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Abstract

Exposure to carcinogenic metals, such as trivalent arsenic [As(III)] and hexavalent chromium 

[Cr(VI)], through drinking water is a major global public health problem and is associated with 

various cancers. However, the mechanism of their carcinogenicity remains unclear. In this study, 

we used azoxymethane/dextran sodium sulfate (AOM/DSS)-induced mouse colitis-associated 

colorectal cancer model to investigate their tumorigenesis. Our results demonstrate that exposure 

to As(III) or Cr(VI), alone or in combination, together with AOM/DSS pretreatment has a 

promotion effect, increasing the colorectal tumor incidence, multiplicity, size, and grade, as well 

as cell inflammatory response. Two-dimensional differential gel electrophoresis coupled with 

mass spectrometry revealed that As(III) or Cr(VI) treatment alone significantly changed the 

density of proteins. The expression of β-catenin and phospho-GSK was increased by treatment of 

carcinogenic metals alone. Concomitantly, the expression of NADPH oxidase1 (NOX1) and the 

level of 8-OHdG were also increased by treatment of carcinogenic metals alone. Antioxidant 

enzymes, such as superoxide dismutase (SOD) and catalase, were decreased. Similarly, in an in 

vitro system, exposure of CRL-1807 to carcinogenic metals increased reactive oxygen species 
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(ROS) generation, the expression of β-catenin, phospho-GSK, and NOX1. Inhibition of ROS 

generation by addition of SOD or catalase inhibited β-catenin expression and activity. Our study 

provides a new animal model to study the carcinogenicity of As(III) and Cr(VI) and suggest that 

As(III) and Cr(VI) promote colorectal cancer tumorigenesis, at least partly, through ROS-

mediated Wnt/β-catenin signaling pathway.
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Introduction

Trivalent arsenic [As(III)] and hexavalent chromium [Cr(VI)] are human carcinogens. Both 

are classified as Group I carcinogens by the International Agency for Research on Cancer 

(IARC, 1990). Exposure to these metals occurs in both occupational and environmental 

settings. Acute and chronic exposure to carcinogenic metals via drinking water has been 

reported in many countries of the world. Drinking water contamination by carcinogenic 

metals remains a major public health concern and is associated with an enhanced risk of 

development of various cancers. Chronic As(III) exposure causes tumors of the skin, 

bladder, lung, liver, prostate, and colon (Tchounwou et al., 2003). Chronic Cr(VI) exposure 

causes tumors of the lung, gastrointestinal, and central nervous systems (Gatto et al., 2010; 

Stout et al., 2009).

Although epidemiological studies have documented the global impact of carcinogenic metal 

contamination, the mechanisms of their carcinogenicity remain unclear. One problem in 

establishing their carcinogenic activity is that the animal models are very limited. It is 

difficult to provide experimental evidence of the carcinogenicity of As(III) or Cr(VI) in 

laboratory animals (Tokar et al., 2010). A recent National Toxicology Program study 

showed an increased rates of oral-cavity tumors in rate and small intestine tumors in mice 

administrated Cr(VI) in drinking water for 2 years (Stout et al., 2009). More recent work 

with oral sodium arsenate in the drinking waster for 18 months showed an increase of lung 

tumor multiplicity and size in male stain A/J mice (Cui et al., 2006; Ding et al., 2009; Tokar 

et al., 2010). Although As(III) and Cr(VI) are believed to act through very different 

mechanisms (Hamilton et al., 1998; Huff et al., 2000; Zhang et al., 2011), they share several 

properties in regard to their carcinogenicity. Both can activate NADPH oxidase, which is a 

major source of cellular reactive oxygen species (ROS) and is able to induce oxidative stress 

(Qian et al., 2005; Wang et al., 2011; Zhang et al., 2011). Oxidative stress plays an 

important role in both the initiation and the progression of various types of cancer.

Colorectal cancer is one of the most common neoplasias in western countries and the second 

leading cause of cancer-related death (Jemal et al., 2010). The most current five years of 

data from the United States Cancer Statistics show that Kentucky has the second highest 

colorectal cancer incidence in the U.S. compared to other states, especially in the 

Appalachian region (USCS, 2011). In this area, the concentrations of carcinogenic metal 

reported in drinking water are relatively high compared with EPA standards (Johnson et al., 
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2011). These ecological studies suggest that there is a correlation between metals level in the 

environment and colorectal cancer incidence. However, the exact molecular mechanism is 

still unknown.

The Wnt/β-catenin signal pathway has a critical role in carcinogensis (Polakis 2000, 2007). 

Abnormal subcellular localization and aberrant accumulation of β-catenin are often observed 

in human cancers, including colorectal cancer (Polakis 2000). The cellular levels of β-

catenin protein are regulated by the ubiquitin-proteasome system (Peifer and Polakis 2000; 

Polakis 2000, 2007). Phosphorylation of β-catenin by GSK3β is essential for the 

ubiquitination of β-catenin. Initiation of Wnt signaling leads to inhibition of GSK3β-

dependent phosphorylation and degradation of β-catenin, activating the β-catenin 

transcriptional pathway (Peifer and Polakis 2000; Polakis 2000, 2007). Aberrant activation 

of Wnt signaling is common in colorectal cancer (Barker and Clevers 2006; Segditsas and 

Tomlinson 2006). A Recent study has shown that NADPH oxidase 1 (NOX1) modulates 

Wnt and NOTCH1 signaling to control the fate of proliferative cells in the colon (Coant et 

al., 2010).

We hypothesized that carcinogenic metals play an important role in colorectal tumor 

development. We used the azoxymethane/dextran sodium sulfate (AOM/DSS) murine 

colitis-associated colorectal cancer model, which is a well established model for studying 

colon carcinogenesis. Animals treated with AOM and DSS developed colitis-associated 

colorectal tumors (De Robertis et al., 2011; Greten et al., 2004). We found that the 

carcinogenic metals As(III) or Cr(VI), alone or in combination, in drinking water promote 

tumorigenesis in the murine AOM/DSS colitis-associated colorectal cancer model. ROS-

mediated β-catenin activation may play an important role in this promotion effect.

Material and methods

Animal and experimental design

Eighty five-week old C57BL/6J mice were obtained from Charles River Laboratories, Inc. 

They were maintained at University of Kentucky Animal Facility according to the 

Institutional Animal Care Guidelines. Animals were allowed to acclimatize to their new 

environments for 1 week prior to use. Animals were housed in plastic cages (5 mice/ cage) 

with free access to food and drinking water, under controlled conditions of humidity (50 ± 

10%), light (12/12 h light/dark cycle) and temperature (23 ± 2 °C). Mice were randomized 

by body weight into 16 groups: control, As(III), Cr(VI), As(III)+Cr(VI); AOM, AOM

+As(III), AOM+Cr(VI), AOM+As(III)+Cr(VI); DSS, DSS+As(III), DSS+Cr(VI), DSS

+As(III)+Cr(VI); AOM+DSS, AOM+DSS+As(III), AOM+DSS+Cr(VI), and AOM+DSS

+As(III)+Cr(VI). Metals containing drinking water was prepared by dissolving sodium 

arsenite (Sigma, USA) or sodium dichromate dehydrate (Sigma, USA), alone or in 

combination, in water at a concentration of 58 mg/L and 167 mg/L, respectively. Mice in the 

groups receiving AOM (Sigma, USA) were injected a single intraperitoneal dose of AOM 

(12.5 mg/kg of body weight) at the age of 6 weeks. After 3-day recovery period, mice in 

groups receiving DSS were received single cycle of 2% DSS in the drinking water for 7 

days. After DSS treatment, the mice were exposed to As(III), Cr(VI) or As(III)+Cr(VI) in 

drinking water for following 20 weeks. Control group was injected with saline and free 
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access to basal drinking water. Mice were weighted twice weekly, and the signs of weight 

loss were monitored during the experiment. All mice were sacrificed at the age of 27 weeks 

using CO2 asphyxiation and the whole colorectal tissues were collected. Tissue samples 

were fixed immediately in 10% formalin or frozen in liquid nitrogen. Tumor number and 

size were examined in the entire large bowel using a dissecting microscope.

Cell line and cell culture

CRL-1807 human coloncytes were purchased from the American Type Culture Collection 

(Manassas, VA). CRL-1807 cells are derived from normal fetal human coloncyte CRL-1790 

immortalized by a temperature-sensitive mutant of SV40 virus which functions at 33 °C. 

CRL-1807 cells are non-tumorigenic and undergo contact inhibition in cell culture. 

CRL-1807 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and 5% penicillin/

strepyomycin at 33 °C in a humidified atmosphere with 5% CO2 in air. For treatment, cells 

were grown to 80–90% confluent, then the medium was replaced with DMEM medium 

containing 0.1% FBS for overnight before indicated treatment with carcinogenic metals. In 

some experiments, cells were first pretreated with PEG-SOD (Sigma, USA) or catalase 

(Sigma, USA) for 2 h, and then exposed to carcinogenic metals for indicated time.

Two-dimensional differential gel electrophoresis (2D-DIGE) and protein identification

Sample labeling was performed by Applied Biomics, Inc (San Fancisco, USA). Briefly, 

tissue proteins were precipitated, resuspended in labeling buffer and aliquots stained by 

different fluorescent cyanine dyes. Samples were pooled, mixed with rehydration solution 

and applied to a rehydration tray. Separation was in a two-dimensional gel, using isoelectric 

focusing (IEF) in the first dimension and SDS polyacrylamide gel electrophoresis (SDS-

PAGE) in the second dimension. After electrophoresis, the gel was scanned using a 

Typhoon image scanner. Each scan revealed one of the CyDye signaling (Cy3 and Cy5). 

ImageQuant software was used to generate the image presentation data. Differentially 

expressed proteins were identified using the following parameters: expression ratio lower 

than 0.75 or higher than 1.35 and a p-value of p<0.05, as obtained by using DeCyder 2-D 

Differential Analysis Software v7.0 (GE Healthcare). Proteins of interest were cut from 

dried gel and identified by mass spectrometry. Tryptic digestion was performed by addition 

of 10% of formic acid/50% acetonitrile followed by three-fold lyophilisation in a SpeedVac 

(Thermo Savant). Identification of the extracted peptides was done by using a MALDL-

TOF/TOF mass spectrometer (4800 Proteomics Analyzer, Applied Biosystems, Europe). 

Database searches were carried out using the MS/MS ion search (MASCOT, http://

www.matrixscience.com) against all entries of the Swiss-Prot database (http://

www.expasy.org). Proteins were defined as unambiguously identified, if the Mowse score 

was higher than 100, and at least two different peptides (P<0.05) were used for 

identification. Molecular weight and pI of the identified protein were cross-checked with the 

gel position of the excised spot.
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Histopathology and immunohistochemistry

All tumors and mucosa specimens were subjected to Hematoxylin & Eosin (H&E) staining 

for histopathology assessment. Intraepithelial dysplasia was defined as low- or high- grade. 

High grade dysplasia in the colonic adenomas represents biologically “carcinoma is situ” 

which does not show invasive growth or metastatic potential. High grade dysplasia is 

histologically defined by marked architectural changes such as back-to-back gland 

configuration and cribriform patter as well as marked cytologic atypia (WHO 2010). 

Immunohistochemical staining was performed on formalin-fixed paraffin-embedded tissues. 

Sections were cut at 5 micrometer on positively charged slides, and heated at 60 °C for 1 

hour. They were deparaffinized and hydrated stepwise. Endogenous peroxidase activity was 

quenched and slides were incubated in anti-Iba1 (Cell Signaling, 1:200), or 8-OHdG (Santa 

Cruz, 1:200) for 1 hour at room temperature or overnight at 4 °C. Slides were washed and 

then incubated in corresponding secondary antibodies (Dako Envision Flex) for 30 minutes 

and the reaction was visualized using DAB. Slides were counterstained with hematoxylin 

and blued in ammonia water, followed by dehydration, clearing in xylene and mounting. For 

immunofluorescence, slides were counterstained with DAPI (Invitrogen) and mounted with 

Prolong Gold antifade (Invitrogen).

Cell viability assay

Cell viability was determined using 3-(4,5-dime-thylthiazol-2yl-2,5-diphenyl tetrazolium 

bromide (MTT) method as described previously (Wang et al., 2007).

Measurement of intracellular ROS

Detection of ROS was performed using carboxy-H2DCFDA (sensitive to oxidation; 

Invitrogen) and oxidized carboxy-DCFDA (insensitive to oxidation; Invitrogen) as described 

previously (Sun et al., 2010). The fluorescence in cells preloaded with carboxy-H2DCFDA 

was normalized to that in cells preloaded with carboxy-DCFDA (ratio of H2DCFDA/

DCFDA) to control for the cell number, dye uptake, and ester cleavage differences between 

different treatment groups. The cells were plated in 96-well plates and treated with As(III), 

Cr(VI), or their combination for the indicated time. After incubation with 10 µM carboxy-

H2DCFDA or carboxy-DCFDA in serum-free medium for 30 min at 37 °C, the cells were 

washed with PBS twice and analyzed by using a SPECTRA max Gemini XPS plate reader. 

The fluorescence intensity of DCF was measured at an excitation wavelength of 492 nm and 

an emission wavelength of 517 nm.

Western blot analysis

Western blot analysis was performed as previously described (Wang et al., 2007) using 

corresponding antibodies against β-catenin (1:1000, Cell Signaling) and phospho-GSK3β 

(1:1000, Cell Signaling), actin (1:3000, Santa Cruz), SOD1 (1:1000, Santa Cruz), SOD2 

(1:1000, Santa Cruz), catalase (1:1000, Novus Biologicals), NOX1 (1:1000, Abcam).

Luciferase reporter assays

β-catenin activity was measured using luciferase reporter assay. The luciferase reporter 

contains eight optimal copies of the LEF/TCF binding site upstream of a minimal thymidine 
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kinase promoter directing transcription of a luciferase gene. The LEF/TCF reporter is 

designed to monitor the activity of Wnt signal transduction in cultured cells. CRL-1807 cells 

were transfected with firefly luciferase construct and renilla luciferase control using 

lipofectmine 2000 (Invitrogen) according to the manufacturer’s instructions and treated 24 h 

after transfection. Luciferase assays were performed with the Dual-Luciferase®-reporter 

assay system (Promega).

Statistical analysis

Differences among treatment groups were tested using ANOVA. Differences in which p was 

< 0.05 were considered statistically significant. In cases where significant differences were 

detected, specific post hoc comparisons between treatment groups were examined with 

Student- Newman-Keuls tests. The analyses were performed using SPSS software (SPSS, 

Chicago, IL, USA).

Results

As(III) or Cr(VI), alone or in combination, in drinking water enhanced the incidence and 
multiplicity of colorectal tumor in AOM/DSS pretreated mice

Body weight of mice in various treatments at the age of 27 weeks was not significantly 

different compared with that of control groups. Treatment with carcinogenic metals alone or 

combination with either AOM or DSS did not produce colorectal tumors in the observation 

period. However, carcinogenic metals in combination with AOM/DSS pretreatment 

markedly increased the incidence and multiplicity of colorectal tumors (Fig.1A). AOM/

DSS-treated mice formed colorectal tumors at an incidence (percentage of mice with colon 

adenomas) of 60% and multiplicity (number of adenomas/colon) of 2.667 ± 0.577 (mean ± 

SE; n= 5). In contrast, the combination of AOM/DSS with As(III) enhanced colon adenomas 

incidence by 67% and multiplicity by 87%; the corresponding values for combination of 

AOM/DSS with Cr(VI) were 67% and 300%; for combination of AOM/DSS with As(III)

+Cr(VI) were 67% and 237% (Figure 1B and 1C). Accompanying the increase in colorectal 

tumor incidence and multiplicity, tumor size in mice treated with a combination of 

AOM/DSS with metals were also increased compared with AOM/DSS alone treatment. 2-

fold, 4.6-fold, and 3.1-fold increases in tumor volume occurred in the combination treatment 

of AOM/DSS with As(III), Cr(VI) and As(III)+Cr(VI), respectively (Figure 1D). Taken 

together, these results demonstrate that the carcinogenic metals As(III) and Cr(VI) in 

drinking water enhanced the colorectal tumor development in mice colitis-associated colon 

cancer model.

Adenomas Pathology

As shown in Figure 2A, As(III), Cr(VI) or As(III)+Cr(VI), in combination with AOM/DSS 

pretreatment increased the grade of adenomas. AOM/DSS treatment did not cause extensive 

high grade dysplasia in colorectal tissue. In combination with As(III), Cr(VI), or As(III)

+Cr(VI), the extensive high grade dysplasia increased to 4.5%, 11%, and 33.3%, 

respectively (Figure 2B). Overexpression of inflammation markers is a hallmark of 

colorectal tumors. As shown in Figure 2C, there was an increase of the expression of Iba1, 

which is a macrophage/microglia-specific calcium-binding protein, in the groups treated 
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with carcinogenic metals together with AOM/DSS, compared with those from the control 

group and AOM/DSS alone group. Taken together, our results indicated that carcinogenic 

metals enhanced the grade of colorectal tumor.

2D-DIGE analysis and mass spectrometry

To identify proteins differentially expressed in colon of carcinogenic metals-treated mice, 

we performed 2D-DIGE analysis with the pI range of 4.0–7.0 and molecular weight range 

between 10 kDa and 125 kDa. After 2D-DIGE separation, images of As(III)- or Cr(VI)-

induced protein expression profile were acquired from the same gel with untreated control 

groups under different wavelengths (Figure 3A). Using the DeCyder software version 7.0, 

169 differentially expressed protein spots (p< 0.05) were detected in the As(III)-treated 

group and 159 spots in the Cr(VI)-treated group, compared with control group (Figure 3A). 

These results showed that As(III) or Cr(VI) alone in drinking water modified the colorectal 

proteome of C57BL/6J mice. Thirty six protein spots with significant changes in their levels 

(p < 0.05; fold change ≥ 1.5) compared with control group were excised from the gels as 

candidates for MALDI-TOF-TOF/MS (Figure 3B). As shown in Table 1, the latter analysis 

successfully identified 31 sports from As(III) and 16 sports from Cr(VI) treatment. The 

identified proteins from As(III) treatment included 17 up-regulated proteins and 14 down-

regulated proteins. For Cr(VI) treatment, the identified proteins included 6 up-regulated 

proteins and 10 down-regulated proteins. These differentially expressed proteins were 

implicated in four functional groups, including carbohydrate/energy metabolism, protein 

metabolism and modification, cytoskeleton dynamics, and oxidant-reduction response. 

Among them, there are many proteins are reported to link to beta-catenin in cancer, such as 

myosin-1 (Geisbrecht and Montell 2002), protein disulfide-isomerase A6 (Verras et al., 

2008), heat shock 70kD protein 5 (Tao et al., 2009), myosin light-chain protein (Zhou et al., 

2008). These cellular/metabolic process-related proteins were either up-regulated or down-

regulated, suggesting the functional importance of these processes in carcinogenic metal-

induced carcinogenesis.

As(III) or Cr(VI), alone or in combination, in drinking water increased the expression of β- 
catenin in colon tissue

Aberrant expression of β-catenin can be regarded as a key event during colorectal 

tumorigenesis. The level of β-catenin is tightly regulated by GSK-3β. The activity of 

GSK-3β can be inhibited through phosphorylation at Ser-9, resulting in more 

nonphosphorylated β-catenin moving into the nucleus. In the nucleus, β-catenin acts as a 

transcriptional co-activator and activates genes involved in cell proliferation and survival. 

As shown in Figure 4A and 4B, As(III) or Cr(VI), alone or in combination, without 

AOS/DSS treatment, increased the expression level of β-catenin, compared with control 

group. Concomitantly, the expression level of Ser-9 phosphorylation of GSK3β was also 

increased in carcinogenic metals treatment. These results indicate that the stimulation effect 

of As(III) and Cr(VI) might through the Wnt/β-catenin signaling pathway.
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As(III) or Cr(VI), alone or in combination, in drinking water increased the expression of 
NOX1 and the level of 8-OHdG, a DNA oxidative damage maker, and decreased antioxidant 
enzymes expression in colon

Both As(III) and Cr(VI) are well-known ROS inducers. NOX1, a member of ROS-

generating NADPH oxidase family, is highly expressed in colorectal cancers. As shown in 

Figure 5A and 5B, the expression of NOX1 was upregulated by As(III) or Cr(VI), alone or 

in combination, in drinking water for 20 weeks in mice without AOM/DSS treatment. 

As(III) or Cr(VI) decreased cellular antioxidant capacity by decreasing the expression of 

SOD1, SOD2, and catalase. 8-Hydroxydeoxyguanosine (8-OHdG) has been frequently used 

as a biomarker for oxidative DNA damage caused by oxidative stress. As shown in Figure 

5C, a very low level of 8-OHdG immunoreactivity was observed in the control colon 

mucosa, whereas an obvious increase in immunoreactivity was observed in mice treated 

with carcinogenic metals. Thus, it appears that As(III) or Cr(VI), alone or in combination, 

can induce oxidative stress, which, at least partly, was mediated by upregulation of NOX1 

and impaired antioxidant defense capacity.

As(III) or Cr(VI), alone or in combination, increased the expression of β-catenin in 
CRL-1807 cells

To determine the effect of carcinogenic metals on β-catenin expression in vitro system, 

CRL-1807 human coloncytes cells were used in the following studies. First, we evaluated 

the effect of As(III) or Cr(VI), alone or in combination, on cell viability. MTT results 

revealed that As(III) or Cr(VI) exposure, alone or in combination, decreased cell viability in 

a time- and dose- dependent manner (Supplemental data). Exposure to 10 µM of As(III), 4 

µM of Cr(VI), or a combination of 2 µM As(III) with 2 µM Cr(VI) for 48 h decreased cell 

viability to 30%, 58%, and 43%, respectively (Supplemental data). We selected 10 µM 

As(III), 4 µM Cr(VI), and a combination of 2 µM As(III) with 2 µM Cr(VI), for our 

following short-term experiment. As shown in Figure 6, As(III) or Cr(VI), alone or in 

combination, increased the expression level of β-catenin in a dose- and time- dependent 

manner, compared with untreated cells. Concomitantly, the expression level of Ser-9 

phosphorylation of GSK3β was also increased in metals-treated cells. These results indicated 

that As(III) or Cr(VI), alone or in combination, increased the expression of β-catenin in 

CRL-1807 cells and phosphorylation of its upstream inhibitor, GSK3β.

Inhibition of ROS generation decreased carcinogenic metals induced β-catenin activation 
in CRL-1807 cells

To further determine the role of ROS in β-catenin activation induced by As(III) or Cr(VI), 

we examined the ROS generation induced by carcinogenic metals in CRL-1807 cells. The 

fluorescence intensity produced by DCFDA was significantly higher in metals-treated 

group, compared with control group (Figure 7A). DCF signal was inhibited by catalase 

(H2O2 scavenger), which verified the ROS generation induced by As(III) or Cr(VI), alone or 

in combination (Figure 7B). We further examined the role of ROS in β-catenin activation 

induced by As(III) or Cr(VI) in CRL-1807 cells. As shown in Figure 7C, cotreatment of 

As(III) Cr(VI) or As(III)+Cr(VI) with either PEG-SOD or CAT reduced β-catenin 

expression level. Similar results were observed in the β-catenin luciferase activities. As 
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shown in Figure 7D, β-catenin activity was significantly increased in metals-treated groups 

compared with the control group. Addition of SOD or catalase caused a strong inhibition. 

Taken together, these results suggest that inhibition of ROS generation decreased 

carcinogenic metals-induced β-catenin activation in CRL-1807 cells.

Discussion

In this study, we investigated the tumorigenesis of orally-administrated carcinogenic metals 

As(III) or Cr(VI), alone or in combination, in drinking water in a mouse colitis-associated 

colorectal cancer model. Our results showed that As(III) or Cr(VI), alone or in combination, 

with either AOM or DSS, exhibited no tumorgenesis in the observation period. But when 

combined with AOM/DSS, all of these treatments developed colorectal cancer. One of the 

most intriguing observations was a high increase in tumor incidence, multiplicity, size and 

grade. Histological analysis of Iba1 indicated that As(III) or Cr(VI), alone or in 

combination, greatly aggravates cell inflammatory response. 2D-DIGE coupled with mass 

spectrometry revealed that carcinogenic metals significantly changed the expression profile 

of colon proteins. The expression of β-catenin and phospho-GSK3β were increased in the 

treatment of carcinogenic metals alone. Concomitantly, the expression of NOX1 and the 

level of 8-OHdG were also increased. Antioxidant enzymes, SOD and catalase, were 

decreased. Similarly, in an in vitro system, exposure of CRL-1807 cells to carcinogenic 

metals increased ROS generation and the expression of β-catenin, phospho-GSK and NOX1. 

Inhibition of ROS generation by SOD or catalase decreased the β-catenin expression and 

activity. These results indicate that the stimulation effect of As(III) and Cr(VI) in drinking 

water on colorectal tumorigenesis may involve ROS-mediated Wnt/β-catenin signaling 

pathway.

As(III) and Cr(VI) are considered class I human carcinogens (IARC, 1990). There is an 

increasing concern about human health effects from exposure to carcinogenic metals via 

drinking water. Epidemiological studies have demonstrated a significant increase in the risk 

of lung, skin, liver, bladder, and other cancers associated with high levels of As(III) in 

drinking water. Cr(VI) is linked to the high incidence of respiratory cancers through 

inhalation. However, its carcinogenic potential when orally ingested remains controversial. 

In 2008, the National Toxicology Program (NTP) completed a 2-year cancer bioassay for 

Cr(VI) in drinking water. This study, investigators found that Cr(VI) caused tumors in the 

small intestines of mice and the oral mucosa of rats at exposure of 20–180 mg/L Cr(VI) in 

the form of sodium dichromate dehydrate (SDD) (NTP 2008b; (Stout et al., 2009). An 

earlier study also found an increased incidence of benign and malignant combined 

forestomach neoplasms in mice orally exposed to Cr(VI) (Borneff et al., 1968).

Colorectal cancer is the third most common malignancy and the fourth most common cause 

of cancer mortality worldwide (Jemal et al., 2010). More than 1 million new cases of 

colorectal cancer are diagnosed worldwide each year (Tenesa and Dunlop 2009). Colorectal 

cancer is also the second most common cause of cancer deaths in the Unites States and other 

developed counties (Jemal et al., 2010; Tenesa and Dunlop 2009). The most current five 

years of data from the United States Cancer Statistics show that Kentucky has the second 

highest colorectal cancer incidence in the U.S. compared to other states (USCS, 2011). The 
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colorectal cancer incidence rate for Kentucky (58.0 per 100,000 population) is significantly 

higher than the rate for the U.S. (48.9/100,000, p < 0.05) (USCS, 2011). The very highest 

rate (60.0/100,000) occurs in the Appalachian region of Kentucky (USCS, 2011). In this 

area, the carcinogenic metals concentrations in drinking water are higher compared to EPA 

standard (Johnson et al., 2011). These ecological studies indicate that there is a correlation 

between carcinogenic metals level in the environment and colorectal cancer incidence. 

However, the exact molecular mechanism is still unknown.

Although As(III) and Cr(VI) are established carcinogens in human, the mechanisms of their 

carcinogenesis in humans remains to be investigated. In contrast to most other human 

carcinogens, it has been difficult to investigate the carcinogenicity of these metals in 

experimental animals. Xenoplant model, which is straightforward and easily achievable, is 

most widely used in study of carcinogenicity of metals in vivo. The ability of tumor cells to 

develop tumors after subcutaneous or intravenous injection in immunodeficient mouse stains 

(nude, bg/nu/xid, or SCID mice) allowed the analysis of tumors induced by carcinogenic 

metals in vivo (Garofalo et al., 1993). Although the xenoplant models represents an 

important step towards a pathobiologically relevant model of tumor metastasis, 

subcutaneous or intravenous injection of tumor cells establish a model that neglects the 

complexity of tumor growth and metastasis and the interactions between tumor and 

microenvironment, which largely controls the biological characteristics of tumors.

In this study, we used AOM/DSS-induced colitis-associated colon cancer model to study 

tumorigenesis of carcinogenic metals alone, a combination of metals with either AOM or 

DSS, and with AOM/DSS. Different murine strains have different susceptibilities to 

AOM/DSS treatment (De Robertis et al., 2011). It is reported that there was 100% tumor 

frequency in C57BL/6J mice, when mice were injected a single i.p. injection of AOM (10 

mg/kg body weight), followed by 4 cycles of 4% DSS treatment (each cycle = 4 d of 4% 

DSS followed by untreated water for 21 d; total 21d) (Clapper et al., 2007). The AOM/DSS 

protocol used in this study included a single i.p. injection of AOM (10 mg/kg body weight), 

followed by 2% DSS in drinking water for 7 days. Then the indicated mice were exposed to 

carcinogenic metals for following 20 weeks. Mice treated with metals alone, or combination 

with either AOM or DSS, did not induce tumors during the observation period. It is possible 

that after longer exposure time these metals, alone or in combination with AOM or DSS, in 

drinking water could induce colon tumors. AOM/DSS treatment showed 60% tumor 

formation, with no extensive high grade dysplasia. After given AOM/DSS and 

administration of As(III) or Cr(VI) in drinking water, alone or in combination, for 20 weeks, 

the incidence of colorectal tumors was 100% and the tumor were easily detectable, graded 

by histological examination as extensive high grade dysplasia compared to AOM/DSS alone 

treatment. Carcinogenic metals markedly enhanced the severity of colitis-associated colonic 

tumors, as evidenced by increased tumor grade, size, incidence and multiplicity.

It’s reported that arsenic and chromium could have co-carcinogenic and tumor co-promoting 

activities in several kinds of cell types, such as epidermal keratinocytes and, as a result of 

increasing levels of β-catenin and phosphorylated (inactive) GSK3β (Ali et al., 2011; 

Patterson et al., 2005). To determine the mechanism of promotion effect of carcinogenic 

metals on colorectal tumor formation, it’s important to clarify the effect of carcinogenic 
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metals alone on colon tissue. We performed experiments to address this issue. Beta-catenin, 

a central molecule of the Wnt-signaling pathway is known to be involved in the 

tumorigenesis of various gastronintestinal cancers such as gastric cancer and colon cancer. 

In the absence of Wnt stimulation, this pathway is regulated at least in part by a multiprotein 

complex consisting of axin, GSK3β, and the tumor suppressor protein APC (Peifer and 

Polakis 2000; Polakis 2000, 2007). Formation of this complex facilitates the 

phosphorylation of critical residues by GSK3β in the NH2 terminus of β-catenin, targeting it 

for degradation by the ubiquitin/proteasome pathway. Wnt stimulation shuts off β-catenin 

degradation by inhibiting GSK3β in the axin complex (Bienz and Clevers 2003). This 

inhibition is believed to be the key event in the activation of the Wnt/β-catenin signaling 

pathway (Tamai et al., 2004). To investigate the effect of carcinogenic metals alone on the 

protein expression profile, we performed 2D-DIGE analysis and mass spectrometry. The 

results showed As(III) or Cr(VI) alone treatment significantly changed the density of 

proteins. Among them, there are many proteins are linked to beta-catenin in cancer, such as 

myosin-1 (Geisbrecht and Montell 2002), protein disulfide-isomerase A6 (Verras et al., 

2008), heat shock 70kD protein 5 (Tao et al., 2009), myosin light-chain protein (Zhou et al., 

2008). Our results show that As(III) or Cr(VI), alone or in combination, in vivo or in vitro, 

increased β-catenin expression level. Phosphorylation of GSK3β (Ser9), which is the 

inactive form of GSK3β, was also increased after carcinogenic metals alone treatment in 

vivo and in vitro. The results suggest that carcinogenic metals induced activation of β-

catenin is, at least partly, through the GSK3β-dependent pathway. However, it is noted that 

there is no duplicate effect on the expression of β-catenin in As(III) and Cr(VI) combination 

treatment both in vivo and in vitro. One of the possible explanations is that the synergistic or 

independent toxicity induced by mixtures of As(III) and Cr(VI) may depend on the end 

point investigated and the experimental protocol employed.

Carcinogenic metals are well known ROS inducer. It is believed that ROS play an important 

role in cancer development, both in the initiation and promotion stages of carcinogenesis 

(Huang et al. 2004). In a multi-step process of colon carcinogenesis, ROS were found to 

enhance colon carcinogenesis at all stages: initiation, promotion, and progression (Erdelyi et 

al., 2009). NADPH oxidase is one of the major sources of cellular ROS. NOX1, a member 

of NADPH oxidase family that is highly expressed in colonic epithelial cells, plays a pivotal 

role in cell signaling, cell growth, angiogenesis, and motility that integrates Wnt/β-catenin 

signals (Coant et al., 2010). It has been reported that NOX1 overexpression in colon tumors 

could contribute to the development of colorectal cancer (Laurent et al., 2008). The present 

study shows that As(III) or Cr(VI), alone or in combination, increased NOX1 expression in 

vivo. In addition, the expression of several important antioxidant enzymes, such as SOD and 

catalase, were decreased in mice exposure to carcinogenic metals in drinking water. The 

level of 8-OHdG, which is an oxidative DNA damage marker, was also increased, indicating 

that oxidative stress was involved in carcinogenic metals- induced tumor promotion effect. 

The expression of β-catenin and phospho-GSK3β, as well as the level of ROS generation 

was also increased by As(III) or Cr(VI), alone or in combination in CRL-1807 cells. SOD or 

catalase decreased metals-induced β-catenin expression and activity, suggesting that ROS is 

important in casuing β-catenin activation induced by carcinogenic metals.
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In conclusion, the present study demonstrated that As(III) or Cr(VI), alone or in 

combination, in drinking water promote tumorigenesis in murine AOM/DSS colitis-

associated colorectal cancer model. ROS-mediated β-catenin activation may play an 

important role in this promotion effect.
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Abbreviations

AOM Azoxymethane

DSS Dextran sodium sulfate

DMEM Dulbecco’s modified Eagle’s medium

FBS Fetal bovine serum

H&E Hematoxylin & Eosin

Cr(VI) Hexavalent chromium

8-OHdG 8-Hydroxydeoxyguanosine

IARC International Agency for Research on Cancer

IEF Isoelectric focusing

NOX1 NADPH oxidase 1

NTP National Toxicology Program

MTT 3-(4,5-dime-thylthiazol-2yl-2,5-diphenyl tetrazolium bromide

ROS Reactive oxygen species

SDS-PAGE SDS polyacrylamide gel electrophoresis

SOD Sodium dichromate dehydrate

As(III) Trivalent arsenic

2D-DIGE Two-dimensional differential gel electrophoresis
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Highlights

Carcinogenic metals in drinking water promote colorectal tumor formation in vivo

Carcinogenic metals induce β-catenin activation in vivo and in vitro

ROS generation induced by carcinogenic metals mediated β-catenin activation
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Figure 1. 
Carcinogenic metals in drinking water increased the incidence and multiplicity of colorectal 

tumors in AOM/DSS-induced mouse colitis-associated colorectal cancer model. (A) 

Representative gross specimens from indicated treatments with longitudinally opened 

colons. Incidence (B), multiplicity (C), and average tumor size (D) at weeks 27 in 

carcinogenic metals combination with AOM/DSS pretreated mice. Treatment with 

carcinogenic metals alone or combination with either AOM or DSS did not produce 

colorectal tumors in the observation period. For graph (B–D), the data are expressed as the 

mean ± S.E. (n= 4 or 5). *p < 0.05, statistically significant difference from AOM/DSS 

pretreated alone group.
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Figure 2. 
Carcinogenic metals combination with AOM/DSS pretreatment increased the grade of the 

adenomas. (A) Representative H&E staining demonstrating tumors from indicated 

treatments. The polyp samples and adjacent sections were stained by H&E. Normal tissue 

from control groups were used as the control. Representative photographs are shown. Bar =1 

mm. T: Tumor tissue; T-A: Tumor-adjacent tissue. (B) The percentage of mice with 

extensive high grade dysplasia in indicated treatment mice. The data are expressed as the 

mean ± S.E. (n= 4 or 5). (C) Immunohistochemistry staining of Iba1 in indicated treatment. 

Magnification was 200×.
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Figure 3. 
Carcinogenic metals As(III) and Cr(VI) in drinking water changed the colorectal proteome 

expression profile. (A) 2D-DIGE of colorectal proteins. Each individual sample (As, Cr, and 

control) and a pooled reference sample were labeled with Cy5 and Cy3, respectively, mixed, 

and separated on a 2D-PAGE gel. Gels were scanned and a set of Cy5 and Cy3 images were 

obtained from each gel. An overlay of two dye scan-images was obtained. (B) Spots with a 

student’s t-test p value less than 0.05 in As(III)- or Cr(VI)- treated group, are shown in 

circles and number according to pI and Mw. Thirty six protein spots with significant change 
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in their levels (p < 0.05; fold change ≥ ±1.5) were cut out of this gel and subjected to tryptic 

digestion followed MS analysis.
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Figure 4. 
Carcinogenic metals alone increased the expression of β-catenin and phospho-GSK3β in the 

colon tissue. (A) The mice received As(III), Cr(VI), or As(III)+Cr(VI) in drinking water 

alone for 20 weeks. The expression of β-catenin and phospho-GSK3β in indicated treatment 

were determined with immunoblotting. The expression of actin served as an internal control. 

(B) The relative amounts of β-catenin and phospho-GSK3β was quantified 

microdensitometrically and normalized to the expression of actin. Each data point was the 

mean ± SEM of three independent experiments. *p < 0.05, statistically significant difference 

from control group.
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Figure 5. 
Oxidative stress was induced in carcinogenic metals alone treated mice. (A) Carcinogenic 

metals alone increased the expression level of NOX1, and decreased the expression level of 

antioxidant enzymes, such as SOD and catalase, in colon tissue. Exposure to As(III), Cr(VI), 

or their combination in drinking water for 20 weeks. The expression of NOX1, SOD1, 

SOD2, and catalase were determined by immunoblotting. The experiment was replicated 

three times. (B) The relative amounts of NOX1, SOD1, SOD2, and catalase were measured 

microdensitometrically and normalized to the expression of actin. Each data point was the 
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mean ± SEM of three independent experiments. *p < 0.05, statistically significant difference 

from control group. (C) Immunofluorescence staining for 8-OHdG in indicated treatments. 

Green: 8-OHdG; Blue: DAPI. Magnification was 200×.
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Figure 6. 
Carcinogenic metals increased the expression of β-catenin and phospho-GSK3β in 

CRL-1807 cells in does- and time- dependent manner. CRL-1807 cells were treated with 

Cr(VI) (0, 1, 2, 4 µM), As(III) (0, 1, 5, 10 µM), or their combination for 24 h, or treated with 

4 µM Cr(VI), 10 µM As(III), or 2 µM of As(III) combination with 2 µM of Cr(VI) for 

indicated time points. The expression of β-catenin and phospho-GSK3β were determined 

with immunoblotting. The expression of actin served as an internal control. As2+Cr1, 

As2+Cr2, As2+Cr4: 2 µM of As(III) combination with 1, 2, 4 µM of Cr(VI), respectively.
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Figure 7. 
ROS generation induced by carcinogenic heavy metal mediated β-catenin activation. (A) 

ROS generation induced by carcinogenic metals in CRL-1807 cells was determined by DCF 

assay. CRL-1807 cells were treated with As(III) or Cr(VI), alone or in combination, for 24 

h; the ratio of carboxy-H2DCFDA (oxidation sentive) to carboxy-DCFDA (Oxidation 

insensitive) was compared. Each data point was the mean ± SEM of three independent 

experiments. *p < 0.05, statistically significant difference from untreated control cells. 

As2+Cr1, As2+Cr2, As2+Cr4: 2 µM of As(III) combination with 1, 2, 4 µM of Cr(VI), 

respectively. (B) Addition of catalase inhibited carcinogenic metals-induced ROS 

generation. CRL-1807 cells were treated with Cr(VI) (0 or 4 µM), As(III) (0 or 10 µM), 

As(III) combination with Cr(VI) [As: 2 µM; Cr(VI): 2 µM], or pre-treated with catalase 

Wang et al. Page 24

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2015 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(1000 Unit/ml) for 2 h followed by carcinogenic metals exposure for 24 h. After exposure, 

cells were labeled with H2DCFDA (10 µM) as described under the Material and Method. (C) 

Addition of PEG-SOD or catalase inhibited the β-catenin expression level induced by 

carcinogenic metals in CRL-1807 cells. CRL-1807 cells were treated with Cr(VI) (0 or 4 

µM), As(III) (0 or 10 µM), As(III) combination with Cr(VI) [As: 2 µM, Cr(VI): 2 µM], or 

pre-treated with SOD (1000 Unit/ml) or catalase (1000 Unit/ml) for 2 h followed by 

carcinogenic metals exposure for 24 h. The expression of β-catenin was determined with 

immunoblotting. The expression of actin served as an internal control. (D) Addition of PEG-

SOD or catalase inhibited the β-catenin activity induced by carcinogenic metals in 

CRL-1807 cells. The cells were transfected with super TOP flash luciferase reporter and 

renilla reporter followed by treatment with carcinogenic metals treatment. The cells were 

harvested for the measurement of luciferase activity after 24 h. Values are expressed as 

relative units after internal normalization with renilla luciferase. *p < 0.05, statistically 

significant difference from control cells. The data are expressed as the mean ± S.E. of three 

independent experiments. #p < 0.05, statistically significant difference from carcinogenic 

metals-treated cells.
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