the lentiviral 

particles was removed and replaced with fresh media.  After another 24 hours, the media 

was replaced with media containing 2 µg/mL puromycin.  After 24 additional hours, this 

media was again replaced with fresh media containing 2 µg/mL puromycin.  Media 

containing puromycin was subsequently replaced every two days.  Cells were maintained 

in selection media for their duration in culture and throughout all experimental 

procedures. 

 

Colony Formation in Soft Agar   

 A base layer of 0.6% agar noble (Becton, Dickinsin, and Company, Sparks, MD) 

in culture media was poured into 24-well plates and allowed to solidify.  After 

solidification, 15,000 cells were resuspended in 0.3% agar noble after the agar cooled to a 

temperature below 40°C and were added on top of the base layer.  Culture media (500 

µL) was added on top of the agar in each well.  Media (500 µL) was added to each well 

every 48 hours, after which 500 µL was also removed each time.  Cells were incubated 

for 14 days and counted using a microscope at 10X magnification.  The assay was 

performed in triplicate for each cell line examined. 

 

McrBC DNA Methylation Analysis  

Genomic DNA (5 µg) was added to 10 µL of 10X NEB Buffer #2 (New England 

Biolabs, Beverly, MA), 5U/µg MSE-1 (New England Biolabs, Beverly, MA), 1µL 1X 
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BSA, and PCR H2O up to 100 µL total volume.  Mixture was incubated at 37°C 

overnight followed by 65°C for 20 minutes to inactivate the enzyme.   

Resulting product was purified using the Qiagen PCR Purification Kit according 

to manufacturer’s protocol (Qiagen, Valencia, CA).  Digested gDNA (1 µg) was 

incubated with Catch-22 linkers, 2.5 µL of 10x T4 Ligase Buffer, 0.5 µL T4 DNA ligase, 

and PCR H2O for a final volume of 25 µL and incubated overnight at 16°C (Figure 8).  

MSE-1 cut/linkered gDNA (160 ng) was added to each of two reactions, referred to as 

“cut” and “mock,” containing PCR H2O, 1 µL 10x NEB Buffer #2 (New England 

Biolabs, Beverly, MA), 10X BSA, and 40 U/µg McrBc (New England Biolabs, Beverly, 

MA).  The difference between the two reactions lies in the “cut” reaction also has 4X 

GTP, which is necessary for the McrBc reaction to occur, while the “mock” reaction 

replaces GTP with PCR H2O.  Each reaction was incubated for 6 hours at 37°C followed 

by heating to 65°C for 20 minutes.  Both “cut” and “mock” samples were then amplified 

using 20 ng of DNA, Roche Buffer, 10mM dNTPs, Taq polymerase (Roche), and primers 

designed for the Catch22 linker that was previously added.  PCR reactions were 

performed as follows: 72°C for 15 minutes; 95°C for 3 minutes followed by 23 cycles of:  

95°C for 2 minutes, 55°C for 1 minute, and 72°C for 3 minutes. Each reaction was 

purified using the Qiagen PCR Purification Kit according to manufacturer’s instructions 

(Qiagen, Valencia, CA).  Cut and mock DNA was subjected to amplification using the 

BioPrime Array CGH Genomic Labeling Module (Invitrogen, Carlsbad, CA), 

incorporating cyanine-labeled dUTP (GE Healthcare, Piscataway, NJ).  Cut DNA was  
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Figure 8.  McrBC DNA methylation analysis coupled to CpG island microarray.  
Schematic outline of the processes involved in MeDIP coupled to human promoter 
microarray are shown.   
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labeled with Cy-5 and mock DNA was labeled with Cy-3.  Labeled DNA was purified 

using the PCR Purification Kit (Qiagen, Valencia, CA).   

 

HOXA Micoarray Primer Design and Probe Preparation.   

PCR primers were designed using Primer3 ( http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3.cgi) (Rozen and Skaletsky, 2000) for a region spanning the HOXA 

cluster (chr7:26900200-27019000) using positional information from the May 2004 build 

of the human genome browser at the University of California, Santa Cruz  

(http://genome.ucsc.edu).  The average size of the 170 products was 496bp with gaps 

between amplicons averaging 199bp. PCR primers were also designed for a region 

spanning GAPDH (chr12:6512873-6519114) with an average amplicon length of 493 bp 

and ACTB (chr7:5338000-5344715) with an average amplicon length of 492 bp to serve 

as controls. 

Microarray probes were generated by adding100 ng PBL genomic DNA to 45 µL 

of PCR master mix (Eppendorf, Hamburg, Germany) with PCR primers (20 ρmoles each) 

added.  PCR reactions were performed in a 96-well format (ABgene, Rochester, NY) 

using thermal cyclers (MJ Research, Waltham, MA).  Two rounds of PCR were 

performed using a program of 98°C for 3 minutes; 2 cycles of 98°C for 2 minutes, 61°C 

for 40 seconds, 72°C for 1 minute, 98° for 30 seconds, 59° for 40 seconds, 72°C for 1 

minute; 37 cycles of 98°C for 25 seconds, 55° for 30 seconds, 72°C for 1 minute; and  

then 72°C for 5 minutes. After completion of PCR, a 3 µL aliquot of PCR was analyzed 

by gel electrophoresis in a 96-well format using the Invitrogen 2% agarose E-Gel 96 

http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3.cgi


 71

system (Invitrogen, Carlsbad, CA).  Remaining product was then purified using the 

QIAquick 96 PCR cleanup kit (Qiagen, Chatsworth, CA).  After cleanup, select PCR 

products were analyzed and quantitated using the ND-1000 spectrophotometer 

(Nanodrop, Wilmington, DE).  Typical yields ranged from 2-8 µg. To ensure PCR 

accuracy, a representative portion of PCR products were subjected to digestion with the 

restriction enzyme SmaI (Fermentas, Hanover, MD) with products visualized on a 3% 

agarose gel. DNA was then dried and resuspended in 10 µL 3x SSC for printing onto 

microarray slides (Corning, Corning, NY ).   

 

Sodium Bisulfite Treatment for Sequencing 

 Sodium bisulfite treatment was performed as described previously (Clark et al., 

1994).  Genomic DNA (5 µg)  was incubated in 0.3 N NaOH (Sigma, St. Louis, MO) for 

15 minutes at 37°C after which the solution was added to 3.6 M sodium bisulfite (Fisher 

Scientific, Fairlawn, NJ) and 1mM hydroquinone (Sigma, St. Louis, MO).  The resulting 

solution was incubated at 55°C for 12-14 hours and purified using the DNeasy Blood and 

Tissue Kit (Qiagen, Valencia, CA) according to manufacturer’s instructions.  

 

Sodium Bisulfite PCR 

 For promoter specific PCR reactions, 2.5 µL of sodium bisulfite-treated DNA 

was added to 10 µL PCR Master Mix (5-Prime, Gaithersberg, MD), 11.5 µL PCR H2O, 

and 1 µL of gene specific primers (25 ρmol of each).  While annealing temperature 

varied by gene, the general PCR reaction was as follows:  95°C for 5 minutes followed 
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by 35 cycles of 92°C for 2 minutes; ramp down 1.0°C/second until annealing temperature 

is reached (typically 56-60°C); annealing temperature for 3 minutes; ramp up 

0.3°C/second until 72°C; 72°C for 2 minutes; ramp up 0.5°C/second until 92°C.  Upon 

completion of 35 cycles, reactions were incubated at 72°C for 5 minutes and at 4°C until 

further processing occurred.  The first round PCR product was used as a template for the 

second round PCR reaction, this time adding 2.5 µL of the first round product to the PCR 

mix described above and following the same cycling parameters with the exception that 

the annealing temperature was 2°C higher for the second round PCR reaction.  Primers 

were designed using Methyl Primer Express v1.0 software (Applied Biosystems, Foster 

City, CA).  Primer sequences as well as annealing temperatures are shown below.  

Primers for ZSCAN12 were designed within the sequence present on the Human Promoter 

Microarray.  Primers for THBD and ADAMTS5 were designed within the sequence 

present on the CpG Island Microarray. 

ZSCAN12 Promoter-58°C 1st Rd/60°C 2nd Rd 

1st Rd. Forward: 5’-GTTTGAGGGGTTTAGTAGTTG-3’ 

1st Rd. Reverse:   5’-AACATCCCTTTAAAACATCTCT-3’ 

2nd Rd. Forward:  5’-TGAGGGGTTTAGTAGTTGGAAT-3’ 

2nd Rd. Reverse:  5’-CAAAAACACAAAATCCCAAAAT-3’ 

THBD Promoter (Clone BF.20.A8)- 58°C 1st Rd/60°C 2nd Rd 

1st Rd. Forward: 5’-TTGAATTTTTGTAATTGAATAATG-3’ 

1st Rd. Reverse:   5’-AACTAAACTAACCTACAATAACCAAA-3’ 

2nd Rd. Forward:  5’-TTGAATTTTTGTAATTGAATAATGG-3’ 
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2nd Rd. Reverse:  5’-TTAAAACAAAAAACCTCCAAAC-3’ 

ADAMTS5 (Clone BF.47.A3)- 58°C 1st Rd/60°C 2nd Rd 

1st Rd. Forward: 5’- TTATAATTAATTGGGGTTGGTT -3’ 

1st Rd. Reverse:   5’- TTTTTAAAACAAAAAAAATTCCA -3’ 

2nd Rd. Forward:  5’- ATTGGGGTTGGTTAATTTTG -3’ 

2nd Rd. Reverse:  5’- CCCTAAACTCTCTAACTATCCAACC -3’ 

 

Ligation and Transformation 

 For THBD and ADAMTS5, sodium bisulfite treated DNA was ligated into the 

pGEM T-easy vector (Promega, Madison, WI).  To do this, 3 µL of second round PCR 

product was added to 5 µL of 2x rapid ligation buffer, 1 µL pGEM T-easy vector, and 

1µL T4 DNA ligase and incubated at room temperature for 1 hour.  Five microliters from 

the ligation reaction was added to one 50 µL vial of One Shot Top10F’ competent E. coli 

cells and incubated on ice for 30 minutes.  E. coli was then heat shocked at 42°C for 30 

seconds and placed on ice for 2 minutes.  SOC media (250 µL) was added and cells were 

shaken at 225 rpm for 1 hour at 37°C.  Upon completion, competent cells were plated on 

LB/Ampcillin/Agar plates and incubated at 37°C overnight.  Prior to the addition of 

bacteria, 50 µL of 25 mg/mL X-Gal (5-Bromo-4-Chloro-3-indolyl β-D-

Galactopyranoside) (Fermentas, Glen Burnie, MD) was added to allow for selection of 

transformed clones.  To grow subsequent clones, 12-24 white colonies were plucked from 

the LB/Ampicillin/Agar plates and placed in 3 mL of LB containing 25 mg/mL 
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ampicillin.  Each clone was placed in a gyratory shaker set at 225 rpm and 37°C for 14-

16 hours.  Clones were purified using the Qiagen miniprep kit (Qiagen, Valencia, CA). 

 For ZSCAN12, resultant gel purified PCR product (2 µL) was ligated into the pCR 

2.1-TOPO vector according to manufacturer’s instructions (Invitrogen, Carlsbad, CA).  

Ligated TOPO vector (2 µL) was then mixed with Top10 chemically competent E. Coli 

and incubated.  Upon completion, transformed competent cells were plated on 

LB/Amp/Agar plates containing 64 µL of X-Gal and incubated at 37°C overnight.  

Resultant white colonies were picked and added to a PCR tube containing 2.5X PCR 

master mix (5-Prime) and M13 forward and reverse primers (10 ρmoles).  PCR products 

were evaluated by gel electrophoresis (2% agarose/TBE) and positive clones were 

subsequently sequenced. 

  M13 Forward Primer: 5’-CGCCAGGGTTTTCCCAGTCACGAC-3’ 

  M13 Reverse Primer: 5’-GAGCGGATAACAATTTCACACAGG-3’ 

 The cycle-sequence reaction was carried out using Big Dye Terminator v3.1 

chemistry (Applied Biosystems) on an MJ Thermocycler (MJ Research, Inc., Watertown, 

MA).  These reactions were further processed by running a clean-up procedure with 

CleanSEQ beads (Agencourt Bioscience, Beverly, MA) on a Biomek FX automated 

workstation (Beckman-Coulter, Fullerton, CA).  Finally, the products were sequenced on 

an Applied Biosystems 3730xl DNA Analyzer.  Sequencing data were analyzed using the 

BiQ Analyzer using standard settings (Bock et al., 2005) 
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Sequenom DNA Methylation Analysis 

DNA methylation was analyzed using the Sequenom MALDI-TOF hardware and 

consumables according to manufacturer’s instructions.  Sodium bisulfite (NaBS) treated 

genomic DNA (500 ng) was prepared according to manufacturer’s instructions (Zymo 

Research, Orange, CA) using the DNA Methylation Gold Kit and eluted from the column 

in 80 µL autoclaved ddH2O.  Region or gene promoter-specific primers were designed 

using EpiDesigner (http://www.epidesigner.com/) with standard settings using the 

sequence present on the human promoter microarray as the input sequence.  It is 

important to note that one of each primer pair contains a T7 RNA polymerase binding 

sequence while the other contains a 10 nucleotide linked to roughly equalize length 

between primers in addition to their site-specific sequences.  PCR reactions were 

performed in 96 or 384-well plate format with each reaction containing 1x PCR buffer 

with 2 mM MgCl2, 200 µM each dNTPs, 0.2 units PCR enzyme (Sequenom, San Diego, 

CA), 200 nM each primer (Integrated DNA Technologies, Coralville, IA), and 5 ng 

NaBS treated DNA in 5 µL total volume in a 384 well plate format (Thermo Scientific, 

Waltham, MA).  PCR reaction was as follows: 94°C for 15 minutes; 45 cycles of 94°C 

for 20 seconds, 60°C for 30 seconds, 72°C for 1 minute; and finally 72°C for 3 minutes 

using a Dual 384-well GeneAmp PCR System 9700 (Applied Biosystems, Foster City, 

CA).  Upon completion of PCR reaction, unincorporated nucleotides were 

dephosphorylated with shrimp alkaline phosphatase (SAP) (Sequenom, San Diego, CA).  

Products were then incubated with T7 RNA polymerase and RNase A at 37°C for three 

hours, after which desalting resin (Sequenom, San Diego, CA) was added.  Desalted 

http://www.epidesigner.com/
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products were spotted on to MALDI-TOF chips and analyzed using the Sequenom 

MALDI-TOF mass spectroscopy apparatus.  Data were visualized using EpiTyper 

software (Sequenom, San Diego, CA).  Each NaBS treated DNA sample was processed 

in two independent experiments.  Data were analyzed using EpiTyper software 

(Sequenom, San Diego, CA) and the R-script “Analyze Sequenom Function” using 

methods described previously (Coolen et al., 2007).  Primer sequences are described 

below and listed in a 5’ to 3’ fashion.  Location of amplicon is based upon the March, 

2006 build of the UCSC genome browser. 

FAM83A  Length: 440bp Location: chr8:124264208-124264647 

  Forward:  aggaagagagTTGAGGTTTAGTTGTGTAGTAGGGT  

  Reverse: cagtaatacgactcactatagggagaaggctTCCATTTACTTCCCACATCTAAAAA 

CYP24A1  Length: 450bp Location: chr20:52223969-52224418 

  Forward:  aggaagagagGAGTATGTTTTGGGTGGTTAATGAG  

  Reverse: cagtaatacgactcactatagggagaaggctTCCAAACTAAAAATATCTAACTCCCC 

EREG   Length: 340bp Location: chr4:75449452-75449791 

  Forward:  aggaagagagGGTTGTTAGTTTAGAAGGGATTTTA  

  Reverse: cagtaatacgactcactatagggagaaggctACAAAACAAACCAAACCATCTAATC 

GNA14  Length: 551bp Location: chr9:79452405-79452955 

  Forward:  aggaagagagTTGGGGATATTTTTAGGTTTAGGAG 

  Reverse: cagtaatacgactcactatagggagaaggctCCCAACAACAACAACTTAAACTCAC 

KRT7   Length: 391bp Location: chr12:50913180-50913570 

  Forward:  aggaagagagGTTTTAGGAGGGGTTTGGTAGTAGA 
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  Reverse: cagtaatacgactcactatagggagaaggctAAACCAACAAACTCTAATTAATAATAAC 

C1QTNF6  Length: 407bp Location: chr22:35914364-35914770 

  Forward:  aggaagagagTTTTTTTTAGTTTTTGGGTTTTG 

  Reverse: cagtaatacgactcactatagggagaaggctTAAACCCTCCCATATACCTAACACA 

THEM4  Length: 270bp Location: chr1:150148820-150149089 

  Forward:  aggaagagagGGGGTTTTTTAAAGGTAAGAGGAG  

  Reverse: cagtaatacgactcactatagggagaaggctCCTATCCAAAAACTTACCCATAACC 

G0S2   Length: 429bp Location: chr1:207914988-207915416 

  Forward:  aggaagagagAATGTTAGGTTGTTTTGGATAAGGG 

  Reverse: cagtaatacgactcactatagggagaaggctACTACAACTCTCCCAATTAAAAACTC 

NR0B1  Length: 372bp Location: chrX:30237282-30237653 

  Forward:  aggaagagagAGGAGGAAAGTGTTTAGGAGTTTTT 

  Reverse: cagtaatacgactcactatagggagaaggctACCCCAACACTAATCCACCAAC   

BCL2L10  Length: 453bp Location: chr15:50191920-50192372 

  Forward:  aggaagagagGTTATTATTTTGTTTTAGGTGGGGT 

  Reverse: cagtaatacgactcactatagggagaaggctAAATTCCCATCAAAAACTCTTCTCT 

KCNK10  Length: 167bp Location: chr14:87862870-87863036 

  Forward:  aggaagagagGTATGGGAAGGTTGGGAAAGTT  

  Reverse: cagtaatacgactcactatagggagaaggctTCATTACCAACCACCCTAAAACTC 

GPR101  Length: 427bp Location: chrX:135941583-135942009 

  Forward:  aggaagagagGTGTTTATGTTGGTGATAAAAGAAA 

  Reverse: cagtaatacgactcactatagggagaaggctATAAAACACATACAAACACACAACCC 
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WNT5A Promoter Length: 491bp Location: chr3:55496301-55496791 

  Forward:  aggaagagagGGTAGTAAGGGTAGGGTTTGGT  

  Reverse: cagtaatacgactcactatagggagaaggctCCTAATTATTCTATAACCCCAAAACT  

WNT5A Intron Length: 339bp Location: chr3:55490977-55491315 

  Forward:  aggaagagagATATTTGGTAGTTGTTAGGGAGGGA 

  Reverse: cagtaatacgactcactatagggagaaggctTACCCCTAAAATTCTTCAAAAAAAA 

KRT5   Length: 378bp Location: chr12:51200341-51200718  

  Forward:  aggaagagagGAGATATGGTGGTTTGTTTTTGGT 

  Reverse: cagtaatacgactcactatagggagaaggctACAACCCCCAACCTCTATAATAAAA 

LAMA3  Length: 379bp Location: chr18:19706675-19707053 

  Forward:  aggaagagagGAAAGAGAGGGATTTTGGATTTTTA 

  Reverse: cagtaatacgactcactatagggagaaggctCACAACCATCCCATACTACAAACTA 

 

Affymetrix Gene Expression Microarray   

Total RNA (10 µg) was processed and hybridized to Affymetrix HG-U133A plus 

2.0 GeneChips according to manufacturer’s protocol (Affymetrix, Santa Clara, CA).  

Microarray experiments were performed by the University of Arizona Genomics Shared 

Service at the Arizona Cancer Center. 

 

SCID mouse colony 

 A SCID mouse colony was developed at the University of Arizona using original 

SCID (C.B-17/IcrACCscid) obtained from Taconic (Germantown, New York). The mice 
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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. 

 

Tumor Growth in SCID Mice   

Malignant transformation was assessed in UROtsa, URO-MSC52, and URO-

MSC52 + 24.  Cells (10 x 106) were injected subcutaneously in the lower right flank of 

the mouse in a vehicle of 100 µl of sterile saline using a 27-gauge needle (Becton 

Dickinson, Franklin Lakes, NJ).  Subcutaneous tumors were measured twice a week for 

tumor volume estimation (mm3) in accordance with the formula (a2 x b / 2) where a is the 

smallest diameter and b is the largest diameter.  All procedures were performed in 

accordance with approved protocols of the University of Arizona Institutional Animal 

Care and Use Committee. 
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RESULTS 

 

Histone H3 Modifications During Arsenical-Induced Malignant Transformation 

 

Text and Figures in this section derived from:   Jensen TJ, Novak P, Eblin KE, Gandolfi 

AJ, Futscher BW.  Epigenetic Remodeling During Arsenical-Induced Malignant 

Transformation.  Carcinogenesis, 29 (8):1500-1508, 2008. 

 

Histone H3 Exhibits Altered Acetylation Patterns in Gene Promoters 

 UROtsa cells are a non-tumorigenic cell line model of human urothelium.  

Independent exposures of UROtsa to As(III) and MMA(III) resulted in two distinct cell 

line models of arsenical selected malignant transformation termed URO-ASSC and the 

URO-MSC cell lines, respectively (Figure 9).  We used these cell lines to examine 

whether there were consistent changes in the histone H3 acetylation state linked to 

arsenical-induced malignant transformation.  In order to examine the effect of arsenical 

selection on histone modification state, we coupled chromatin immunoprecipitation to 

microarray hybridizations that probed 13,000 human gene promoters.  A minimum of 

three independent experiments were analyzed using the promoter microarrays in order to 

confirm reproducibility and minimize the number of false positives.  To account for false 

discovery rate,  p-values were adjusted according to the methods described by Benjamini 

and Hochberg (Benjamini and Hochberg, 1995). 



 81

 
 
 
Figure 9.  Arsenical-induced malignant transformation results in histone H3 acetylation 
changes in gene promoters.  UROtsa cells were exposed to As(III) (URO-ASSC) and 
MMA(III) (URO-MSC24, 52) with exposure time for each cell line described.  
Tumorigenicity classification is based on the ability of each cell line to form tumors when 
heterotransplanted into mice.  Chromatin immunoprecipitation experiments were coupled 
to human promoter microarrays in order to assess H3 acetylation state in UROtsa parent 
and the arsenical exposed cell lines.  Numbers shown represent the number of elements 
on the microarray showing significantly less (hypoacetylated) or significantly more 
(hyperacetylated) histone acetylation relative to the parental UROtsa cells (adjusted p-
value <0.05).   Adjusted p-values were calculated according to the methods described by 
Benjamini and Hochberg (Benjamini and Hochberg, 1995). 
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When compared to the UROtsa parental cell line, each transformed cell line 

showed changes in histone H3 acetylation in a select number of promoters (Figure 9).   

URO-MSC52 and URO-ASSC, the two cell lines able to form tumors when 

heterotransplanted into animals, displayed a similar number of promoters altered in a 

statistically significant fashion; 56 promoters in URO-MSC52 and 53 promoters in URO-

ASSC (adjusted p<0.05).  When examining the promoter regions affected, it was striking 

that of the promoters affected in URO-MSC52 and URO-ASSC, 17 were altered in both 

cell lines.  To determine if this number of changes could have co-occurred randomly,  

observed/expected ratios were calculated.  The expected overlap was calculated by 

multiplying the proportions of statistically significant genes in each cell line 

(53/11387*56/11387) where 11387 is the total number of promoters analyzed.  The 

resultant product (0.00002287) is the multiplied by 11387, resulting in the expected 

number of overlapping elements.  Using this calculation, if the changes were to have 

simply occurred as a result of random chance, one would expect that 0.26 elements from 

the microarray would be altered in both the URO-ASSC and the URO-MSC52 cell lines.  

The number of co-occurring changes observed (17) is 65 times higher than would have 

been expected.  Using a hypergeometric test, the probability of this overlap was 

calculated and determined to be p<2.2x10-16.  These data suggest that the observed 

changes were arsenic-specific.   

The number of promoters altered in URO-MSC24 in relation to URO-MSC52 

provides additional insights, since it is an antecedent to URO-MSC52 and differs only by 

the duration of the chronic MMA(III) exposure.  In URO-MSC24, only 1 gene promoter 
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showed a statistically significant change (decrease) in histone H3 acetylation, the 

promoter for ZSCAN12, a zinc finger protein from the Kruppel family of transcription 

factors (Lee et al., 1997).  Significant changes in the ZSCAN12 gene promoter were also 

seen in URO-MSC52, as well as URO-ASSC cells.  The data in Figure 10 further show 

that the gene promoters that show statistically significant changes that are common to 

both URO-MSC52 and URO-ASSC are already beginning to show these changes in 

URO-MSC24. 

Figure 10 shows the 57 statistically significant gene promoters sorted by adjusted 

p-value relative to differences between the 3 arsenical exposed cell lines and the parental 

UROtsa, and includes all 17 of the gene promoters common to both URO-MSC52 and 

URO-ASSC.  The values are the log 2 ratios of histone acetylation change for that cell 

line compared to the UROtsa parent cell line; the shaded values indicate the gene 

promoters that show statistically significant changes in the given cell lines.  Interestingly, 

the most significant gene promoter identified was for DBC1, which stands for “deleted in 

bladder cancer 1”, a gene with tumor suppressor function whose activity is frequently lost 

in bladder as well as other cancers (Habuchi et al., 1998; Izumi et al., 2005).  Taken 

together, these data indicate that arsenical-selected malignant transformation may result 

in gene-specific changes in histone H3 acetylation, and that the genes associated with 

these promoters could be important participants in arsenical-mediated malignant 

transformation.   

In order to confirm the promoter microarray results obtained, we analyzed a 

subset of these genes using the ChIP DNA coupled to real-time PCR.  Five promoter  
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Figure 10.  Arsenicals selectively alter histone H3 acetylation.  Associated gene names 
of the significantly affected promoters are shown with promoters validated by real-time 
PCR shown in bold (Figure 11). Values represent log 2 ratios of each cell line derivative 
relative to UROtsa.  Negative values are representative of hypoacetylated elements while 
positive values represent hyperacetylated promoters.   Promoters are sorted by adjusted p-
value relative to differences between all three treated cell lines and UROtsa.  All changes 
represented as significant for that particular cell line when compared to UROtsa (adjusted 
p-value <0.05) are shaded.  Adjusted p-values were calculated according to the methods 
described by Benjamini and Hochberg (Benjamini and Hochberg, 1995). 
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regions which showed differential acetylation were selected for confirmatory real-time 

PCR analysis.  Four of these regions (DBC1, FAM83A, ZSCAN12, and C1QTNF6) 

showed hypoacetylated histone H3 in the transformed cell lines relative to UROtsa while 

one showed hyperacetylation (NEFL), roughly reflecting the ratio of hypoacetylated to 

hyperacetylated elements observed in the microarray analysis.  PCR primers were 

designed to amplify a region located within the microarray probe sequence.  Equal 

amounts of input DNA and acetyl-H3 immunoprecipitated DNA were analyzed using 

promoter specific primers with the results displayed as the enrichment of each individual 

sample over its respective input DNA according to the Delta Ct method (Figure 11).  The 

enrichment of each promoter examined via real-time PCR correlated well with what was 

observed using the human promoter microarray, showing that the results obtained were 

reliable.  The promoter region of GAPDH, a ubiquitously expressed housekeeping gene 

whose promoter is known to be enriched for acetylated histone H3, was used as a positive 

control for successful ChIP.  All samples showed similar enrichment levels for GAPDH 

(Figure 12).  Overall, the real-time PCR analysis of selected promoters confirmed the 

results obtained from the promoter microarray experiments.  

 

Gene Expression Correlates with the Histone H3 Acetylation Pattern 

To determine if the observed changes in histone acetylation are linked to changes 

in gene expression, we analyzed these genes by quantitative real-time RT-PCR.  The 

genes DBC1, FAM83A, ZSCAN12, and C1QTNF6, whose promoters showed a decrease 

in H3 acetylation also showed a corresponding decrease in associated gene expression 
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Figure 11. Real-time PCR confirms the changes in histone H3 acetylation observed 
using the human promoter microarray.  Chromatin immunoprecipitation experiments 
were coupled to real-time PCR to confirm the histone H3 acetylation levels present with 
the promoter regions of selected genes in UROtsa, URO-MSC24, URO-MSC52, and 
URO-ASSC cells. Mean fold enrichment over the respective input DNA for three 
independent samples is represented by changes along the y-axis. Error bars are 
representative of the standard deviation of three independent experiments.  Changes 
significantly (p<0.05) different than UROtsa are indicated (*). 
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Figure 12.  Real-time PCR shows similar enrichment in the GAPDH promoter.  
Immunoprecipitation experiments were coupled to real-time PCR to examine the levels 
of histone H3 acetylation (AcH3), DNA methylation (MeDIP), tri-methylation of histone 
H3 lysine-27 (TriMeK27),  H3 lysine-9 di-methylation (DiMeK9), and H3 lysine-4 di-
methylation (DiMeK4) present within the promoter region of GAPDH, a promoter known 
to be enriched for permissive histone modifications and un-enriched for DNA 
methylation repressive histone marks.  Studies were performed in UROtsa, URO-
MSC24, URO-MSC52, and URO-ASSC cells. Mean fold enrichment over the respective 
input DNA for three independent samples is represented by changes along the y-axis. 
Error bars are representative of the standard deviation of three independent experiments.   
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(Figure 13).  In addition, NEFL, a gene whose promoter region showed a significant 

increase in histone acetylation in the arsenical-selected cell lines, also showed an increase 

in gene expression in these malignantly transformed cells.  Taken together, these data 

suggest that the changes observed in histone acetylation levels are likely closely linked to 

changes in gene expression in malignantly transformed cell lines, thereby potentially 

playing a functional role in arsenic related carcinogenesis. 

Since histone acetylation state is an important component that affects gene 

transcription and is a highly dynamic modification that may be rapidly changed by acute 

arsenical exposure, we looked to see if 24-hour exposure altered the gene expression of a 

subset of identified genes.  To do so, UROtsa cells were exposed to either 50 nM 

MMA(III) or 1 µM As(III) for 24 hours and analyzed for gene expression by real-time 

RT-PCR.  After exposure, none of the arsenical target genes examined showed changes 

that approached those seen in the malignantly transformed cell lines, suggesting that 

these genes are not part of an acute arsenical response (Figure 14).   

 

Aberrant DNA Methylation Occurs in the Hypoacetylated Promoter Regions 
  

Since histone deacetylation has been mechanistically linked to DNA 

hypermethylation, we wanted to determine if DNA methylation was increased in the 

same gene promoter regions which showed changes in histone H3 acetylation.  We 

isolated genomic DNA and performed immunoprecipitation experiments with an 

antibody directed toward 5-methylcytosine (MeDIP) and coupled this with real-time PCR 

to assess relative DNA methylation levels.  The same primers that were used to examine 
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Figure 13.  Gene expression levels correlate with changes in histone acetylation.  
Expression levels were examined for genes which were verified to have differentially 
acetylated promoters. Quantitative real-time RT-PCR was performed on three 
independent samples for each cell line with the average expression value shown.  
Expression levels presented on the y-axis are relative to β-Actin expression and 
normalized to UROtsa. Error bars are representative of the standard deviation.  Changes 
significantly (p<0.05) different than UROtsa are indicated (*). 
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Figure 14.  Real-Time RT-PCR reveals no significant changes in gene expression after 
acute arsenical exposure.  Gene expression was measured for DBC1, FAM83A, 
ZSCAN12, C1QTNF6, and NEFL in untreated UROtsa cells and UROtsa cells exposed to 
50 nM MMA(III) and 1 µM As(III) for 24 hours.  Expression levels presented on the y-
axis are relative to β-Actin expression and normalized to UROtsa. Error bars are 
representative of the standard deviation of three independent experiments.   
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histone H3 acetylation were used to analyze relative methylation.  The DNA methylation 

level observed in each of these hypoacetylated genes was inversely correlated with the 

histone acetylation levels at the same locus in the promoter regions of DBC1, FAM83A, 

ZSCAN12, and C1QTNF6 (Figure 15).  Although not all of these changes reached a 

statistically significant level of p<0.05 when using an unpaired t-test, the pattern of 

increased DNA methylation corresponding with decreased histone H3 acetylation was  

evident.  Conversely, DNA hypomethylation could be associated histone 

hyperacetylation.  DNA methylation levels in the hyperacetylated promoter region of 

NEFL, however, showed no significant change in DNA methylation between the 

malignantly transformed cell lines and UROtsa.   The promoter region of GAPDH, a gene 

whose promoter is known to be unmethylated, was used as a negative control. All 

samples showed similar, low levels of DNA methylation in the GAPDH promoter 

(Figure 12, MeDIP).  Taken together, these data allow us to conclude that aberrant DNA 

methylation in selected promoter regions is associated with a decrease in H3 acetylation 

and decreased gene expression during arsenical-induced malignant transformation. 

To verify and extend the DNA methylation data obtained using MeDIP, we 

performed clonal sodium bisulfite sequencing.  We chose to examine a region located 

within the promoter of ZSCAN12 (Figure 16).  Results show that all arsenical-treated 

cells exhibited higher levels of DNA methylation and the levels of methylation correlate 

with the results obtained with MeDIP coupled to real-time PCR.  Taken together, these 

results suggest that the data obtained using MeDIP coupled to real-time PCR are reliable 

and the promoter region of ZSCAN12 is hypermethylated in the exposed cell lines. 
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Figure 15.  DNA methylation is altered in selected gene promoter regions.  Relative 
DNA methylation levels were measured for the same promoters that were found to be 
differentially acetylated.  MeDIP was performed on three independent samples from each 
cell line and coupled to real-time PCR with the mean enrichment relative to respective 
input shown along the y-axis.  Error bars are representative of the standard deviation.  
Changes significantly (p<0.05) different than UROtsa are indicated (*).   
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Figure 16.  Sodium bisulfite sequencing confirms MeDIP results.  Sodium bisulfite 
sequencing was performed to examine the DNA methylation levels and pattern in the 
promoter region of ZSCAN12.  Each column represents an individual CpG site while each 
row is representative of an individual sequenced clone.  Spacing is representative of the 
underlying DNA sequence with the methylation state at each CpG dinucleotide 
[methylated (■); unmethylated (□); poor sequence (■)] shown.  Numbers describe the 
methylation level for each cell line in the region shown.  Clones were sorted for 
presentation. 
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Histone H3 Methylation is Altered in a Subset of Promoter Regions Examined    

To gain a more comprehensive knowledge of the histone modification profile in 

each of the promoter regions examined, we performed ChIPs to examine the levels of the 

permissive histone modification histone H3 lysine-4 di-methylation (DiMeK4) as well as  

the repressive histone modifications histone H3 lysine-27 tri-methylation (TriMeK27) 

and histone H3 lysine-9 di-methylation (DiMeK9).   

While there were statistically significant, small changes in DiMeK4 (Figure 17), 

TriMeK27 (Figure 18), DiMeK9 (Figure 19) in a subset of promoter regions, the 

majority of the promoters examined did not exhibit altered levels of histone methylation. 

It is important to note that while many of these regions do not have significantly altered 

levels of histone H3 methylation, none of the significant changes measured were 

discordant with histone H3 acetylation.  Although clearly not the case in all of the 

promoter regions measured, examination of the levels of histone H3 TriMeK27, 

DiMeK9, and DiMeK4 suggests that, in addition to histone acetylation and DNA 

methylation, histone H3 methylation may be altered in select promoter regions, providing 

further evidence of epigenetic remodeling during arsenical-induced malignant 

transformation. 

 

Pharmacologic Reactivation of Silenced Genes Confirms an Epigenetic Mechanism

 Epigenetic modifications are targets of cancer therapy as they are inherently 

reversible.  To confirm that the differential epigenetic profile in the promoter regions of 

the down-regulated genes DBC1, FAM83A, ZSCAN12, and C1QTNF6 was playing a 
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Figure 17.  DiMeK4 levels largely mirror the levels of AcH3.  ChIPs were coupled to 
real-time PCR to get a measure of DiMeK4 levels present within the promoter regions of 
selected genes in UROtsa, URO-MSC24, URO-MSC52, and URO-ASSC cells. Mean 
fold enrichment over the respective input DNA for three independent samples is 
represented by changes along the y-axis. Error bars are representative of the standard 
deviation of three independent experiments.  Changes significantly (p<0.05) different 
than UROtsa are indicated (*). 
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Figure 18.  TriMeK27 levels are changed in select promoter regions.  ChIPs were 
coupled to real-time PCR to measure the levels of TriMeK27 present with the promoter 
regions of selected genes in UROtsa, URO-MSC24, URO-MSC52, and URO-ASSC 
cells. Mean fold enrichment over the respective input DNA for three independent 
samples is represented by changes along the y-axis. Error bars are representative of the 
standard deviation of three independent experiments.  Changes significantly (p<0.05) 
different than UROtsa are indicated (*). 
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Figure 19.  Subtle changes are seen in DiMeK9 levels.  ChIPs were coupled to real-time 
PCR to examine the levels of DiMeK9 present with the promoter regions of selected 
genes in UROtsa, URO-MSC24, URO-MSC52, and URO-ASSC cells. Mean fold 
enrichment over the respective input DNA for three independent samples is represented 
by changes along the y-axis. Error bars are representative of the standard deviation of 
three independent experiments.  Changes significantly (p<0.05) different than UROtsa 
are indicated (*). 
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functional role in controlling gene expression, we treated the malignantly transformed 

URO-ASSC cell line with the DNA methyltransferase inhibitor 5-aza-2’-deoxycytidine 

(5-aza-dCyd), the histone deacetylase inhibitor trichostatin A (TSA), or a combination 

treatment with both.  Treatment with 10 µM 5-aza-dCyd was performed for 96 hours  

while treatment with 300 nM TSA was performed for 24 hours.  For combination 

treatment, TSA was added for the final 24 hours of 5-aza-dCyd treatment.  After the 

completion of treatment, gene expression levels were measured using real-time RT-PCR.  

Each experiment was performed in triplicate to ensure reproducibility. 

 Pharmacologic reactivation with the epigenetic modifying drugs suggests that the 

expression of each of the genes examined is mediated by epigenetic mechanisms in 

URO-ASSC cells (Figure 20).  Treatment of these cells with TSA alone did not 

significantly change the expression of any of the hypoacetylated genes examined.  

Conversely, treatment with 5-aza-dCyd alone significantly increased the expression of 

each of these genes (p<0.001).  Dual treatment with 5-aza-dCyd and TSA resulted in an 

additive effect in terms of increasing gene expression.  These data suggest that both of 

these epigenetic marks likely contribute and that epigenetic remodeling has a functional 

effect in controlling the expression level of associated genes.   

 

Epigenetic Remodeling is Stable After The Removal of MMA(III) 

URO-MSC24 and URO-MSC52 cells were cultured in the absence of MMA(III) 

for one year to test the stability of epigenetic remodeling.  In order to account for the 

potential variability after the removal of the arsenical, each of the two parent cell lines 



 99

  

Figure 20.  Pharmacologic reactivation of gene expression using epigenetic inhibitors.  
URO-ASSC cells were treated with 10µM 5-aza-dCyd, 300 nM TSA, or both.  Gene 
expression levels were measured using real-time RT-PCR with the values on the y-axis of 
each graph representing expression levels relative to β-Actin and normalized to the 
untreated control.  Error bars are representative of the standard deviation of three 
independent experiments.  Changes significantly (p<0.001) different than the untreated 
control are indicated (*). 
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were cultured as two independent daughter cell lines.  Nucleic acids were collected from 

each replicate cell line from URO-MSC24 and URO-MSC52 cells monthly (Figure 21). 

 The expression of target genes identified previously was measured at monthly 

intervals in each of the replicates derived from each cell line using quantitative real time 

RT-PCR.  Each cell line was analyzed in three independent experiments.  DBC1, 

ZSCAN12, FAM83A, C1QTNF6, and NEFL showed similar patterns of expression in 

both replicate cell lines resembling the changes exhibited in each of their respective 

antecedent cell line at statistically significant levels (p<0.05) (Figure 22).  These data 

suggest that established changes in gene expression observed during arsenical-induced 

malignant transformation are not dependent on the presence of the arsenical, but rather 

are likely the result of stable, targeted epigenetic remodeling of their promoter regions 

during arsenical-induced malignant transformation and therefore reinforces their likely 

role in this process. 

  
Genome-Wide DNA Methylation Analysis  

Arsenite and Monomethylarsonous Acid Alter Genome-Wide DNA Methylation  

As described previously, hypoacetylated promoter regions exhibited a pattern of 

DNA hypermethylation.  This observation prompted us to query the epigenome to assess 

DNA methylation levels. To measure DNA methylation in a genome-wide fashion in our 

model of malignant transformation, we utilitized complementary epigenomic strategies 

coupled to two different microarray platforms.  UROtsa, URO-ASSC, and the URO-MSC 

cell lines were subjected to 5-methylcytosine immunoprecipitation (MeDIP) coupled to a 

human promoter microarray.  In addition, genomic DNA from UROtsa and URO-MSC52 
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Figure 21.  Diagram of URO-MSC24 and URO-MSC52 cells cultured in the absence of 
MMA(III) for one year.  URO-MSC24 and URO-MSC52 cells were split into two 
replicates (N=1, N=2) and grown as independent cell lines.  Nucleic acids were frozen 
from each cell line monthly and ChIPs lysates were collected every three months for the 
period of one year. 



 102

 

 

Figure 22.  Expression of target genes remains stable after the removal of MMA(III) in 
URO-MSC24 and URO-MSC52 cells.  Expression levels were examined for genes which 
were verified to have differentially acetylated promoters in UROtsa cells and URO-
MSC24 and URO-MSC52 and those cells grown in the absence of MMA(III) for 1-6 
months.  N=1 and N=2 are indicative of replicate cell lines grown in the absence of 
arsenical.  Quantitative real-time RT-PCR was performed on three independent samples 
for each cell line with the average expression value shown.  Expression levels presented 
on the y-axis are relative to β-Actin expression and normalized to UROtsa. Error bars are 
representative of the standard deviation.   
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cells was subjected to digestion with the methylation-specific restriction enzyme McrBC 

and hybridized to a CpG island microarray.  These complementary techniques and 

microarray platforms allowed analysis of DNA methylation within promoter regions as  

well as in various repetitive elements.  Each of these studies was performed in triplicate 

for each cell line examined. 

DNA methylation of approximately 13,000 promoter regions was assessed in 

parental UROtsa cells and each of the URO-MSC cell lines using MeDIP coupled to a 

human promoter microarray.  When compared to parental UROtsa cells, each of the 

URO-MSC cell lines show patterns of statistically significant (adjusted p<0.05) aberrant 

DNA methylation within gene promoter regions (Figure 23A).  Relative to UROtsa, both 

hypermethylation and hypomethylation of genomic sequences were observed in the 

exposed cell lines with hypermethylation being the more common event.  The changes  

observed in promoter regions occurred in a genome-wide fashion and represented 

approximately 3.5% of all elements examined in URO-MSC52, demonstrating that 

changes in DNA methylation are a common event in arsenical-induced malignant 

transformation.  The number of both hyper- and hypo-methylated promoter regions 

progressed concomitant with increasing acquisition of malignant phenotypic properties 

such as hyperproliferation, anchorage independent growth, and tumor formation in SCID 

mice.  These data suggest that the number of differentially methylated promoter regions 

may be linked to the increase in tumorigenic properties of these cells. 

Those gene promoter regions which were statistically significant (adjusted 

p<0.05) between UROtsa and URO-MSC52 were queried for their relative levels of DNA  
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Figure 23.  DNA methylation progresses in promoter regions during arsenical-induced 
malignant transformation. (A)  The number of hyper- and hypo-methylated elements 
detected in each of the MSC cell lines relative to parental UROtsa cells.  (B)   Each 
individual line shows the progression of a single gene promoter from parental UROtsa 
through MSC52 cells.  Genes selected are those which exhibited a stastically significant 
(adjusted p<0.05) change in methylation when comparing URO-MSC52 cells to UROtsa.  
Genes which become hypermethylated (red) and hypomethylated (green) are shown. 
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methylation in each of the URO-MSC cell lines.  When individual promoter regions were 

hypermethylated in URO-MSC52 cells relative to UROtsa, they began to exhibit 

hypermethylation early in the transformation process and these levels increased in a 

progressive fashion through malignant transformation (Figure 23B).  Similarly, those 

promoters which became hypomethylated in URO-MSC52 cells exhibited a loss of DNA 

methylation in each of the URO-MSC cell lines and this decrease in DNA methylation 

also occurred progressively.  These data suggest that the methylation level of individual 

promoter regions is gradually altered in a time and cancer-specific pattern, linking 

progressive aberrant DNA methylation of specific loci to the acquisition of a malignant 

phenotype. 

We next assessed whether these methylation changes are targeted to affected 

regions in a selective fashion or whether the changes observed were random.  URO-

ASSC and URO-MSC52 cells were created independently using different arsenicals, 

thereby providing biological replicates of arsenical-induced malignant transformation.  It 

was calculated that the expected number of shared hypermethylated elements based on a 

random distribution between would be 6.89 whereas we observed 108 (Figure 24).  The 

probability of overlap between these two cell lines is highly statistically significant 

(p<2.2x10-16). These data indicate that chronic exposure to arsenicals can result in non-

random alterations to the DNA methylation profile within human cells in a time-

dependent fashion during tumor progression and may suggest a group of critical 

epigenetic target genes participating in this process.   
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Figure 24.  The same promoters are altered by malignant transformation by As(III) and 
MMA(III).   Venn diagram of the number of promoters which were statistically 
significant (adjusted p<0.05) in URO-MSC52 (MMA52) and URO-ASSC cell lines 
relative to parental UROtsa by MeDIP coupled to human promoter microarray.  Total 
number of promoters analyzed was 10350.  P-value is representative of the probability of 
overlap using a hypergeometric test.  



 107

Promoter regions which were shown to be statistically significant (adjusted 

p<0.05) between UROtsa and URO-MSC52 were categorized using GO ontology terms.  

Promoters were divided based upon whether they became hypermethylated (Table 3) or 

hypomethylated (Table 4) and were assessed based upon their GO-defined biological  

process, cellular component, or molecular function with subcategories within these which 

exhibited a statistically significant (p<0.05) enrichment shown.  Hypermethylated 

promoters exhibited far more significantly enriched subcategories.  The most 

significantly enriched groups of genes when categorized based upon cellular component 

were those associated with the plasma membrane.  Functionally, the most commonly 

enriched genes were those involved in receptor activity, in particular those categorized as 

contributing to G-protein coupled receptors.  Conversely, there were fewer categories 

which exhibited significant enriched hypomethylated promoters.  The most commonly 

altered were those involved in sensory perception, nucleosome assembly, and pigment 

metabolism.  The genes associated with enriched categories were given consideration 

when choosing genes for subsequent confirmation.  These data further suggest that the 

promoter regions exemplifying differential methylation occurred in a specific fashion, 

perhaps due to subcellular localization or biological function. 

UROtsa and URO-MSC52 cells were also subjected to treatment with McrBc and 

hybridization to a CpG island microarray to allow for the analysis of additional genomic 

loci located outside of gene promoter regions.  Upon categorization of the differentially 

methylated elements between these two cell lines, a striking pattern was observed. 

Relative to the parental UROtsa cells, URO-MSC52 cells exhibited DNA 
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Table 3.  Go ontology classification of promoters hypermethylated in URO-MSC52 
relative to UROtsa. Count refers to the number of stastically significant promoters 
detected in each group.  Size is indicative of the total number of genes in the group. 
 
Biological Process      Count Size p-value 
 
 G-protein coupled receptor signaling pathway 35 332 5.45E-06 
 Multicellular organismal development  70 896 8.63E-06 
 Cell surface receptor linked signal transduction 53 633 2.10E-05 
 Cell-cell signaling     31 322 0.00011 
 Cell communication     106 1651 0.00018 
 Multicellular organismal process   94 1443 0.00031 
 Embryonic development    8 43 0.00079 
 Signal transduction     94 1484 0.00084 
 Developmental Process    86 1355 0.00146 
 Second-messenger-mediated signaling  14 120 0.00152 
 Transmembrane receptor tyrosine kinase signaling 11 86 0.00231 
 Synaptic transmission     14 142 0.00716 
 
 
Cellular Component 
 
 Plasma membrane     96 1385 4.67E-06 
 Plamsa membrane part    70 900 4.98E-06 
 Integral to plasma membrane    52 652 5.50E-06 
 Intrinsic to plasma membrane    52 655 6.21E-06 
 Integral to membrane     119 2034 0.00134 
 Instrinsic to membrane    120 2072 0.00189 
 Membrane      154 2801 0.00283 
 Membrane part     133 2384 0.00419 
  
Molecular Function 
 
 G-protein coupled receptor activity   26 245 2.87E-05 
 Transmembrane receptor activity   39 447 3.08E-05 
 Receptor activity     52 677 4.70E-05 
 Rhodopsin-like receptor activity   22 200 7.01E-05 
 Transcription factor activity    35 407 0.00011 
 Signal transducer activity    62 898 0.00019 
 Sequence-specific DNA binding   20 231 0.00314 
 DNA binding      57 904 0.00328 
 Gated channel activity     13 129 0.00464 
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Table 4.  Go ontology classification of promoters hypomethylated in URO-MSC52 
relative to UROtsa. Count refers to the number of stastically significant promoters 
detected in each group.  Size is indicative of the total number of genes in the group. 
 
Biological Process      Count Size p-value 
 
 Sensory perception of chemical stimulus  5 53 0.00165 
 Purine base biosynthetic process   2 5 0.00258 
 Sensory perception of smell    4 38 0.00327 
 Nucleosome assembly     4 41 0.00433 
 Pigment biosynthetic process    3 21 0.00459 
 Nucleobase biosynthetic process   2 7 0.00560 
 Chromatin assembly     4 46 0.00656  
 Pigment metabolic process    3 24 0.00673 
 Purine base metabolic process   2 8 0.00699 
 
 
Cellular Component 
 
 Nucleosome      4 35 0.00259 
 
Molecular Function 
 

Organic anion transmembrane transporter activity 2 8 0.00707 
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hypermethylation at a much higher level in single copy elements, such as promoter 

regions within close proximity to the transcription start site of associated genes, than it 

did in repetitive elements (Figure 25).  In contrast, DNA hypomethylation occurred 

much more frequently in repetitive elements, such as satellite sequences, in this cell line 

relative to what was observed in single copy sequences. The pattern of hypermethylation 

being more common within promoter regions coincident with hypomethylation of 

repetitive elements is commonly observed in many types of cancer and is further 

evidence that these changes in DNA methylation were not random events, but rather 

directed and thereby likely to have functional effects. 

 

MassARRAY and Sodium Bisulfite Sequencing Confirm Microarray Data 

The DNA methylation status of eleven promoter regions identified in our human 

promoter microarray studies was confirmed and extended using MassARRAY  

technology.  DNA methylation was assessed by sodium bisulfite treatment of genomic 

DNA, promoter specific PCR, in vitro transcription, digestion, and analysis using 

MassARRAY MALDI-TOF mass spectrometry.  PCR primers were designed to amplify 

a region within the probe on the human promoter microarray.  Each NaBS treated DNA 

sample was analyzed in two independent experiments.  The DNA methylation of KRT7, 

FAM83A, CYP24A1, C1QTNF6, THEM4, G0S2, NR0B1, GNA14, EREG, BCL2L10, and 

KCNK10 was measured in UROtsa, URO-MSC12, URO-MSC24, URO-MSC36, URO-

MSC52, and URO-ASSC.  Since these studies were the first in our laboratory and the 

first at the University of Arizona to utilize Sequenom MassARRAY technology, we 
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Figure 25. Single Copy Elements show predominantly hypermethylation while repetitive 
elements show significant hypomethylation in URO-MSC52 cells.  The numbers 
presented (y-axis) represent the proportion of statistically significant (adjusted p-value 
p<.05) elements relative to UROtsa present in each category.  Each element has been 
categorized as falling into one of 6 categories.  Single copy elements are designated 
TSS/gene (probe is located within 2000bp of transcription start site of associated gene) or 
no gene (probe is located greater than 2000bp from a transcription start site).  
Transcription start sites are designated as such according to the UCSC Genome Browser 
(http://genome.ucsc.edu).  Ribosomal RNA elements are designated as rRNA.  Repetitive 
elements are designated as either Satellites or Alu sequences.  Elements that did not fall 
within any of the aforementioned categories and whose sequence is present in the 
genome at multiple loci were designated as other sequences.  Both hypermethylated and 
hypomethylated elements are shown. 

http://genome.ucsc.edu/
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analyzed the promoter region of G0S2 using the well-established clonal bisulfite 

sequencing.  This confirmatory clonal bisulfite sequencing analysis served to confirm the 

reliability of MassARRAY.   

In each of the promoter regions examined, DNA methylation levels of each 

amplicon analyzed increased in a progressive fashion through malignant transformation, 

consistent with the results obtained using MeDIP coupled to a human promoter 

microarray (Figure 26).  In addition, there is a significant correlation between the 

methylation of these promoters in URO-MSC52 and URO-ASSC, consistent with the 

microarray results.  To exclude the possibility that the changes in DNA methylation could 

occur as an artifact of long term in vitro culture, parental UROtsa cells were cultured for 

6 months and assayed.  Results indicate that there are no changes in DNA methylation in 

any of the promoter regions examined that occur as a result of continued culture in the 

absence of arsenical (Figure 27).  Comparing these data with those obtained using 

MeDIP coupled to the human promoter microarray, it is likely that we are able to 

consistently detect changes as small as 10-20% in overall DNA methylation using our 

microarray platform.  Taken together, these data indicate that DNA methylation proceeds 

in a progressive fashion during arsenical-induced malignant transformation. 

In order to confirm the results obtained using the CpG island microarray, we performed 

clonal sodium bisulfite sequencing.  PCR primers were designed within the probe 

sequence present on the microarray, enabling us to confirm and further analyze two 

regions that were determined to be hypermethylated in URO-MSC52 cells relative to 

parental UROtsa.  We chose to examine CpG islands associated with the genes THBD 
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Figure 26.  MassARRAY confirms MeDIP coupled to human promoter microarray.  
DNA methylation levels were assessed in eleven differentially methylated gene promoter 
regions using Sequenom MassARRAY in parental UROtsa cells and each of the 
malignant transformed variants.  Values presented are indicative of the average percent 
methylation of all fragments analyzed.   
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Figure 27.  Long term culture of parental UROtsa cells does not alter DNA methylation.  
Parental UROtsa and UROtca cells cultured using standard conditions for six months 
(LT-URO) were assayed for DNA methylation in the promoter regions of eleven genes 
using MassARRAY.  Values presented are indicative of the average percent methylation 
of all fragments analyzed.   
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and ADAMTS5.  In each of these CpG islands, there is a significant increase in DNA 

methylation in URO-MSC52 relative to the parental UROtsa cells (Figure 28).  These 

data are consistent with the results obtained using the CpG island micorray and suggest 

that the data which we obtained using our microarray is reliable in detecting even 

relatively modest differences in absolute levels of DNA methylation. 

 

DNA Methylation is Linked to Changes in Gene Expression 

 DNA methylation of gene promoter regions is generally inversely correlated with 

associated gene transcription.  We performed quantitative real time RT-PCR on parental 

UROtsa, URO-ASSC and each of the URO-MSC cell lines to assess whether aberrant 

DNA methylation was linked to changes in gene expression.  We examined the 

expression levels of eight of the confirmed differentially methylated genes.  The 

expression of each gene in each cell line was analyzed in three independent experiments. 

Gene expression levels were generally inversely correlated with DNA 

methylation.  Expression levels of the majority of those genes which exhibited 

progressive hypermethylation also exhibited a loss in gene expression which mirrored 

this pattern (Figure 29).  The exception to this pattern was the gene KCNK10 which is 

likely controlled by either histone H3 acetylation rather than DNA methylation or neither 

of these epigenetic mechanisms (Figure 10).  Taken together, these data suggest that the 

changes observed in DNA methylation are generally linked to changes in gene 

expression. 
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Figure 28.  Sodium bisulfite sequencing confirms McrBC results.  Sodium bisulfite 
sequencing was performed to examine the DNA methylation levels and pattern in the 
promoter regions of THBD and ADAMTS5 identified by CpG island microarray 
analysis.  Each column represents an individual CpG site while each row is representative 
of an individual sequenced clone.  Spacing is representative of the underlying DNA 
sequence with the methylation state at each CpG dinucleotide [methylated (■); 
unmethylated (□); poor sequence (■)] shown.  Numbers describe the methylation level 
for each cell line in the region shown.  Clones were sorted for presentation. 
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Figure 29.  Gene expression is linked to aberrant DNA methylation.  Expression levels 
were examined for genes which were verified to have differentially methylated 
promoters. Quantitative real-time RT-PCR was performed on three independent samples 
for each cell line with the average expression value shown.  Expression levels presented 
on the y-axis are normalized to β-Actin expression and relative to UROtsa. Error bars are 
representative of the standard deviation. 
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Aberrant DNA Methylation is Stable After Arsenical Removal 

 URO-MSC24 and URO-MSC52 cells were cultured in the absence of MMA(III) 

to assess the stability of aberrant DNA methylation in a set of target promoter regions.   

DNA methylation was measured using MassARRAY technology with each NaBS treated 

sample analyzed in two independent experiments. In each of the eleven promoter regions 

examined, DNA methylation remained increased at levels similar to those measured in 

URO-MSC24 (Figure 30) and URO-MSC52 (Figure 31).  These data indicate that the 

changes in DNA methylation are stable after arsenical-induced malignant transformation.

 Quantitative real-time RT-PCR was performed on URO-MSC24 and URO-

MSC52 cells cultured without MMA(III) for 3 or 6 months to determine if the observed 

epigenetic stability was linked to stable repression of gene expression (Figure 32, Figure 

33).  In both of these cell lines, removal of MMA(III) had little or no effect on changing  

gene expression of any of the genes examined.  These data suggest that the maintenance 

of epigenetic status is linked to stable changes in associated gene transcription. 

 

Epigenetic Stability is Linked to the Maintainance of a Tumorigenic Phenotype 

 UROtsa, URO-MSC52, and URO-MSC52 grown in the absence of MMA(III) 

(URO-MSC52+6mo) were injected into SCID mice to determine if epigenetic remodeling 

was linked to the maintanence of a tumorigenic phenotype.  The ability of each cell line 

to form tumors when transplanted into SCID mice was assessed in four independent 

experiments with tumor growth assessed by measuring tumor volume.  URO- 

MSC52+6mo cells formed tumors at a similar level to URO-MSC52 (Figure 34).  As 
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Figure 30.  DNA methylation is stable after MMA(III) removal in URO-MSC24.  DNA 
methylation levels were assessed in eleven differentially methylated gene promoter 
regions using Sequenom MassARRAY in parental UROtsa, URO-MSC24, and URO-
MSC24 cells grown in the absence of MMA(III) for 3 or 6 months.  Values presented are 
indicative of the average percent methylation of all fragments analyzed.  
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Figure 31.  DNA methylation is stable after MMA(III) removal in URO-MSC52.  DNA 
methylation levels were assessed in eleven differentially methylated gene promoter 
regions using Sequenom MassARRAY in parental UROtsa, URO-MSC52, and URO-
MSC52 cells grown in the absence of MMA(III) for 3 or 6 months.  Values presented are 
indicative of the average percent methylation of all fragments analyzed.  
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Figure 32. Gene expression is stable after MMA(III) removal in URO-MSC24.  
Expression levels were examined for genes which were verified to have differentially 
methylated promoters to assess the stability of epigenetic remodeling.  UROtsa, URO-
MSC24, and URO-MSC24 cells cultured in the absence of MMA(III) for 3 or 6 months 
were assessed using quantitative real-time RT-PCR.  Experiments were performed on 
three independent samples for each cell line with the average expression value shown.  
Expression levels presented on the y-axis are normalized to β-Actin expression and 
relative to UROtsa. Error bars are representative of the standard deviation.  Changes 
significantly (p<0.05) different than UROtsa are indicated (*). 
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Figure 33. Gene expression is stable after MMA(III) removal in URO-MSC52.  
Expression levels were examined for genes which were verified to have differentially 
methylated promoters to assess the stability of epigenetic remodeling.  UROtsa, URO-
MSC52, and URO-MSC52 cells cultured in the absence of MMA(III) for 3 or 6 months 
were assessed using quantitative real-time RT-PCR.  Experiments were performed on 
three independent samples for each cell line with the average expression value shown.  
Expression levels presented on the y-axis are normalized to β-Actin expression and 
relative to UROtsa. Error bars are representative of the standard deviation.  Changes 
significantly (p<0.05) different than UROtsa are indicated (*). 
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Figure 34.  URO-MSC52 cells cultured in the absence of MMA(III) for six months 
maintain tumorigenicity.  UROtsa, URO-MSC52, and URO-MSC52 cells cultured in the 
absence of MMA(III) for 6 months (MSC52+6mo) were injected into SCID mice and 
allowed to grow for 76 days to assess tumorigenic potential.  Mean tumor burden is 
representative of the average tumor volume of four independent (n=4) experiments.  
Error bars indicate the standard error at each time point for each cell line.  Data obtained 
from Shawn Wnek. 
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previously demonstrated, passage matched UROtsa cells did not grow tumors in mice 

while URO-MSC52 cells did (Bredfeldt et al., 2006).  These data indicate that epigenetic 

stability is linked to the maintenance of a tumorigenic phenotype. 

 

WNT5A as a Target of Epigenetic Remodeling 

Text and figures in this section derived from:  Jensen TJ, Wozniak RJ, Eblin KE, Wnek 

SM, Gandolfi AJ, Futscher BW.  Epigenetic mediated transcriptional activation of 

WNT5A is important during arsenical-associated malignant transformation.  Toxicology 

and Applied Pharmacology, In Press, 2008. 

 

WNT5A is Overexpressed in Malignantly Transformed UROtsa Cells 

 We performed gene expression profiling using Affymetrix Human HG-U133 plus 

2.0 gene expression microarrays to identify genes which were differentially expressed 

between UROtsa and URO-ASSC cells.  One gene which showed a significant increase 

in expression levels between the UROtsa parent cell line and its malignant variant URO-

ASSC was WNT5A with levels of WNT5A transcript almost 15-fold overexpressed in 

URO-ASSC cells.  These data prompted us to examine why the promoter of this gene 

was not detected as exhibiting differential histone modifications or DNA methylation 

using human promoter microarrays.  Prior to the May 2003 build of the UCSC genome 

browser, a region that is now known to be located in the first intron of WNT5A was 

thought to be its promoter.  Because of this, the region present on our human promoter 

array does not align with the location of the WNT5A promoter.  In spite of the lack of 
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epigenetic data, since WNT5A expression strongly correlates with an aggressive 

malignancy in other types of cancer and is overexpressed in our model of arsenical-

induced malignant transformation, this provided an intriguing target gene for further 

analysis.   

Experiments were performed to confirm and extend these findings in the URO-

MSC cell lines using quantitative real-time RT-PCR with a minimum of three 

independent experiments conducted on each cell line.  No WNT5A transcript was detected 

in the parental UROtsa cells (Figure 35).  Similarly, no WNT5A transcript could be 

detected after a 24 hour exposure of these cells to As(III) or MMA(III).  In contrast,  

chronic exposure to As(III) or MMA(III) led to WNT5A activation.  Compared to the 

untreated parental cell line UROtsa, each of the malignantly transformed cell lines 

showed a statistically significant increase (p<0.05) in WNT5A transcript levels when 

using an unpaired t-test.  These data demonstrate a general concordance between WNT5A 

activation and the acquisition of malignant properties such as anchorage independent 

growth.  In addition, the lack of expression after short-term exposure suggests that the 

transcriptional activation of WNT5A is likely not the result of an acute signaling response 

to arsenical exposure, although more delayed effects remain a possibility.   

 

WNT5A Activation is Linked to Epigenetic Mechanisms 

 Our studies have suggested that epigenetic remodeling is involved in arsenical-

mediated malignant transformation which led us to examine the epigenetic landscape 

within the promoter region of WNT5A.  Chromatin immunoprecipitations (ChIPs) 
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Figure 35.  WNT5A is upregulated in cell lines malignantly transformed by arsenicals. 
Quantitative real-time RT-PCR was performed to examine WNT5A transcript levels in 
untreated UROtsa and UROtsa cells acutely exposed to As(III) and MMA(III) as well as 
malignantly transformed variants (URO-ASSC, URO-MSC24, and URO-MSC52).  
Expression levels were calculated using the Delta Ct method relative to GAPDH 
expression.  Error bars are representative of the standard deviation of the Delta Ct values 
of three independent experiments.  Statistically significant changes (p<0.05) relative to 
UROtsa are indicated (*). 
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coupled to real-time PCR were performed to determine if the histone modification profile 

was altered in this region.  The levels of four different histone modifications were 

measured within the CpG island associated with the promoter region of the WNT5A gene 

(Figure 36).  Two of the modifications examined, di-methylation of lysine 4 (DiMeK4) 

and acetylation of lysine 9 and 14 of histone H3 (AcH3) are associated with 

transcriptional competency while the other two modifications, tri-methylation of lysine 

27 (TriMeK27) and di-methylation of lysine 9 (DiMeK9) of histone H3 are correlated 

with transcriptional repression.  At least three independent experiments were performed 

for each modification in each of the cell lines examined. 

The enrichment of permissive histone modifications in the upstream promoter 

region is associated with the transcriptional activation of WNT5A (Figure 36).  UROtsa 

cells exhibit low levels of both AcH3 and DiMeK4.  AcH3 levels are significantly 

increased (p<0.05) in the three malignantly transformed cell lines, each of which have 

activated WNT5A.  Additionally, DiMeK4 levels are also significantly increased (p<0.05) 

in URO-ASSC and URO-MSC24 cells relative to UROtsa.  As a control, the promoter 

region of the ubiquitously expressed gene GAPDH was examined (Figure 10).  Both of 

these permissive modifications were enriched in the transcriptionally active GAPDH 

promoter to similar levels in each of the cell lines examined.  These data show that the 

arsenical-associated enrichment of permissive histone marks in the promoter region of 

WNT5A is linked to its transcriptional activation. 

In addition to the acquisition of permissive histone marks, the loss of repressive 

histone modifications may also participate in the transcriptional activation of WNT5A.  
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Figure 36.  Epigenetic regulation of WNT5A promoter region.  ChIPs were performed to 
analyze the level of various histone modifications in the promoter region of WNT5A. The 
upper panel was obtained from the UCSC genome browser (http://genome.ucsc.edu) and 
describes the physical location of the region examined.  This region is contained within a 
CpG island that overlaps the transcription start site of WNT5A. Tri-methylation of lysine-
27 of histone H3 (TriMeK27), di-methylation of H3 lysine-9 (DiMeK9), acetylation of 
histone H3 (AcH3), and di-methylation of H3 lysine-4 (DiMeK4) ChIPs were coupled to 
real-time PCR with values representative of enrichment relative to respective input.  
Error bars are representative of the standard deviation of three independent experiments.  
Statistically significant changes (p<0.05) relative to UROtsa are indicated (*). 
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Results presented in Figure 36 show that the non-tumorigenic parental cell line UROtsa 

is highly enriched for H3 TriMeK27, while this repressive mark is lost in each of the 

malignantly transformed cell lines (p<0.05).  Parental UROtsa cells are also enriched for 

DiMeK9 in this region and although it only reaches statistical significance (p<0.05) in 

URO-ASSC, the levels of this epigenetic mark are decreased in each of the malignantly 

transformed cell lines.  Each of the repressive histone marks showed no enrichment in the 

transcriptionally active GAPDH promoter with the levels of each modification measured 

similar in each cell line (Figure 10).  This indicates that repressive histone modifications 

were lost in the WNT5A promoter during malignant transformation.  Taken together, 

these data suggest that the transcriptional activation of WNT5A during arsenical-induced 

malignant transformation is associated an epigenetic switch resulting in the acquisition of 

permissive histone modifications and the loss of repressive histone modifications within 

the promoter region, thereby resulting in a transcriptionally competent chromatin 

structure. 

Next, we wanted to determine if the observed histone modifications were 

correlated with changes in DNA methylation levels present in the same region of the 

WNT5A promoter examined by ChIPs.  To do so, genomic DNA was treated with sodium 

bisulfite (NaBS) and subjected to region specific NaBS PCR, in vitro transcription, base-

specific cleavage, and quantitative mass spectrometry (MassARRAY).  Each treated 

DNA sample was processed in two independent experiments.  Results from these  

experiments suggest that the promoter region of WNT5A exhibits modest levels of DNA 

methylation in parental UROtsa cells and remains relatively unchanged during malignant 
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transformation (Figure 37).  While the WNT5A region is hypomethylated in URO-ASSC 

cells relative to the parental control, DNA methylation is not significantly altered in the 

MSC cell lines, suggesting that DNA methylation in this region is not linked to the other 

epigenetic changes observed and is likely not making a significant contribution to 

controlling WNT5A expression levels.  

 

Histone Modifications Play a Functional Role in Controlling WNT5A Expression 

Each of the histone modifications examined was strongly correlated with WNT5A 

expression (Figure 38), so we treated these cells with epigenetic modifying agents to 

confirm that these modifications were playing a functional role in controlling 

gene expression.  To address the potential role of TriMeK27, we treated the WNT5A 

positive malignant variants with 20 µM of the PI3K-AKT inhibitor LY294002 which has 

been reported to increase the activity of EZH2, the histone methyltransferase enzyme 

responsible for histone H3 lysine-27 methylation (Cha et al., 2005).  To address the 

potential role of histone acetylation, the hypoacetylated parental cell line, UROtsa, was 

treated with 300 nM of the histone deacetylase (HDAC) inhibitor trichostatin A (TSA) or 

5 mM of the HDAC inhibitor sodium butyrate (SB).  The potential role of DiMeK9 was 

assessed by treating UROtsa, which exhibit high levels of DiMeK9 in the WNT5A 

promoter, with10 µM of 5-aza-2’-deoxycytidine (5-aza-dCyd), a drug shown to reduce 

DiMeK9 levels in addition to its known DNMT inhibitory effects (Wozniak et al., 2007). 

Real-time RT-PCR was performed to measure resultant WNT5A expression levels.  Each 

cell line was subjected to a minimum of three independent treatments. 
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Figure 37.  DNA Methylation Analysis of the WNT5A Promoter.  The upper panel was 
obtained from the UCSC genome browser and describes the physical location of the 
region examined.  Methylation profiles of UROtsa, URO-ASSC, URO-MSC24, and 
URO-MSC52 are shown.  Each bar represents one informative fragment and shows the 
percent methylation of each informative fragment.  The width of the bar corresponds to 
the number of CpG sites within the fragment. Value at the top of each graph is 
representative of the average percent methylation of all fragments analyzed.  Scheme of 
analyzed region is aligned below the plot. Filled circles represent CpG sites in 
informative fragments while open circles indicated CpG sites in non-informative 
fragments. Numbers at bottom indicate fragments with the same molecular weight and 
these therefore cannot be distinguished from one another on mass spectra. All samples 
were analyzed in duplicate and average values are shown. 
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Figure 38.  Histone modifications are correlated with gene expression.  Enrichment of 
each histone modification examined is plotted against gene expression levels in each cell 
line.  Value shown indicates the correlation coefficient between gene expression and 
histone modification.  Values used for calculations are the average of at least three 
independent experiments. 
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Treatment of the malignantly transformed URO-ASSC, URO-MSC24, and URO-

MSC52 cell lines with LY294002 resulted in a reduction of WNT5A expression by 40-

65% compared to vehicle treated controls (Figure 39A).  Each of these changes was 

statistically significant (p<0.05) using an unpaired t-test, and support TriMeK27 levels as 

a contributor to the control of WNT5A expression.  In contrast, the HDAC inhibitors TSA 

and SB and the DiMeK9 reducing drug 5-Aza-dCyd activated WNT5A expression in the 

hypoacetylated parental cell line UROtsa (Figure 39B), suggesting that the histone 

acetylation state within the WNT5A promoter region of these cells participates in WNT5A 

transcriptional control.  In addition, 5-aza-dCyd mildly reactivated WNT5A expression in 

UROtsa cells.  Since there are no significant changes in DNA methylation in these cells 

relative to the WNT5A-positive malignantly transformed variants, 5-aza-dCyd may be 

acting to reduce the levels of repressive DiMeK9 in the WNT5A promoter region. Taken 

together, these data indicate that histone modifications play a functional role in 

controlling WNT5A gene expression. 

 

Transcriptional Activation of WNT5A is Stable After the Removal of MMA(III) 

URO-MSC24 and URO-MSC52 cells were cultured in the absence of MMA(III) 

for six months to examine the stability of WNT5A transcriptional activation.  After three 

and six months without MMA(III) exposure, these cells were queried for WNT5A 

expression, levels of AcH3 in the WNT5A promoter, and an anchorage independent 

growth phenotype.  Each experiment was performed at least two times. 
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Figure 39.  Histone modifications play a functional role in controlling WNT5A 
expression. (A) URO-ASSC, URO-MSC24, and URO-MSC52 cells were treated with 20 
µM LY294002 or DMSO vehicle control for 6 hours. WNT5A expression was measured 
using quantitative real-time RT-PCR with values representing expression relative to 
vehicle control. All values were calculated using the Delta Ct method relative to GAPDH 
and normalized to vehicle control. (B) UROtsa cells were treated with 300 nM 
trichostatin A (TSA), 5 mM sodium butyrate (SB), 10 µM 5-aza-2’-deoxycytidine (5-
Aza-dCyd) or phosphate buffered saline (PBS) vehicle control.  WNT5A expression was 
measured using quantitative real-time RT-PCR with values shown relative to GAPDH 
using the delta Ct method.  Error bars represent the standard deviation of three 
independent experiments. Statistically significant changes (p<0.05) relative to vehicle 
control are indicated (*). 
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WNT5A continued to be expressed in URO-MSC24 and URO-MSC52 cells after 

the removal of MMA(III) for both three and six months (Figure 40A).  Additionally, 

ChIPs were coupled to real time PCR to measure the histone acetylation state in the 

WNT5A promoter.  Histone H3 acetylation remained significantly increased (p<0.05) 

when compared to UROtsa after the removal of the arsenical for both three and six 

months in each of the transformed cell lines examined (Figure 40B).  URO-MSC24 and 

URO-MSC52 cells removed from MMA(III) for three or six months were also assayed 

for anchorage independent growth and results showed that both of these cell lines 

continued to grow in an anchorage independent fashion similar to the cells maintained in 

MMA(III) and in contrast to the WNT5A-negative UROtsa cells (Figure 40C).  These  

data, taken together with those presented in Figure 20, indicate that epigenetic 

remodeling of the WNT5A promoter region is stable after the removal of the toxicant, 

coincident with the maintenance of anchorage independent growth. 

 

WNT5A is expressed in human bladder cancer cell lines 

WNT5A expression was measured in three well established human bladder cancer 

cell lines to assess the concordance between our model of arsenical-mediated malignant 

transformation and the native disease in humans.  SW780, T24, and UM-UC-3 

transitional cell carcinoma cell lines were analyzed for WNT5A transcript levels using 

quantitative real-time RT-PCR.  Each cell line was assessed in a minimum of two 

independent experiments.  Similar to the malignantly transformed UROtsa cells, each of 

the human bladder cancer cell lines expressed WNT5A at significantly (p<0.05) higher 
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Figure 40.  Transcriptional activation of WNT5A is stable after MMA(III) removal.  
URO-MSC24 and URO-MSC52 cells were cultured for three or six months in the 
absence of MMA(III) to assess the stability of WNT5A activation.  (A)  RNA levels were 
measured using quantitative real time RT-PCR.  Expression levels were calculated using 
the Delta Ct method relative to GAPDH expression.  Error bars are representative of the 
standard deviation of the Delta Ct values of three independent experiments.  (B)  ChIPs 
were coupled with real-time PCR to assess histone acetylation in the WNT5A promoter 
region.  Values are representative of enrichment relative to respective input.  Error bars 
are representative of the standard error of two independent experiments.  (C) An equal 
number of URO-MSC24 and URO-MSC52 cells cultured in the absence of MMA(III) for 
three or six months were seeded in soft agar to measure anchorage independent growth.  
An equal number of UROtsa cells were also seeded as a non-tumorigenic control.  Each 
experiment was repeated a minimum of three times with the error bars representative of 
the standard deviation of these experiments.  Values represent the mean number of 
colonies in each seeded well.  Statistically significant changes (p<0.05) relative to 
UROtsa are indicated (*). 
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levels than non-tumorigenic UROtsa cells (Figure 41).  This suggests that WNT5A 

activation may also be an important event in human bladder carcinogenesis. 

 

Knock Down of WNT5A Expression Inhibits Anchorage-Independent Growth 

 To examine the functional role of WNT5A overexpression during arsenical-

mediated malignant transformation, gene expression levels were reduced using a 

lentiviral RNA interference system. These experiments were performed in the URO-

ASSC and URO-MSC24 cell lines as these had the highest level of inherent WNT5A 

expression. URO-ASSC and URO-MSC24 cells were subjected to two independent viral 

transductions resulting in two biological replicates for each cell line.  Transduction with  

particles containing an empty vector was used as a control.  In each case, the lentiviral 

vector contained a puromycin resistance cassette, enabling the selection of only 

transduced cells.  Each of the created lentiviral cell lines were maintained in selection 

media for the duration of their culture and throughout all experiments. 

   Quantitative real-time RT-PCR was performed to measure the reduction of 

WNT5A levels.  Each cell line was measured a minimum of three times with values 

relative to the expression present in each untreated cell line examined (Figure 42A).  

Transduction with an empty vector control resulted in an insignificant reduction in both 

URO-ASSC and URO-MSC24 cells.  When transduced with WNT5A shRNA, URO-

ASSC cells showed a reduction of at least 70% in each replicate cell line while URO-

MSC24 showed an even greater reduction with approximately 80% knockdown of 

WNT5A expression relative to their respective antecedent cell lines.  This reduction of 
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Figure 41.  WNT5A is highly expressed in human bladder cancer cell lines. Quantitative 
real-time RT-PCR was performed to examine WNT5A transcript levels in untreated 
UROtsa  cells and T24, SW780, and UM-UC-3 human bladder cancer cell lines.  
Expression levels were calculated using the Delta Ct method relative to GAPDH 
expression.  Error bars are representative of the standard deviation of the Delta Ct values 
of three independent experiments.  Statistically significant changes (p<0.05) relative to 
UROtsa are indicated (*). 
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Figure 42.  Reduction of WNT5A transcript results in a decrease in anchorage 
independent growth.  (A) Targeted shRNA reduces WNT5A expression.  URO-ASSC and 
URO-MSC24 cells were stably transduced with a lentiviral shRNA targeted against 
WNT5A and an empty vector control.  Each cell line was treated with WNT5A shRNA in 
duplicate creating two independent, WNT5A-deficient cell lines.  WNT5A expression was 
measured using quantitative real-time RT-PCR with values representing the percent of 
untreated control.  All values were calculated using the Delta Ct method relative to 
GAPDH and normalized to untreated control.  Error bars represent the standard deviation 
of three independent experiments. Statistically significant changes (p<0.05) relative to 
empty vector control are indicated (*).  (B) An equal number of URO-ASSC and URO-
MSC24, along with WNT5A-deficient and empty vector control cell lines, were seeded in 
soft agar to measure anchorage independent growth.  An equal number of UROtsa cells 
were also seeded as a non-tumorigenic control.  Each experiment was repeated a 
minimum of three times with the error bars representative of the standard error of these 
experiments.  Values represent the mean number of colonies in each seeded well.  
Statistically significant changes (p<0.05) relative to empty vector control are indicated 
(*). 



 140

WNT5A expression is consistent in the two replicates of each cell line examined and is 

statistically significant (p<0.05) when compared to the empty vector control. 

UROtsa, URO-MSC24, and URO-ASSC cells, as well as each of the shRNA cell lines 

were probed for their ability to grow in soft agar to determine if WNT5A played a 

functional role in this process.  URO-ASSC and URO-MSC24 cells stably infected with a 

lentiviral shRNA against WNT5A exhibited a significant reduction in the number of 

colonies relative to both the untreated control and the empty vector control cell line 

(Figure 42B).  In each replicate of shRNA mediated WNT5A reduction in URO-ASSC, 

the number of colonies formed was reduced by greater than 80%.  Similar results were  

seen in the URO-MSC24 cell line where reduction of WNT5A transcript was associated 

with an average decrease in colony formation of 85%.  The statistical significance of the 

decrease in soft agar growth in each replicate of both cell lines examined was p<0.05 

using a two-sample unpaired t-test. As previously demonstrated, URO-ASSC and URO-

MSC24 cells are able to form colonies in soft agar while UROtsa cells are not. When 

URO-ASSC and URO-MSC24 cells were transduced with an empty vector lentiviral 

control, there was an insignificant reduction in the number of colonies.  Taken together, 

these results link epigenetic mediated transcriptional activation of WNT5A with arsenical-

induced malignant transformation of immortalized human urothelial cells. 

 

Expression of Epigenetic Modifying Enzymes is Not Significantly Changed During 

Malignant Transformation 
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 Numerous epigenetic marks including DNA methylation, DiMeK9, and 

TriMeK27 have been shown to be perturbed in this model of arsenical-induced malignant 

transformation. Gene expression levels of epigenetic modifying enzymes were assayed in 

UROtsa, URO-MSC24, URO-MSC52, and URO-ASSC to determine if altered 

transcriptional regulation of these genes may be participitating in the aberrant epigenomic 

landscape observed in these studies.  DNMT1 is the primary enzyme responsible for the 

maintainance of DNA methylation.  EHMT1, G9A, and SUV39H1 are enzymes 

responsible for methylation of lysine-9 of histone H3.  EZH2 is the histone 

methyltransferase component of the Polycomb Repressive Complex responsible for 

TriMeK27.  Gene expression was measured using quantitative real-time RT-PCR.  Each 

experiment was performed in triplicate to ensure reproducibility.  The results indicated 

that there were no consistent significant changes in the expression levels of any of these 

epigenetic modifying enzymes (Figure 43).  These data suggest that it is unlikely that the 

transcriptional alteration of any of these genes is responsible for the aberrant epigenomic 

changes presented herein, suggesting that the aberrant epigenetic patterns seen may be 

the result of improper targeting or altered activity. 
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Figure 43. The expression of epigenetic modifying enzymes is unchanged during 
arsenical-induced malignant transformation.  Quantitative real-time RT-PCR was 
performed to examine EZH2, EHMT1, G9A, SUV39H1, and DNMT1 transcript levels in 
untreated UROtsa and malignantly transformed variants (URO-ASSC, URO-MSC24, and 
URO-MSC52).  Expression levels were calculated using the Delta Ct method relative to 
GAPDH expression.  Error bars are representative of the standard deviation of the Delta 
Ct values of three independent experiments.   
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DISCUSSION 
 
Overview 

 Humans exposed to environmental arsenic have an increased incidence of lung, 

skin, liver, prostate, and bladder cancer relative to unexposed populations (Chen et al., 

1988; Hopenhayn-Rich et al., 1996; Guo et al., 1997; Steinmaus et al., 2006; Marshall et 

al., 2007) .  In addition to these epidemiological studies, arsenicals have been used to 

malignantly transform human cell lines, further providing evidence for a role in 

tumorigenesis (Achanzar et al., 2002; Sens et al., 2004; Bredfeldt et al., 2006; Pi et al., 

2008).  The mechanisms by which arsenicals are thought to play a role in malignancy 

include the alteration of signaling pathways and indirect DNA damage, although they are 

only mildly mutagenic (Jacobson-Kram and Montalbano, 1985; Lynn et al., 1997; Zhao 

et al., 1997; Hei et al., 1998; Simeonova et al., 2001; Schwerdtle et al., 2003; Chen et al., 

2004; Eblin et al., 2006; Eblin et al., 2007; Wang et al., 2007).  We have demonstrated 

herein that malignant transformation of immortalized human urothelial cells by arsenicals 

is also associated with changes in histone acetylation and DNA methylation in specific 

gene promoter regions.  Independent exposures to As(III) and MMA(III) resulted in a 

targeted perturbation of the epigenomic landscape and allowed us to define genes that 

may be important in tumorigenesis associated with arsenical exposure. One such gene, 

WNT5A, was shown to play a participative role in the process of arsenical-induced 

malignant transformation.  Taken together, these data link epigenetic remodeling of 

specific loci to malignant transformation associated with chronic exposure to As(III) and 
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MMA(III) at environmentally relevant levels, resulting in the altered transcriptional 

regulation of genes likely to contribute to the pathogenic process. 

 

Scanning the Epigenome During Arsenical-Induced Malignant Transformation 

 Exposure to heavy metals, in particular nickel, has been shown to alter the histone 

code (Lee et al., 1995; Broday et al., 2000; Ke et al., 2006).  Our data suggest that this 

phenomenon also occurs as a result of arsenical exposure.  This is supported by a recent 

study suggesting that exposure to As(III) results in the alteration of multiple methylation 

marks on histone H3 in a global fashion (Zhou et al., 2008).  Microarray experiments 

showed numerous differentially acetylated promoter regions between the parental and 

malignantly transformed cell lines.  Although many promoter regions were found to be 

differentially acetylated, it is likely that due to the sensitivity of the microarray and the 

stringency of our statistical criteria, we may be underestimating the number of changes in 

histone H3 acetylation, since we were able to identify statistically significant changes in 

the URO-MSC24 cell lines utilizing real-time PCR that had not reached statistical 

significance by microarray.  

Aberrant DNA methylation is a hallmark of nearly all types of cancer including 

bladder tumors and has been functionally linked to histone acetylation (Jones et al., 1998; 

Nan et al., 1998; Salem et al., 2000; Neuhausen et al., 2006).  We performed MeDIP 

coupled to real-time PCR to determine if relative DNA methylation levels were changed 

in the promoter regions of genes showing significant decreases in histone acetylation in 

the exposed cells. Previous studies in rodents demonstrated a loss in genomic DNA 



 145

methylation in hepatocytes exposed to arsenic (Zhao et al., 1997; Chen et al., 2004).  The 

data presented here complement these earlier studies as human tumors generally exhibit 

genomic hypomethylation while possessing focal regions of DNA hypermethylation, 

notably in gene promoter regions.  

Since the hypoacetylated promoters evaluated showed concurrent DNA 

hypermethylation, we expanded our DNA methylation studies to encompass the 13,000 

elements on a human promoter microarray using MeDIP.  While DNA hypermethylation 

was the more common pattern observed in our study, we also noted the hypomethylation 

of promoter regions and repetitive sequences.  This pattern is consistent with the pattern 

exhibited in the majority of cancers examined.  This indicates that our model of 

malignant transformation resembles the epigenomic pattern which occurs in vivo.    

 

The Stability of Epigenetic Remodeling 

Epigenetic modifications are heritably stable and thereby represent a potential 

long term mark of exposure to toxicants which affect the epigenome (epimutagens).  

Characterization of URO-MSC24 and URO-MSC52 cells grown in the absence of 

MMA(III) indicate that they are epigenetically stable for up to six months with each of 

the target genes examined expressing similar levels of transcript after removal of the 

epimutagen.  This epigenetic stability is also linked to the maintanence of the ability to 

grow in an anchorage independent fashion and the formation of tumors when 

heterotransplanted into SCID mice.  This may provide a link that is able to help elucidate 
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the mechanism by which exposure to arsenicals during key developmental windows may 

have profound effects on health during adulthood. 

As(III) and MMA(III) both pass through the placenta, thereby exposing the 

developing fetus of exposed mothers to arsenicals in both humans and animal models 

(Lindgren et al., 1984; Concha et al., 1998).  Exposure to arsenicals during 

embryogenesis has been demonstrated to result in a variety of maladies including 

increased stillbirth, lower birth weight, and increased neonatal deaths (Ahmad et al., 

2001; Yang et al., 2003; Milton et al., 2005; von Ehrenstein et al., 2006).  In addition, 

arsenical exposure in utero in both humans and animals may result in an increased 

likelihood of developing cancer as an adult (Waalkes et al., 2003; Smith et al., 2006; Fry 

et al., 2007; Waalkes et al., 2007; Waalkes et al., 2008).  One potential mechanism for 

this is through the alteration of epigenetic structure within the promoter regions of 

participative genes.  Moreover, exposure to arsenicals has been shown to alter both DNA 

methylation and gene expression in the liver of newborn mice when administered 

transplacentally (Liu et al., 2007; Xie et al., 2007).  Consistent with these findings have 

been epidemiological studies performed in humans that note that the increase in relative 

risk may not occur until 20-50 years after exposure (Morales et al., 2000; Smith et al., 

2006; Marshall et al., 2007; Ahlborn et al., 2008).  Taken together with previous studies, 

the data presented herein suggests that the long latency periods associated with arsenical 

exposure may be mediated by heritable epigenetic perturbations. 
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Targets of Epigenetic Remodeling 

 This study has uncovered numerous genes which act as epigenetic targets of 

As(III) and MMA(III) during malignant transformation.  These changes occurred in two 

independent models of arsenical-induced malignant transformation, thus they may 

potentially play a role in this conversion, providing targets for future study and 

therapeutic intervention.  Many of these genes are newly annotated and their cellular 

functions are not clear.  Four genes that are particularly intriguing due to their potential 

role in arsenical-associated bladder carcinogenesis are DBC1, ZSCAN12, G0S2, and 

WNT5A.   

The promoter region of DBC1 (Deleted in Bladder Cancer 1) exhibits increased 

DNA methylation and decreased histone acetylation during arsenical-induced malignant 

transformation.  Loss of heterozygosity on chromosome 9q is the most common genetic 

aberration in transitional cell carcinoma, suggesting the presence of a tumor suppressor 

gene (Habuchi et al., 1998).  Analysis of this region revealed this gene to be DBC1.  

DBC1 is downregulated by genetic and epigenetic mechanisms in multiple cancers 

including non-small cell lung cancer and bladder cancer (Habuchi et al., 1998; Izumi et 

al., 2005).  DBC1 is transcriptionally silenced in some bladder tumor cell lines and this 

silencing can be reversed after treatment with 5-aza-dCyd, suggesting an epigenetic 

mechanism of repression (Habuchi et al., 1998).  The mechanism of action of DBC1 may 

involve regulation of cellular proliferation as the reintroduction of this gene induces cell 

death in bladder cells (Wright et al., 2004).  This possible mechanism is reinforced as 

URO-ASSC and the URO-MSC cell lines exhibit an increased rate of proliferation 
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compared to UROtsa (Sens et al., 2004; Bredfeldt et al., 2006).  The detection of a gene 

frequently seen to be dysregulated in bladder tumor cells suggests the possibility that this 

study may not only be important in uncovering genes related to arsenical-induced 

malignant transformation, but also those playing a role in the conversion of a bladder cell 

to a neoplastic phenotype.   

ZSCAN12 is a member of the Kruppel family of zinc fingers proteins.  While little 

is known about this particular gene, zinc fingers typically act as transcription factors, 

therefore it stands to reason that the downregulation of this gene by arsenicals could 

affect other genes, hence amplifying its effects.  Additionally, the loss of histone 

acetylation, increase in DNA methylation, and decrease in associated gene expression of 

ZSCAN12 is an early event in malignant transformation by arsenicals and may merit 

further evaluation as a biomarker of pre-cancerous lesions associated with arsenical 

exposure in the bladder.   

G0S2 (G0/G1 Switch Gene 2) is an early target of epigenetic remodeling during 

arsenical-induced malignant transformation.  G0S2 exhibits promoter hypermethylation 

and transcriptional silencing in URO-MSC12 cells, coincident with the acquisition of 

hyperproliferation (Bredfeldt et al., 2006).  Consistent these results, G0S2 is expressed at 

low levels in rapidly proliferating hepatoma cell lines when compared to growth-arrested 

murine liver cells, indicating a potential role in carcinogenesis as well as cell cycle 

regulation (Zandbergen et al., 2005).  G0S2 is one of the first promoters affected during 

in our model, prior to malignant transformation.  Taken together with its potential 

functional importance, hypermethylation of the G0S2 promoter may provide an early 
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biomarker for the detection of pre-malignant cellular changes associated with arsenic 

exposure. 

WNT5A also is a target gene of interest during arsenical induced malignant 

transformation.  WNT5A is not expressed in non-tumorigenic human urothelial cells nor 

during acute exposure to As(III) or MMA(III), however expression is activated during 

malignant transformation with an environmentally relevant level of arsenicals and is also 

seen in human bladder cancer cell lines.  This is consistent with previous findings that 

WNT5A is overexpressed in numerous tumor types and is associated with highly 

aggressive tumors (Zhuang et al., 1999; Bittner et al., 2000; Kurayoshi et al., 2006; 

Ripka et al., 2007; Yu et al., 2007).  This transcriptional activation is associated with the 

acquisition of permissive histone modifications and loss of repressive ones within the 

WNT5A promoter.  Epigenetic remodeling and gene expression remain stable coincident 

with anchorage indepdendent growth after MMA(III) removal, linking stable epigenetic 

remodeling to malignant transformation.  

Reduction of WNT5A expression resulted in a decrease in the anchorage 

independent growth of URO-ASSC and URO-MSC24 cells, suggesting the importance of 

this gene in arsenical-induced malignant transformation.  Further evidence that WNT5A 

upregulation likely plays an important role in neoplasia can be found in many other 

systems as well.  The downregulation of WNT5A by RNA interference in glioblastoma 

cells reduced tumor volume when the cells were heterotransplanted into nude mice (Yu et 

al., 2007).  In both melanoma and gastric cancer, overexpression of WNT5A stimulates 

migration and is correlated with the aggressiveness of the disease (Kurayoshi et al., 2006; 
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Dissanayake et al., 2007). The data described in this study strengthen the evidence for a 

functional consequence of WNT5A overexpression during malignant transformation. 

These data suggest that epigenetic mediated transcriptional activation of WNT5A is 

important during arsenical-associated malignant transformation. 

The expression of WNT5A is inversely correlated with the levels of the repressive 

histone modification TriMeK27 in its promoter.  Recent reports indicate that TriMeK27 

can result in gene silencing without changes in DNA methylation, a pattern that we see 

exhibited in our model (Gal-Yam et al., 2008; Kondo et al., 2008)  The tri-methylation of 

histone H3 at lysine-27 is mediated by the polycomb group (PcG) of transcriptional 

repressors (Cao et al., 2002).  The polycomb group is made up of the histone 

methyltransferase EZH2, SUZ12, and EED (Lewis, 1978; Cao et al., 2002; Cao and 

Zhang, 2004).  Using human embryonic stem cells, genomic mapping of SUZ12 binding 

sites indicates that WNT5A is a target of this protein (Lee et al., 2006).  This was further 

substantiated when it was found that SUZ12 and EED both bound to a region within the 

WNT5A promoter and this region exhibited enrichment for TriMeK27 in mouse 

embryonic stem cells (Boyer et al., 2006).  Additionally, a recent study has shown that 

Suz12 and Ezh2 both bind in the WNT5A promoter region in mouse embryonic stem 

cells, further confirming these previously published studies (Pasini et al., 2008).  Taken 

together, these studies suggest that each component of the PcG may bind to the WNT5A 

promoter resulting in TriMeK27.  Reduction of WNT5A expression in the malignantly 

transformed cells in our study after treatment with LY294002 is consistent with these 

previous studies as this drug has been shown to activate EZH2, thereby repressing PcG 
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target genes.  Pharmacologic modulation of PcG target genes such as WNT5A has 

important implications since the PcG pathway is thought to play a participative role 

during carcinogenesis (Sparmann and van Lohuizen, 2006). 

 

Potential Mechanisms of Epigenetic Remodeling 

The mechanism by which As(III) and MMA(III) malignantly transform UROtsa 

cells may be mediated through selection of an underlying population in UROtsa, 

adaptation of UROtsa cells to arsenicals by altering the epigenome, or a combination of 

these two mechanisms.  It seems unlikely that a selection of a monoclonal population 

resulted in URO-ASSC and URO-MSC cells.  If selection occurred, it seems probable 

that after one year in culture, the resulting population in URO-ASSC and URO-MSC52 

cells would be monoclonal.  The DNA methylation profile of these cell lines provides 

evidence against this since these cells rarely, if ever, exhibit a CpG dinucleotide that is 

either 0 or 100% methylated in the population, something that would be evident if this 

mechanism were occurring in our model.  It remains possible that selection of UROtsa 

cells occurred, however it would have to have been the selection of multiple underlying 

populations in UROtsa. 

 Conversely, arsenicals may act to induce epigenetic adaptation in UROtsa cells.  

There are many mechanisms by which cells may adapt to arsenic exposure.  Due to the 

skewed nature of changes in histone H3 acetylation, one could argue that one potential 

mechanism resulting in altered histone acetylation is that arsenicals are interacting with 

histone acetyltransferase (HAT) enzymes resulting in their functional inhibition thus 
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preventing the HAT from acetylating the necessary residues.  This argument is 

strengthened by the fact that a similar mechanism has been previously proposed to occur 

as a result of exposure to nickel (Broday et al., 2000).  In addition, arsenicals could 

potentially interact with HDAC enzymes and skew the balance between HAT and HDAC 

activities more toward HDAC, resulting in the hypoacetylation of target genes (Figure 

44A). 

In addition to its role in development and differentiation, this polycomb repressive 

complex is often improperly regulated during tumorigenesis resulting in aberrant gene 

expression (Weikert et al., 2005; Bachmann et al., 2006).  A recent study suggests that 

the global loss of TriMeK27 is associated with a poor prognosis in breast, ovarian, and 

pancreatic cancers (Wei et al., 2008) .  The loss of H3 TriMeK27 in the WNT5A promoter 

is a potential indication that the PcG complex may be perturbed during arsenical-induced 

malignant transformation, suggesting a mechanism where TriMeK27 is altered in this 

process.  In addition, our data have shown that lysine-9 methylation may be perturbed at 

specific loci.  Through the disruption of these epigenetic marks, methylated H3 lysine-9 

or TriMeK27 could recruit de novo DNMT enzymes to target promoter regions resulting 

in DNA hypermethylation of affected regions (Fuks et al., 2003; Vire et al., 2006; 

Smallwood et al., 2007) (Figure 44B).   

Our studies on DNA methylation are consistent with previous studies that 

reported global hypomethylation as a result of arsenic exposure since we also observed 

hypomethylation of repetitive elements and some gene promoters (Zhao et al., 1997; 

Chen et al., 2004). These previous studies hypothesized that this occurred through the 
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Figure 44.  UROtsa cells may adapt to arsenicals by altering epigenetic control of 
specific loci during malignant transformation. Spacing between nucleosomes represents 
relative chromatin accessibility.  Histone tail shown is that of histone H3.  (A) Arsenicals 
may alter the activity or ratio of histone acetyltransferase (HAT) or histone deacetylase 
(HDAC) enzymes, resulting in the loss of histone acetylation and gene transcription.  (B) 
Methylation of lysine-9 (K9-Me) and/or lysine-27 (K27-Me) may recruit DNA 
methyltransferase (DNMT) enzymes resulting in transcriptional silencing.  (C)  
Methylated DNA may recruit HDAC enzymes to gene promoters, resulting in a loss of 
histone acetylation and gene expression. 
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depletion of SAM, the common methyl donor to both DNA methylation and arsenic 

bioactivation (Zhao et al., 1997; Chen et al., 2004).  This mechanism seems unlikely in 

explaining the entire scope of the situation for many reasons.  First, we identified 

numerous hypermethylated promoter regions which would be inconsistent with this 

mechanism.  Secondly, treatment with either As(III) or MMA(III) produced relatively 

similar levels of resultant aberrant DNA methylation.  This would be inconsistent with 

the model proposed because one would expect higher levels of DNA methylation as a 

result of MMA(III) induced malignant transformation when compared to those cells 

transformed with As(III), something that we did not consistently observe.  Lastly, studies 

using inorganic arsenic to malignantly transform the immortalized, non-tumorigenic 

human prostate cell line RWPE-1 resulted in the CAsE-PE cell line which exhibits DNA 

hypomethylation (Benbrahim-Tallaa et al., 2005).  It is important to note that neither 

RWPE-1 nor CAsE-PE cells are able to efficiently methylate arsenic, suggesting that the 

changes in DNA methylation are not the result of depeleted SAM levels due to arsenic 

metabolism (Benbrahim-Tallaa et al., 2005).   

Taken together with these previous studies, our data suggest a yet to be 

determined mechanism of action that ultimately results in the redistribution of DNA 

methylation rather than a loss of it.  The hypermethylation of targeted promoter regions 

could be accomplished by multiple mechanisms.  One potential direct mechanism would 

be the activation, either transcriptionally or functionally, of the de novo DNMT enzymes 

DNMT3A and DNMT3B (Figure 44C).  If this was to happen coincident with the loss of 

maintainance methyltransferase (DNMT1) activity, this could potentially explain both 
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hypermethylation of specific promoters and the loss of DNA methylation in those regions 

which are methylated prior to arsenical-induced malignant transformation.  Methylated 

DNA can recruit histone deacetylase complexes through the protein MeCP2 (Jones et al., 

1998; Nan et al., 1998).  This increase in DNA methylation and loss of histone 

acetylation would ultimately result in chromatin condensation and transcriptional 

silencing of targeted genes, a pattern commonly seen in our study.  These proposed 

mechanisms are not mutually exclusive and it is likely that multiple mechanisms are 

acting together to create the epigenomic aberrations described in this study, although it 

seems likely that epigenetic adaptation participates in arsenical-induced malignant 

transformation.   

 

Other Implications of these Studies 

 As our understanding of neoplasia increases, it is becoming evident that 

epigenetic dysregulation is an important component. Numerous studies are currently 

examining the relationship between exposure to environmental xenobiotics, including 

toxicants such as arsenic, and epigenetic dysregulation.  Epigenetic modifications play a 

role in many aspects of normal cellular function and perturbations in this system, both 

during development and adulthood and can have profound effects on human health.  As 

this study has shown that chronic exposure to arsenic can result in an aberrant 

epigenomic landscape, non-malignant diseases associated with arsenic exposure may also 

exhibit an underlying epigenetic cause.  It should also be noted that altering the 

epigenome could result in a dysregulation of gene expression levels and thus possibly 
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alter the activity of enzymes critical for response to xenobiotics or pharmaceuticals.  In 

doing such, exposure to arsenicals could result in an outcome similar to what is seen with 

genetic polymorphisms in altering the response to environmental stimuli.   

 In addition to gaining a further understanding of the toxicology associated with 

arsenical exposure, the information learned from this study may help to further 

understand the mechanisms by which arsenic is useful as a chemotherapeutic agent.  

Paradoxically, arsenic trioxide is an approved frontline treatment in acute promyelocytic 

leukemia (APL) and has moderate activity in other tumor types including 

myelodysplastic syndrome (Shen et al., 2004; Schiller et al., 2006).  Arsenic trioxide has 

been shown to have a variety of mechanisms of action similar to the multiple mechanisms 

of action concluded to play a role in arsenical-induced carcinogenesis.  Since we have 

now shown that one of these mechanisms is an altered epigenome, it bears investigation 

into whether these changes could potentially play a role in the therapeutic effect of 

arsenic trioxide in APL.  Support of this potential mechanism of action was recently 

reported when treatment of human liver cancer cell lines with arsenic trioxide decreased 

DNMT activity and resulted in the transcriptional reactivation of genes silenced by DNA 

methylation in this model (Cui et al., 2006).  This proposed mechanism is further 

strengthened by the fact that other epigenetic modifying pharmaceuticals, such as 5-aza-

dCyd (Decitabine), are now also being used in the treatment of myelodysplastic 

syndrome (Silverman et al., 2002; Kantarjian et al., 2006).     

Arsenic has been established as a human carcinogen; however, many animal 

models have failed to recapitulate these findings in a controlled environment.  This may 
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be due to the differential metabolism of arsenic that occurs in rodents or it may be that 

arsenic functions as a co-carcinogen, acting as an epimutagen while still needing a 

genetic lesion to induce carcinogenesis.  Arsenicals have thus far been used to 

malignantly transform multiple human cell lines including the prostate cell line RWPE-1, 

the skin keratinocyte cell line HaCat, and the urothelial cell line UROtsa (Achanzar et al., 

2002; Chien et al., 2004; Sens et al., 2004; Bredfeldt et al., 2006).  While these cell lines 

clearly differ, the underlying commonality between these cell lines is that they have all 

been immortalized in vitro.  While each was immortalized using a different mechanism 

(RWPE-1 by HPV type 18, HaCaT by UV mutagenesis with p53 as a target, and UROtsa 

using SV-40 large T antigen), each of these cell lines were created by disrupting 

components of the p53 pathway, an important participant in bladder carcinogenesis 

(Bello et al., 1997; Boukamp et al., 1997; Rossi et al., 2001; Schulz, 2006).  It is likely 

that in examining the processes that occur during the malignant transformation of an 

immortalized cell line that there are additional processes that must also occur to induce 

carcinogenesis of a normal cell.  In many ways, this immortalization is acting similar to a 

genetic alteration during carcinogenesis, acting functionally as a genetic lesion upon a 

critical tumor suppressor pathway.  It is becoming increasingly evident that alterations to 

both the genome and the epigenome must occur in order to transform a normal cell to a 

carcinogenic one, although the order of these events remains unknown.  Feinberg and 

colleagues advocate an epigenetic progenitor model of carcinogenesis whereby there is 

an epigenetic disruption of progenitor cells which is then followed by a genetic event, 

subsequently leading to genetic and epigenetic plasticity throughout tumorigenesis 
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(Feinberg et al., 2006).  Evidence suggests that a similar finding may be true for 

arsenical-induced carcinogenesis since the ability of arsenic, an epimutagen, to induce 

cancer may be exascerbated by cigarette smoke which contains a mixture of known 

carcinogens (Bates et al., 1995). For this reason, the results observed in UROtsa cells 

may be considered changes that occur relatively late in carcinogenesis and future studies 

need to address if it is possible to malignantly transform  a purely normal human cell 

through exposure to As(III) or MMA(III) as a single agent. 

 

Conclusions and Future Directions 

In conclusion, the results presented in this dissertation suggest that the 

carcinogenic activity of arsenicals is mediated by the disruption of normal epigenetic 

control at specific loci.  Epigenomic scanning of UROtsa and URO-ASSC and URO-

MSC malignantly transformed variants revealed striking differences in histone 

acetylation and DNA methylation that occurred at specific loci during arsenical-induced 

malignant transformation.  The observed epigenetic changes were correlated with the 

expression of associated genes, thereby uncovering a collection of genes likely to play an 

important role in malignant transformation associated with arsenicals.  The epigenetic 

modifications of target promoters, associated gene transcription, and tumor-associated 

phenotypes are all stable after the removal of MMA(III) for up to six months.  One target 

gene of epigenetic remodeling is WNT5A, which was shown to be upregulated during 

arsenical-induced malignant transformation.  This upregulation was associated with a loss 

of the repressive histone modifications H3 TriMeK27 and H3 DiMeK9 and an increase in 
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the levels of AcH3 and DiMeK4 in the WNT5A promoter region, likely indicating a loss 

of the condensed chromatin structure present in the parental UROtsa cells.  Results 

obtained using WNT5A-deficient cell line lines suggest that the epigenetic remodeling of 

this gene plays a functional role in the tumor specific phenotype of anchorage 

independent growth.  These data complement earlier studies suggesting roles for both 

alterations of signaling pathways and epigenetic remodeling during arsenical-mediated 

malignant transformation and suggests that aberrant epigenetic regulation of genes 

important in this process which may participate in malignant transformation associated 

with chronic arsenical exposure. To the best of our knowledge, the data presented in this 

dissertation is the first to show that epigenomic remodeling occurs at specific promoters 

during arsenical-induced malignant transformation in human cells, providing further 

understanding of the molecular etiology of arsenical-induced bladder carcinogenesis. 

The data presented herein reveal a new set of questions that should be addressed 

in the future.  Until recently, the only human bladder cell lines that were available and 

non-tumorigenic were immortalized.  A commercially available normal, mortal human 

bladder progenitor cell line is now available.  According to the provider, these cells may 

be continuously cultured for six months or may be differentiated through the use of a 

commercially available medium.  The availability of these cells allows for the potential 

answer to many questions that have arisen during these studies.  Can arsenicals 

malignantly transform a normal human bladder cell line alone or do they need additional 

genetic lesions?  Does exposure of progenitor cells to arsenicals lead to altered 

differentiation, thereby resulting in the previously described increase in tumorigenicity of 
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mice exposed in utero?  Is the epigenetic progenitor model of tumorigenesis plausible?  

These questions can each be addressed using these cells and could be performed uusing 

the following set of overlapping experiments.   

Treatment of human bladder progenitor cells with either 1 µM As(III) or 50 nM 

MMA(III) will address the question of whether arsenic alone can induce malignant 

transformation.  In these studies, normal bladder progenitor cells would be treated as 

described previously (Sens et al., 2004; Bredfeldt et al., 2006).  Malignant transformation 

would be assessed initially by growth in soft agar and subsequently with injection into 

SCID mice.  In addition to treatment with arsenicals alone, cells would be immortalized 

using a GSE22 construct to knockout p53 function (Garbe et al., 2007) in these cells both 

before and after arsenical treatment.  This would serve as the controlled genetic lesion in 

this model, allowing for the determination if both the epigenetic and genetic lesions are 

necessary for the malignant transformation of human bladder progenitor cells and 

partially assess whether the order of these lesions is important. 

Mice exposed to arsenic in utero have an increased incidence of certain cancers 

during adulthood (Waalkes et al., 2003; Waalkes et al., 2007; Waalkes et al., 2008).  This 

may be due to the alteration of normal differentiation pathways during embryogenesis.  

Arsenicals have been shown to alter differentiation of certain cell types (Kachinskas et 

al., 1994).  Human bladder progenitor cells would be cultured in the presence or absence 

of arsenicals and then differentiated using commercially available cell culture media to 

address this hypothesis.  Differentiated cells would be analyzed using both MeDIP 

coupled to human promoter microarrays and gene expression microarrays to detect any 
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differences in differentiation as a results of exposure of a progenitor population of cells to 

arsenic. 

The epigenetic progenitor model proposed by Feinberg and colleagues suggests 

that an epigenetic lesion may be the intitiating event in tumorigenesis which is then 

followed by genetic lesions and epigenetic and genetic plasticity.  These cells may 

provide a means by which to address this hypothesis.  Cells exposed to arsenicals would 

be assayed using high throughput genomic sequencing as described previously and 

compared to their untreated counterparts to detect genetic lesions.  Those same cell 

populations would also be queried for their DNA methylation levels using MeDIP 

coupled to human promoter microarray at various timepoints of exposure.  These 

experiments would likely be able to detect whether an epigenetic event could occur prior 

to a genetic event in malignant transformation of a human cell and address whether 

arsenicals act as epimutagens in normal human cells.  Taken together, these studies may 

help further elucidate the toxicological mechanisms associated with arsenical-induced 

malignancy as well as directly assess the potential of an epigenetic progenitor model of 

carcinogenesis.   
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