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Abstract
Cadmium has been widely used in industry and is known to be carcinogenic to humans. Although
it is widely accepted that chronic exposure to cadmium increases the incidence of cancer, the
mechanisms underlying cadmium-induced carcinogenesis are unclear. The main aim of this study
was to investigate the role of reactive oxygen species (ROS) in cadmium-induced carcinogenesis
and the signal transduction pathways involved. Chronic exposure of human bronchial epithelial
BEAS-2B cells to cadmium induced cell transformation, as evidenced by anchorage-independent
growth in soft agar and clonogenic assays. Chronic cadmium treatment also increased the potential
of these cells to invade and migrate. Injection of cadmium-stimulated cells into nude mice resulted
in the formation of tumors. In contrast, the cadmium-mediated increases in colony formation, cell
invasion and migration were prevented by transfection with catalase, superoxide dismutase-1
(SOD1), or SOD2. In particular, chronic cadmium exposure led to activation of signaling cascades
involving PI3K, AKT, GSK-3β, and β-catenin and transfection with each of the above antioxidant
enzymes markedly inhibited cadmium-mediated activation of these signaling proteins. Inhibitors
specific for AKT or β-catenin almost completely suppressed the cadmium-mediated increase in
total and active β-catenin proteins and colony formation. Moreover, there was a marked induction
of AKT, GSK-3β, β-catenin, and carcinogenic markers in tumor tissues formed in mice after
injection with cadmium-stimulated cells. Collectively, our findings suggest a direct involvement
of ROS in cadmium-induced carcinogenesis and implicate a role of AKT/GSK-3β/β-catenin
signaling in this process.
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Introduction
Cadmium is widely distributed in the earth’s crust, air, and water and is categorized as a
human and animal carcinogen (IARC, 1993). Major sources of cadmium exposure are food,
cigarette smoke, and cadmium-related industries (Jarup, 2003). Cadmium has a very long
biological half-life, resulting in accumulative toxic and carcinogenic effects. The lung is a
primary target organ of exposure to cadmium because this metal is mainly absorbed through
inhalation.

Carcinogenesis is a multistep process of tumor initiation, promotion, and progression, in
which cancer cells arise from normal cells following the accumulation of mutations that
result in the activation of proto-oncogenes and inactivation of tumor suppressor genes
(Harris, 1991). Cadmium has the potential to affect all stages of the carcinogenic processes.
Cadmium alters the cellular homeostasis of secondary messengers, such as reactive oxygen
species (ROS) and Ca2+, and induces overexpression of proto-oncogenes. These properties
are considered major factors in cadmium-induced cell transformation and tumorigenesis.
Cadmium also activates gene expression of c-myc and c-Jun, inhibits tumor suppressor
genes, such as p53 and p27, and accelerates the proliferation of cells that are stimulated with
organic carcinogens (Fang et al., 2002; Jin and Ringertz, 1990).

A few studies suggest that cadmium-induced toxicity and carcinogenesis are associated with
its potential to induce ROS production (Bagchi et al., 2000; Szuster-Ciesielska et al., 2000)
but there is no direct evidence of a correlation between ROS and cadmium-induced
carcinogenesis. Although cadmium is considered a redox-inactive metal that does not
catalyze a Fenton-type reaction (Ercal et al., 2001; Stohs and Bagchi, 1995), it increases the
generation of ROS by depleting cellular glutathione (GSH) and antioxidant enzymes, such
as superoxide dismutase (SOD) and catalase (CAT) (Bagchi et al., 2000; Shaikh et al.,
1999). Cadmium also induces ROS production by inhibiting the mitochondrial electron
transfer chain (Wang et al., 2004). These findings suggest that cadmium induces
carcinogenesis through the accumulation of intracellular ROS by disrupting cellular redox
regulatory systems rather than by inducing ROS generation directly.

β-catenin signaling plays important roles in embryonic development and tissue
homoeostasis, and also in carcinogenesis (Clevers, 2006; Lustig and Behrens, 2003).
Phosphorylated β-catenin becomes multi-ubiquitinated and subsequently degraded in
proteasomes (Lustig and Behrens, 2003). During this process, the tumor suppressor protein
Axin acts as a scaffold by directly interacting with adenomatous polyposis coli (APC),
glycogen synthase kinase-3β (GSK-3β), casein kinase 1-α (CK1-α), and β-catenin
(Behrens, 2005). The serine/threonine kinase GSK-3β is constitutively active in
unstimulated cells (Cohen and Frame, 2001). GSK-3 is a downstream effector of the PI3K/
AKT pathway and its activity is inhibited by AKT-mediated phosphorylation at residue Ser
9 (Cross et al., 1995). GSK-3β also tightly regulates β-catenin signaling: phosphorylation of
β-catenin by GSK-3β leads to ubiquitin-mediated degradation of β-catenin in proteasomes
(MacDonald et al., 2009). Cadmium can induce β-catenin signaling (Chakraborty et al.,
2010). Because β-catenin signaling is regulated by ROS in various types of cell (Heo and
Lee, 2011; Ladelfa et al., 2011), it is likely that cadmium exerts its transformative and
carcinogenic effects by increasing cellular ROS levels and activating β-catenin signaling.
However, the mechanisms by which cadmium induces cell transformation and
carcinogenesis remain unclear.

In this study, we examined the transformative and carcinogenic effects of cadmium in the
human bronchial epithelial cell line BEAS-2B and an animal xenograft model. We also
investigated the roles of ROS in cadmium-induced carcinogenesis and the signal

Son et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transduction pathways involved. We demonstrate that cadmium exerts transformative and
carcinogenic effects in epithelial cells through ROS-dependent signaling cascades of AKT/
GSK-3 β/β-catenin.

Materials and methods
Chemicals and supplies

Unless specified otherwise, all chemicals and laboratory wares were purchased from Sigma
Chemical Co. (St. Louis, MO) and Falcon Labware (Becton-Dickinson, Franklin Lakes, NJ).
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), gentamicin, and
L-glutamine were purchased from Gibco Co. (Gibco BRL, NY). The PI3 kinase inhibitor
LY294002 was obtained from Cell Signaling (Beverly, MA). Inhibitors specific for GSK-3
(SB216763) and β-catenin (FH535) were purchased from Calbiochem (San Diego, CA).

Cell culture and treatment
The human bronchial epithelial cell line BEAS-2B was obtained from the American Type
Culture Collection (Rockville, MD). Cells were maintained in DMEM supplemented with
10% heat-inactivated FBS and 1% penicillin-streptomycin. The cells were exposed
continuously to cadmium (0–2 μM) in the growing medium. Cells were sub-cultured every
week for 2 months and then processed for experiments.

Plasmids and transfection
CAT-Myc-DDK- and SOD1-Myc-DDK-tagged plasmids were purchased from Origene
(Rockville, MD). SOD2-EGFP-tagged plasmid was from Addgene (Cambridge, MA).
Transfections were performed using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s protocol. Briefly, BEAS-2B cells were seeded in 6-well
culture plates and transfected with 4 μg plasmid at approximately 50% confluency.
Expression of CAT, SOD1, and SOD2 protein was measured by immunoblotting. The
pooled stable transfectants cell lines were maintained using G418.

Anchorage-independent colony growth assays
Soft agar colony formation assay was performed as described previously (Huang et al.,
1999). Briefly, 2.5 ml of 0.5% agar in DMEM supplemented with 10% FBS was spread onto
each well of a 6-well culture plate. A 1 ml suspension containing 1 × 104 cadmium-exposed
BEAS-2B cells was mixed with 2 ml of 0.5% agar-DMEM and layered on the top of the
0.5% agar layer. The plates were incubated at 37°C in 5% CO2 for 2 months and colonies
larger than 50 μm in diameter were counted under a light microscope.

Clonal assay
The clonal assay was performed as described elsewhere (Plaisant et al., 2011). Cadmium-
exposed cells were plated in 6-well plates at a density of 1 × 103 cells/well and incubated for
7 days with two media changes. The cells were fixed with 2% formalin for 10 min and
stained with 0.5% crystal violet for 5 min prior to observation by light microscopy.

Cell migration assay
Cell migration was measured using transwell chambers (8-μm pore size, BD Biosciences)
according to methods described previously (Meng et al., 2009). The top chambers of the
transwells were loaded with 0.2 ml cells (5 × 105 cells) and the bottom chambers contained
0.7 ml complement medium. After incubation at 37°C and 5% CO2 for 12 h, the migrated
cells were fixed, stained with hematoxylin solution, and counted under a microscope.
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Cell invasion assay
The cell invasion assay was performed according to methods described previously (Qian et
al., 2003). Cadmium-stimulated BEAS-2B cells (5 × 105 cells) were loaded into 24-well
invasion chambers (BD Biosciences) that were pre-coated with 100 μl Matrigel solution.
Medium containing 10% fetal calf serum was added to the plates (0.7 ml/well). The Matrigel
invasion chambers were incubated for 3 days and the invaded cells were stained with
hematoxylin and observed by microscopy.

Tumorigenicity assay
Athymic nude mice (NU/NU, 6–8 weeks old; Charles River) were housed in a pathogen-free
room in the animal facilities at the Chandler Medical Center, University of Kentucky. All
animals were handled according to the Institutional Animal Care and Use (IACUC).
Cadmium-stimulated cells (1 × 106 cells) were resuspended in serum-free medium with
Matrigel basement membrane matrix (BD Biosciences) at a 1:1 ratio (total volume = 100 μl)
and subcutaneously injected into the flanks of nude mice (two sites/mouse). Body weight
and tumor mass were measured every week for 4 months. Tumor volumes were determined
using a caliper and calculated according to the following formula: (width2 × length)/2.
Finally, tumor tissues were dissected, weighed, and fixed with formalin for
immunohistochemical staining. The implantation site containing BD Matrigel plug,
subcutaneous tissue, peritoneum, and skin was isolated to use as control tissue
corresponding to the tumor tissue.

Western blot analyses
Cell lysates were prepared in lysis buffer (50 mM Tris-Cl, pH 7.4, 1 mM EDTA, 150 mM
NaCl, 1% NP-40, 0.25% Na-deoxycholate, and 1 μg/ml aprotinin, leupeptin, and pepstatin).
Equal amounts of protein (30 μg/sample) were separated by the NuPAGE Bis-Tris
electrophoresis system (Invitrogen, Carlsbad, CA) and blotted onto nitrocellulose membrane
(Whatman, Dassel, Germany). Blots were probed with primary and secondary antibodies
before exposure to Hyperfilm (Amersham Pharmacia Biotech), and bands were quantified
with ImageJ densitometry software (NIH, Bethesda, MD). Antibodies used were as follows:
β-catenin (SC-70509), GSK-3β (SC-9166), AKT (SC-5298), and β-actin (SC-47778) from
Santa Cruz Biotechnology (Santa Cruz, CA); phospho-GSK-3β (ser 9) (#9323) and
phospho-AKT (ser 473) (#9271) from Cell Signaling (Beverly, MA); active-β-catenin
(#05-665) from Millipore (Temecula, CA). Secondary antibodies and enhanced
chemiluminescence substrate were from Pierce (Rockford, IL).

Immunohistochemical staining
Tumor tissues were fixed with 4% paraformaldehyde at room temperature for 24 h, paraffin-
embedded, and sectioned (10 μm thickness). The slides were deparaffinized and processed
for immunohistochemical staining according to the VECTASTAIN ABC KIT protocol
(Vector Laboratories, Burlingame, CA). Briefly, the sections were incubated with 3% H2O2
in distilled water to block endogenous peroxidase activity. After antigen retrieval, the
sections were blocked with normal serum for 20 min and then incubated with primary
antibodies for 1 h. A negative control was provided by incubating sections with nonspecific
mouse or rabbit serum IgG at the same dilution as for the primary antibodies. After washing
with PBS, the sections were incubated with biotinylated-secondary antibodies for 30 min.
The sections were then washed twice with PBS, incubated with ABC reagent for 30 min,
and developed in DAB solution until the desired staining intensity was achieved.
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Statistical analysis
All data are expressed as mean ± standard error (SE). One-way analysis of variance
(ANOVA) using SPSS ver. 10.0 software was used for multiple comparisons. A value of P <
0.05 was considered statistically significant.

Results
Chronic exposure to cadmium induces carcinogenic properties in BEAS-2B cells

The cell transformation assay is used as a predictive tool for carcinogenicity (Barrett et al.,
1984). An anchorage-independent colony formation assay was performed 2 months after
stimulation with cadmium. Continuous exposure of BEAS-2B cells to cadmium induced
dose-dependent transformation of these cells, as shown by the marked increase in size and
number of colonies compared with the vehicle control (Figs. 1A and 1B). Continuous
exposure to 1 μM and 2 μM cadmium increased the number of colonies to approximately
300/104 cells (P < 0.01) and 800/104 cells (P < 0.001), respectively, whereas few colonies
were observed in the untreated control (Fig. 1B). Cadmium-stimulated clonogenicity was
also demonstrated by a clonal assay in which cadmium treatment significantly increased the
number of colonies in a dose-dependent manner (Figs. 2A and 2B).

Chronic cadmium stimulation increases cell migration and invasion in BEAS-2B cells
Cell migration is an important physiological process in tumor metastasis. We used transwell
chambers to examine the effect of cadmium on migration of BEAS-2B cells. As shown in
Fig. 3A, continuous cadmium stimulation stimulated migration of these cells in a dose-
dependent manner. Treatment with 2 μM cadmium increased cell migration up to 3.5-fold,
compared with the vehicle control (Fig. 3B). These results were consistent with those of a
wound-healing assay (data not shown). Subsequently, we performed a Matrigel invasion
assay to determine whether cadmium stimulation also increases the invasiveness of
BEAS-2B cells. Microscopic observation of cadmium-stimulated cells revealed a dose-
dependent increase in the level of cell invasion (Fig. 4A). Treatment with cadmium at 0.5, 1,
and 2 μM concentrations increased cell invasiveness approximately 6-, 10-, and 17-fold
respectively, compared with the vehicle control (Fig. 4B).

Cadmium increases tumor growth in a mouse xenograft model
The carcinogenic potential of cadmium in vivo was investigated by subcutaneous injection
of nude mice with control cells or cadmium-stimulated cells. To avoid any effect of cell
density on tumor formation, we injected each site with 1 × 106 cells. Over a 1-month post
injection period there was no visible tumor formation in the vehicle control and there was no
significant increase in tumor volume in the controls throughout the entire experimental
period (Fig. 5A). However, mice injected with cadmium-stimulated cells showed obvious
formation of tumors that increased in size according to the duration after injection. Fig. 5B
indicates that gained body weight during the experimental period was not different between
the control and experimental animal groups.

Overexpression of antioxidant enzymes attenuates cadmium-induced carcinogenic
potential in BEAS-2B cells

To investigate whether intracellular ROS are involved in cadmium-induced carcinogenesis,
we generated BEAS-2B cells that overexpress CAT, SOD1, or SOD2 (Fig. 6A). The results
from the soft agar assay showed that cadmium-stimulated formation of colonies was
inhibited significantly by transfection with each of the antioxidant-specific vectors (Fig. 6B).
This was in part consistent with results from the cell migration assay, in which transfection
with SOD2, but not CAT or SOD1, significantly diminished the cadmium-stimulated
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increase in cell migration (Fig. 6C). Similarly, transfection with SOD1 or SOD2 attenuated
the cadmium-mediated cell invasion: a greater than 60% reduction in the level of cell
invasion was observed in the transfected cells compared with the positive controls (Fig. 6D).
Overexpression of CAT did not suppress cadmium-stimulated cell invasion at a significant
level.

Cadmium activates ROS-dependent AKT/GSK-3β/β-catenin-mediated signaling in BEAS-2B
cells

To elucidate the molecular mechanisms involved in cadmium-induced carcinogenesis we
measured the protein levels of several protein kinases using Western blot analysis. The
levels of phosphorylated PI3K and its downstream target AKT increased after stimulation
with cadmium in a dose-dependent manner (Figs. 7A and B). The expression level of p-
GSK-3β (Ser 9) also increased markedly in cadmium-exposed cells. Overall, the cellular
levels of active and total β-catenin proteins increased in treated cells, and the highest level
of these proteins was observed after treatment with 1 μM cadmium. The levels of p-PI3K, p-
AKT, p-GSK-3β and active and total β-catenin were reduced by transfection with either
CAT, SOD1, or SOD2 (Figs. 7C and D). Treatment with an AKT inhibitor, LY294002, or a
β-catenin inhibitor, FH535, attenuated the cadmium-induced increase in the levels of active
and total β-catenins (Figs. 7E and F). In contrast, addition of the GSK-3β inhibitor
SB216763 facilitated the cadmium-stimulated induction of β-catenins. These findings were
consistent with the results of the soft agar assay, which showed that inhibitors specific to
AKT and β-catenin almost completely prevented formation of colonies whereas GSK-3β
inhibitor accelerated colony formation (Fig. 7G). Western blot analysis also revealed that the
levels of p-PI3K, p-AKT, p-GSK-3β and active β-catenin were higher in the tumor tissues
formed at the injection site of the xenograft mice than in the corresponding tissues of the
control mice (Fig. 8A). Similarly, high expression levels of carcinogenesis marker proteins,
such as c-myc, cyclooxygenase-2 (COX-2), hypoxia-inducible factor-1α (HIF-1α, matrix
metalloproteinase (MMPs), and vascular endothelial growth factor (VEGF), were detected
in the tumor tissues compared with flank tissues of the control mice (Fig. 8B).
Immunohistochemical staining confirmed that the levels of total and active β-catenin
proteins were markedly higher in the tumor tissues than in the controls (Fig. 8C).

Discussion
Cadmium is a heavy toxic metal and group 1 human carcinogen (IARC, 1993) that causes
human cancer through occupational and environmental exposure (Waalkes, 2000). The
carcinogenic potential of cadmium and the mechanisms involved have been widely studied
using in vitro and in vivo systems (Waalkes, 2000; Waalkes et al., 1999). However, although
the carcinogenic property of cadmium is well recognized, the precise mechanisms
underlying its carcinogenic activity are barely understood. In the present study, we
demonstrate that cadmium induces cell transformation and carcinogenesis in human
bronchial epithelial cells via ROS-dependent activation of PI3K/AKT/GSK-3β/β-catenin
signaling.

Epidemiological studies suggest that occupational exposure to cadmium induces lung cancer
(IARC, 1993; Waalkes, 2000). Animal studies have shown that chronic inhalation of
cadmium causes pulmonary adenocarcinomas (Waalkes, 2000, 2003). However, most
previous studies described the potential of cadmium to cause carcinogenic effects using
short-term exposure to this toxic metal at high concentrations. To mimic conditions more
similar to occupational and biologically relevant cadmium exposure (Glahn et al., 2008;
Henson and Chedrese, 2004; Jin and Ringertz, 1990), this study exposed human bronchial
epithelial cells to cadmium at concentrations of 0–2 μM for 2 months. Long-term exposure
to low doses of cadmium seems to induce pre-neoplastic cells: the number of colonies
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formed in soft agar was significantly higher in cadmium-stimulated cells than in
unstimulated controls (Fig. 1). This was consistent with the results of the clonal assay, in
which chronic exposure of cells to cadmium increased the number of colonies in a dose-
dependent manner (Fig. 2). Exposure of BEAS-2B cells to cadmium at concentrations
greater than 2 μM exerted a cytotoxic effect such that viable cells were rarely found during
the culture period (data not shown). Moreover, there was no prominent increase in colony
formation in the soft agar assay unless the cells were exposed to cadmium for more than 1
month. Based on these observations, we used a maximum cadmium concentration of 2 αM
and an exposure period of up to 2 months.

Cell migration and invasion are hallmark characteristics of tumor metastasis. Chronic
stimulation of BEAS-2B cells with cadmium resulted in a marked increase in cell migration
and invasion compared with unstimulated cells (Figs. 3 and 4). We also found that the
expression level of MMPs and VEGF in tumor tissues formed in the xenograft mice were
higher than in tissues of control mice. In addition to these proteins, expression of other
markers of carcinogenesis including c-myc, COX-2, and HIF-1α was markedly induced in
the tumor tissues. These data suggest that cadmium has a potential to induce metastasis.
Injection of mice with cadmium-stimulated cells induced formation of tumors that gradually
increased in volume, in contrast to the control mice (Fig. 5). Additional experiments
revealed that these tumors were not aggressive, compared with the tumors xenografts
generated by injection of transformed cells (data not shown). Notwithstanding, our present
findings suggest that cadmium not only induces malignant transformation in vitro, but also
induces tumor formation in vivo.

Although cadmium is not a direct mutagenic inducer, proposed mechanisms of cadmium-
induced carcinogenesis include formation of ROS, alteration of antioxidant enzymes,
inhibition of DNA repair enzymes, and an imbalance between pro- and anti-apoptotic
proteins (Arita and Costa, 2009; Waisberg et al., 2003). Over the last decade many
investigators have highlighted the involvement of ROS-stimulated signaling in metal-
induced carcinogenesis. Unlike general concepts on the relationship between metals and
ROS, a direct role of ROS is not considered likely in cadmium-induced carcinogenesis
because cadmium does not participate in Fenton-type chemical reactions. However, metals
can cause oxidative stress by interaction with cellular reductants or by inhibiting the activity
of cellular antioxidants, and there is considerable evidence that cadmium induces the
generation of hydroxyl radicals (•OH), superoxide anion (O2

•−), nitric oxide (NO), and
hydrogen peroxide (H2O2) (Galan et al., 2001; O’Brien and Salacinski, 1998; Son et al.,
2010; Stohs et al., 2001). To verify the involvement of ROS in cadmium-induced
carcinogenesis, we constructed cells that overexpress antioxidant enzymes (CAT, SOD1, or
SOD2) (Fig. 6). As evidenced by the inhibition of colony formation and cell migration and
invasion, overexpression of each of the antioxidant enzymes prevented cadmium-stimulated
carcinogenesis. In particular, transfection with SOD2 showed the most prominent
suppression of cadmium-induced carcinogenic effects. These results provide the first direct
evidence of the involvement of ROS in cadmium-induced carcinogenesis. Interestingly,
however, injection of cells that overexpress antioxidant enzymes also stimulated formation
of tumors in mice (data not shown). Although we cannot fully explain the mechanisms
involved, this appears to be related to the difference in ROS formation between in vitro and
in vivo conditions or the nature of the cells; i.e., normal vs. tumor. It is likely that ROS are
involved in initiation, rather than other stages in the process of cadmium-induced
carcinogenesis. Our research group recently reported that ROS levels are lower in metal-
transformed cells than in normal cells (Chang et al., 2010). Although it is commonly
accepted that intracellular ROS levels are higher in cancer cells than in normal cells
(Trachootham et al., 2009), some studies report the opposite phenomenon where ROS levels
seem to be lower in cancer cells than in normal cells (Diehn et al., 2009; Jang and Sharkis,
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2007). This led us to postulate that ROS are required for the initiation step of carcinogenesis
in cadmium-exposed cells, but not for the processes of promotion or progression. Further
detailed studies are needed to elucidate the molecular mechanisms involved in cadmium-
induced carcinogenesis.

To determine the signal transduction pathways underlying cadmium-induced cell
transformation and carcinogenesis, we examined the role of the Wnt/β-catenin pathway. The
Wnt/β-catenin pathway is required for the development of leukemia stem cells (Wang et al.,
2010), colon carcinomas (Behrens, 2005; Lustig and Behrens, 2003; Zhang et al., 2011), and
other cancer types (Klaus and Birchmeier, 2008; Lustig and Behrens, 2003). It has also been
reported that β-catenin regulates proto-oncogenes including c-myc, cyclin D1, and ABCB1
(Chakraborty et al., 2010), VEGF (Zhang et al., 2001), COX-2 (Howe et al., 2001), and
MMPs (Marchenko et al., 2002). β-catenin is tightly regulated by the Axin-APC-GSK-3β
complex; phosphorylation of β-catenin by GSK-3β leads to its degradation through a
ubiquitin-proteasome pathway (Lustig and Behrens, 2003) (Nakamura et al., 1998). Our
present findings revealed that levels of both total and active β-catenin (dephosphorylated β-
catenin) were markedly increased in cadmium-stimulated cells, as well as in the tumor
tissues of mice injected with cadmium-stimulated cells (Figs. 7 and 8). These results suggest
that β-catenin regulates the expression of target genes involved in cell transformation and
carcinogenesis. Further, β-catenin stabilization seems to be regulated by GSK-3β in
cadmium-induced carcinogenesis, based on the increase in p-GSK-3β levels in cadmium-
stimulated cells and in xenograft mice injected with these cells. This is consistent with the
increased phosphorylation of PI3K and AKT in cadmium-stimulated cells. It is likely that
phosphorylation of GSK-3β at Ser 9 by AKT inhibits GSK-3β activity and leads to β-
catenin stabilization during cadmium-induced carcinogenesis.

To clarify the roles of ROS in signal transduction pathways involved in cadmium-induced
carcinogenesis, cells expressing antioxidant enzymes were stimulated with 2 μM cadmium.
Transfection with CAT, SOD1, or SOD2 suppressed the phosphorylation levels of signaling
molecules, and also reduced total and active forms of β-catenin proteins. Similarly,
pharmacological inhibitors of AKT and β-catenin not only attenuated the induction of total
and active β-catenin forms, but also prevented the increase in the number of colonies after
cadmium exposure. In contrast, blockage of GSK-3β activation by SB216763 enhanced
colony formation in cadmium-exposed cells. These results strongly suggest that ROS
activate PI3K/AKT/GSK-3β/β-catenin signaling in cadmium-induced carcinogenesis; thus,
efficient regulation of this signaling may control the carcinogenic processes. Our results also
indicate that cadmium-mediated activation of β-catenin signaling leads to increased
expression of c-myc, COX-2, HIF-1α, MMPs, and VEGF during carcinogenesis. Our
findings are partially consistent with Jing et al.’s results (Jing et al., 2012). They observed
that chronic exposure of human lung epithelial cells to cadmium increased HIF-1α and
VEGF expression through an ROS dependent pathway and induced malignant
transformation. However, in the present study, we have provided further evidence of the
involvement of ROS signaling and its down steam cascades in cadmium-induced
carcinogenesis. Taken together, the current findings demonstrate that PI3K/AKT/GSK-3β/β-
catenin signaling is a critical signaling pathway in cadmium-induced carcinogenesis, and
that intracellular ROS play important roles in the activation of this pathway (Fig. 9).

In summary, the results obtained from the present study demonstrate for the first time that
ROS play important roles in the activation of signaling cascades involving PI3K/AKT/
GSK-3β/β-catenin in cadmium-mediated transformation of epithelial cells. Increases in total
and active forms of β-catenin stimulate the expression of target genes, such as c-myc,
COX-2, HIF-1α, MMPs, and VEGF, which might be critical events in cadmium-induced
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carcinogenesis. Collectively, our results implicate ROS and ROS-dependent signaling
molecules as potential therapeutic targets in cadmium-stimulated carcinogenesis.
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Abbreviations

ROS reactive oxygen species

SOD superoxide dismutase

CAT catalase

GSH glutathione

APC adenomatous polyposis coli

GSK-3β glycogen synthase kinase-3β

CK1-α casein kinase 1-α

FBS fetal bovine serum

DMEM Dulbecco’s modified Eagle’s medium

IACUC Institutional Animal Care and Use

COX-2 cyclooxygenase-2

HIF-1α hypoxia-inducible factor-1α

MMPs matrix metalloproteinase

VEGF vascular endothelial growth factor
•OH hydroxyl radicals

O2
•− superoxide anion

NO nitric oxide

H2O2 hydrogen peroxide
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Highlights

• Chronic exposure to cadmium induces carcinogenic properties in BEAS-2B
cells.

• ROS involved in cadmium-induced tumorigenicity of BEAS-2B cells.

• Cadmium activates ROS-dependent AKT/GSK-3β/β-catenin-mediated signaling
in BEAS-2B cells.

• ROS and ROS-dependent signaling molecules as potential therapeutic targets in
cadmium-stimulated carcinogenesis.
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Fig. 1.
Cadmium induces cell transformation in BEAS-2B cells in a dose-dependent manner. After
exposure of cells to increasing concentrations (0–2 μM) of cadmium for 2 months, the soft
agar assay was performed as described in ‘Materials and Methods’. Representative images
from three independent experiments are shown (A) and colonies larger than 50 μm were
counted (B). **P < 0.01 and ***P < 0.001 vs. vehicle control.
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Fig. 2.
Cadmium induces colony formation in BEAS-2B cells. Cells were stimulated with cadmium
at the indicated concentrations for 2 months and then plated at clonal density and maintained
in medium supplemented with10% FBS for 1 week. (A) Photographs of colony formation of
cadmium-stimulated cells. (B) Graphs showing the number of colony-forming cells from
three independent experiments. ***P < 0.001 vs. vehicle control.
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Fig. 3.
Cadmium increases the potential of cells to migrate. A cell migration assay was performed
using transwell chambers as described in ‘Materials and Methods’. Panel ‘A’ shows a
representative result from three independent experiments. The number of hematoxylin-
stained cells was also determined (B). **P < 0.01 vs. vehicle control.

Son et al. Page 16

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2013 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Cadmium increases cell invasion ability in BEAS-2B cells. A cell invasion assay was
performed using transwell chambers. Cadmium-stimulated cells were loaded in the upper
chambers and the lower chambers contained 0.7 ml of complement medium. After
incubation for 3 days the invaded cells were stained with hematoxylin and visualized by
microscopy (A). The number of stained cells was also counted (B). *P < 0.05, **P < 0.01,
and ***P < 0.001 vs. vehicle control.
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Fig. 5.
Cadmium increases tumor growth in a xenograft animal model. Cadmium-exposed
BEAS-2B cells (1 × 106 cells/site) were injected subcutaneously into 6-week-old male
athymic nude mice. Mice were checked daily for tumors, and tumor volume and body
weight were measured every week. Tumor volume of animals is shown in (A) and body
weight in (B).
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Fig. 6.
Involvement of ROS in cadmium-induced tumorigenicity of BEAS-2B cells. CAT-Myc-
DDK-, SOD1-Myc-DDK-, and SOD2-EGFP-tagged plasmids were transfected into
BEAS-2B cells. (A) Overexpression of the proteins CAT, SOD1, and SOD2 was confirmed
by Western blotting. The pooled stable transfectants were stimulated with cadmium for 2
months and soft agar (B), cell migration (C), and cell invasion (D) assays were performed in
three independent experiments. Fold changes were calculated by the each stable transfected
cells without cadmium exposure versus the same cells with cadmium exposure. *P <
0.05, **P < 0.01, and ***P < 0.001 vs. vehicle control. #P < 0.05 and ##P < 0.01 vs.
cadmium-exposed vector control.
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Fig. 7.
Cadmium leads to ROS-dependent activation of PI3K, AKT, GSK-3β and β-catenin
signaling in BEAS-2B cells. Western blot analysis of protein levels of PI3K, AKT, GSK-3β
and β-catenin in cells stimulated with increasing concentrations of cadmium (0–2 μM) (A),
or after treatment of cells transfected with CAT, SOD1, or SOD2 with 2 μM cadmium for 2
months (C). Cadmium-stimulated BEAS-2B cells for 2 months were exposed to 2 μM
cadmium in the presence of LY294002 (20 μM), SB216763 (10 μM), or FH535 (20 μM)
for 48 h and the protein levels of total and active β-catenin forms were analyzed by Western
blotting (E). In addition, colony formation ability of these stimulated cells was analyzed by
soft agar assay with additional treatment of the inhibitors or cadmium (G).The band
intensity of each Western results was expressed as the mean ± SE relative to the control of
triplicate experiments and represented in (B), (D), and (F). *P < 0.05, **P < 0.01, and ***P <
0.001 vs. vehicle control. #P < 0.05, ##P < 0.01, and ###P < 0.001 vs. cadmium treatment
alone.
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Fig. 8.
Increased protein levels of carcinogenic markers in tumor tissues formed in mice injected
with cadmium-stimulated BEAS-2B cells. Cells that had been exposed to cadmium for 2
months were subcutaneously injected into the flanks of nude mice (1 × 106 cells/site). After
4 months each tumor was dissected and tumor tissues were lysed for Western blot analysis
(A and B) or fixed with paraformaldehyde for immunohistochemistry (C).
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Fig. 9.
Proposed model of cadmium-induced carcinogenesis. Cadmium treatment of BEAS-2B cells
induces ROS that activate PI3K/AKT signaling, leading to phosphorylation of GSK-3β.
Phosphorylated GSK-3β dephosphorylates β-catenin and prevents its degradation. This
results in translocation of β-catenin into the nucleus, leading to expression of target genes
such as c-myc, COX-2, HIF-1α, MMPs, and VEGF.
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