yduasnuel Joyny vd-HIN

1duasnuely Joyny Yd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access

"EOB} Author Manuscript

PSS

Published in final edited form as:
J Environ Pathol Toxicol Oncol. 2014 ; 33(3): 183-194.

A Review of Molecular Events of Cadmium-Induced
Carcinogenesis

Joe Luevano! and Chendil Damodaran?”
1 Department of Biomedical Sciences, Paul L. Foster School of Medicine, Texas Tech University
Health Sciences Center, El Paso, Texas, USA

2Department of Urology, University of Louisville, KY 40202, USA

Abstract

Cadmium (Cd) is a toxic, heavy industrial metal that poses serious environmental health hazards
to both humans and wildlife. Lately, Cd and Cd containing compounds have been classified as
known human carcinogens and epidemiological data show causal associations with prostate, breast
and lung cancer. The molecular mechanisms involved in Cd-induced carcinogenesis are poorly
understood and are only now beginning to be elucidated. The effects of chronic exposure to Cd
have recently become of great interest due to the development of malignancies in Cd-induced
tumorigenesis in animal. Briefly, various in vitro studies demonstrate that Cd can act as a mitogen,
stimulate cell proliferation, inhibit apoptosis and DNA repair, and induce carcinogenesis in several
mammalian tissues and organs. Thus, the various mechanisms involved in chronic Cd exposure
and malignant transformations warrant further investigation. In this review, we will focus on
recent evidence of various leading general and tissue specific molecular mechanisms that follow
chronic exposure to Cd in prostate, breast and lung transformed malignancies. In addition, this
review considers less defined mechanisms such as epigenetic modification and autophagy, which
are thought to play a role in the development of Cd-induced malignant transformation.
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Introduction

Cadmium (Cd) is a heavy metal classified as a compound that is hazardous to human health
by the International Agency for Research on Cancer (IARC) (1). Cd is highly toxic; Acute
exposure to Cd causes inflammation followed by cough, dryness and irritation of the nose
and throat, headache, dizziness, chest pain, pneumonitis, and pulmonary edema (2). An
estimated 70% of Cd used in the metal mining and refining industries, construction, shipyard
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Molecular

and Cd-containing batteries is dissipated into the environment (CCCC 8th report) (3). These
are considered to be the major sources of human exposure (4, 5). To some extent, diet and
tobacco use are additional sources (6). Thus, inhalation, dermal contact and ingestion
through air, soil, sediment and water are the primary routes of exposure to Cd. In addition,
Cd accumulates in the body over a long period of time (1-3 decades) due to its low excretion
levels (7). Epidemiological surveys suggest that long-term exposure to Cd is strongly
correlated with an increased risk of prostate, genitourinary, breast, lung and colon cancers as
well as hepatocellular carcinoma in humans (4, 8-11). Suggesting that low level exposure to
Cd can potentially become a health hazard over the course of one’s lifetime.

Although several epidemiological studies have demonstrated correlation of a strong risk of
developing various cancers from Cd exposure in humans (12-18), the precise molecular
mechanisms by which Cd-induced malignant transformation occurs in different tissue types
are yet to be fully characterized. In this review, we will discuss the possible molecular
mechanisms involved in Cd-induced carcinogenesis.

Mechanisms of Cd Induced Carcinogenesis

Long term environmental exposure to Cd acts as a carcinogen in humans. Chronic exposure
of Cd to normal epithelial cells cultured in vitro transforms them to malignant cells, and this
is further confirmed in animal models (19). At higher concentrations of Cd exposure,
biosynthesis of DNA, RNA, and protein is inhibited. Although direct interaction of Cd with
DNA is very minimal, it may act indirectly through epigenetic mechanisms by altering the
signaling events upstream of DNA repair and apoptosis [see review (20). Inhibition of DNA
repair by Cd is also likely to play an important role in Cd-induced carcinogenesis (20-22).
Cd inhibits the binding efficiency of the tumor suppressor p53 to DNA (23) (24), which in
turn inhibits base excision repair of DNA damaged by UV light exposure in HeLa cells (25).
Cd also inhibits the binding of xeroderma pigmentosum group A (XPA) to DNA. This
protein responsible for recognizing DNA damage (26). Human 8-oxo-dGTPase, an enzyme
that protects against the incorporation of 8-ox0-dGTP into DNA, is also inhibited by Cd.
Thus, Cd is capable of inhibiting DNA repair on various levels and leads to genomic
instability, which is associated with tumorigenesis (21).

In cell culture models, Cd induces many biochemical changes, including aberrant gene
expression and signal transduction (Figure 1). Importantly, E-cadherin dysfunction,
inhibition of DNA methylation, activation of c-fos, c-jun and c-myc and induction of general
stress response genes such as metallothionein (MT) and heat-shock proteins are associated
with Cd-induced transformation (26). In addition, Cd has been shown to influence
transcription factor activation and total translation levels. For example, transcription factors
NF-kB and AP-1 become activated by Cd in both cell culture and in animal (27-29). In
contrast, inhibition of NF-kB activation has been reported in Cd-treated cells (30).
Epigenetic mechanisms associated with Cd carcinogenesis and malignant transformation
include aberrant DNA methylation events that emerge during malignant transformation,
some of which occur in an agglomerative fashion (31). Agglomerative DNA
hypermethylation was found in Cd-transformed prostate epithelial cells, linking chronic Cd
exposure in vitro with hypermethylation of large chromosomal regions (31). Cd-induced
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aberrant DNA methylation of nucleosomes that are normally trimethylated at histone H3
lysine-27 affect gene expression in stem cells (31).

Reactive oxygen species and Cd Induced Carcinogensis

Reactive oxygen species (ROS) are often implicated in Cd-induced cytotoxicity in a variety
of cell culture models and lead to mitochondrial dysfunction, inhibition of respiration,
induction of oxidative stress and lipid peroxidation (32, 33). Cd causes oxidative damage by
inducing lipid peroxidation, DNA strand breaks, and chromosomal aberrations (34). More
specifically, the depletion of glutathione and protein-bound sulfhydryl groups (35), which
have been implicated in carcinogenesis, which disrupts antioxidant defense mechanisms and
results in increased lipid peroxidation, oxidative DNA damage (21, 33) and alteration of the
cellular redox signaling network (36, 37). Cd-induced ROS has been implicated in
carcinogenesis (21), in part by disruption of antioxidant defenses, resulting in increased lipid
peroxidation and oxidative DNA damage (33) (21). Depletion of cellular antioxidants has
been suggested as the mechanism by which Cd facilitates exacerbation of ROS related
cellular and DNA damage, thus further promoting carcinogenesis. In addition, prolonged
oxidative stress causes changes in cellular redox homestasis and leads to abnormal
activation of redox-sensitive signaling molecules (38). Further oxidative stress, such as
observed in Cd-exposure, can cause genetic and epigenetic changes, uncontrolled cell
growth, and abnormal cellular signaling, all of which are primary mechanisms involved in
metal-mediated carcinogenesis (39) (40) (41).

Cadmium and Prostate Cancer

Prostate cancer is one of the most frequently occurring cancers in men. The etiology of
prostate cancer development is complex and is associated with a multitude of potential
contributing factors (23, 42, 43) (Table 1). Experimental evidence has shown that long-term
exposure of normal human prostate epithelial cells (RWPE-1) to Cd in culture transforms
them to malignant phenotypes (19, 44). However, the molecular mechanisms associated
with this transformation remain elusive.

These transformed prostate cells give rise to aggressive tumors in nude mouse models (19,
20), which further supports the potential for Cd-induced carcinogenesis in humans. The rat
is an ideal experimental model for human prostate cancer (45-47), because the
morphological similarities between human prostatic intraepithelial neoplasia (PIN) and
dysplastic changes in rat prostate are experimentally similar (48). Several studies have
demonstrated that Cd induces preneoplastic (hyperplastic) lesions and tumors
(adenocarcinomas) in rat prostate (49-52). There are also useful mouse models. Cd
transformed human prostate epithelial cells (CTPE) form malignant tumors in nude mice,
which morphologically and biochemically resemble human prostatic carcinoma (19). Thus,
Cd transformed human prostate epithelial cells may be useful for examining the molecular
events involved in Cd-induced carcinogenesis in the prostate.

Based on the current literature, Cd has multiple molecular targets and thus, Cd-induced
prostate cancer is likely to develop through more than one signaling pathway. (For a
summarized table of Cd-induced gene expression in prostate cells, please refer to Table 1.)
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Cd can affect cell proliferation and differentiation, cell cycle progression, DNA synthesis
and repair, apoptosis and other cellular activities (53, 54). Lysophosphatidic acid (LPA), a
phospholipid growth factor involved in a variety of cellular processes such as proliferation,
differentiation, migration, inflammation, angiogenesis, wound healing, cancer invasion and
survival is one of the most investigated molecules in experimental models (55-57). Cd-
treated rats showed significantly higher LPA-1 expression in dysplastic lesions compared
with that in normal prostate epithelium in controls (42). In addition, LPA may induce
proliferation and survival of androgen-independent prostate cancer cells (55).

Cd inhibits DNA repair in various in vitro models of prostate cancer (22) Activation of p53
governs multiple cellular events including inhibition of angiogenesis, cell cycle regulation,
DNA repair and genomic stability. Inhibition of p53 activation in Cd-treated cultures results
in abrogation of apoptosis, suggesting that p53 activation is necessary for Cd induced
apoptosis (23). Interestingly, short-term treatment of normal prostate epithelial cells with Cd
induced apoptosis, however, chronic exposure to Cd allows the cells to eventually become
resistant to apoptosis during malignant transformation (58). These results were confirmed in
CTPE cells that were resistant to Cd-induced apoptosis even after weeks of being
maintained in Cd-free medium, when compared with normal RWPE-1 control cells (59).
Analysis of molecular signaling in CTPE cells revealed that the ratio between Bcl-2/Bax
was 5 times higher than in the parental RWPE-1 cell line, which conferred greater resistance
to apoptosis induction (59). The Bcl-2/Bax dimer abrogates the pro-apoptotic function of
Bax and protects the cells from apoptotic stimuli (60). CTPE cells also display reduced
expression of several other pro-apoptotic genes, including caspases -8, -4, =6, =3 and —10a
at both the protein and mRNA levels when compared to RWPE-1(59). The caspases are an
integral part of the apoptotic machinery. They are involved in both commitment to and
execution of programmed cell death, and reduction of caspase activity has been shown to
obstruct apoptosis (61). Thus, the acquisition of apoptotic resistance may be an important
characteristic of Cd-induced malignant transformation. Qu et al. suggest that Bcl-2
activation inhibits the JNK-mediated pro-apoptotic signal transduction pathway by
demonstrating that the BH4 domain of Bcl-2 binds to JNK, thus blocking phosphorylation of
JNK in CTPE cells (62). Markers of stress and inflammatory responses such as p38, JNK, c-
fos, c-myc and metallothionein (MT) are also upregulated in a Cd-dose dependent manner in
normal prostate epithelial cells in vitro (62-65).

Cadmium and Breast Cancer

Cd exposure has long been associated with the development of breast cancer (66) (67, 68).
Recent clinical studies revealed that high concentrations of Cd (ranging from 3.2 to 86.9
g/g) were found in breast tissues of breast cancer patients (68), which was significantly
higher than in normal breast tissue controls (0.022 pg/g) (69). Although these studies
suggest a correlation between Cd exposure and incidence of breast cancer, they fail to
determine whether Cd is a major source for the etiology of breast cancer. Molecularly, Cd
mimics estrogen and acute exposure to Cd is known to promote estrogen receptor (ER)-
mediated pro-survival signaling and cell growth (70, 71). Hence, Cd is often referred to as a
metalloestrogen. However, the role of Cd acting on ER as part of a mechanism for
carcinogenesis in breast remains unclear. Results in MCF-7 breast epithelial carcinoma cells
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suggest that prolonged exposure to Cd results in development of more aggressive cancer
phenotypes including increased cell growth, migration and invasion (72). In addition, Cd has
been shown to induce various pro-survival and cell cycle regulatory genes (Table 2).
Chronic exposure of MCF-7 cells to Cd induces higher levels of SDF-1 expression in an
estrogen receptor alpha (ERa)-dependent manner by altering the molecular dynamics
between ERa and c-jun/c-fos (72) ,and inhibiting p53 activation. In the presence of Cd, the
anti-cancer drug 5-fluorouracil (5-FU) fails to induce apoptosis in MCF-7 cells Furthermore,
in a study using Cd concentrations as low as 1uM, significant cell proliferation in three
ERa-positive breast cancer cell lines (MCF-7, T-47D and ZR-75-1 was associated with
upregulation of pro-survival genes such as CycD1, c-myc and CTD. Subsequent silencing of
the ERa or blocking the receptor with a competitive antagonist mitigated the stimulatory
effect of Cd on ER+ breast cancer cell lines (MCF-7, T-47D and ZR-75-1), thus suggesting
the involvement of ERa in mediating the cellular effects of Cd (73). However, despite our
current understanding, there remains little literature addressing the mechanisms by which Cd
induces transformation of normal breast epithelial cells.

Normal human breast epithelial MCF-10A cells treated with Cd (2.5um) for 40 weeks
transformed into cells displaying a basal-like phenotype. These transformed MCF-10A cells
displayed increased colony formation, invasive potential, and loss of contact inhibition (74).
This suggests that ER-negative human breast epithelial cells can undergo transformation
with chronic Cd exposure, and that Cd as a metalloestrogen in this case is unlikely.
Benbrahim-Talla et al. report that chronic Cd treatment induced altered DNA methylation
status of their MCF-10A cells, thereby altering gene expression, such as oncogenes, which
may play a role in carcinogenesis. In addition, Roy et. al report that MCF-12A and
MCF-12F showed significantly high induction of cholinephosphotransferase (CPT) activity,
the terminal enzyme in de novo synthesis of phoshpatidylcholine, following treatment of 10
and 25 uM Cd respectively. In MCF-12F, which is the floating form of MCF-12A, a large
number of nucleotide mutations were discovered following Cd treatment (75). Suggesting
that even low dose and acute exposure to Cd can bring about DNA damage in hormal breast
cancer cells. Thus giving insight into the possible initial mechanisms of action regarding Cd-
induced carcinogenesis.

Cadmium and Lung Cancer

Epidemiological studies suggest that occupational and environmental exposure to Cd
induces lung cancer in rodents as well in humans (1, 76, 77). Chronic inhalation of Cd
causes pulmonary adenocarcinomas (20, 77) in animal and in exposed human cell lines (78).
Prolonged exposure of normal bronchial epithelial cells to Cd in vitro causes them to
transform to a malignant state, and a similar observation was noted in a nude mouse model
(79). Although the mechanisms of Cd-induced pulmonary carcinogenesis are still
incompletely defined, the development of specific cell lines has greatly aided in defining the
mode of Cd-mediated lung cancer development. Cd-induced, transformed human lung
epithelial cells called chronic cadmium treated lung cells (CCT-LC) exhibit increased
MMP-2 activity, colony formation, invasion, autonomous growth, EMT, and
hyperproliferation (78). Malignant transformed lung cells as well displayed altered pro-
survival, apoptotic and DNA regulatory gene expression following Cd treatment (Table 3).
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Chronic Cd-treatment of BEAS-2B cells for example resulted in a marked increase in cell
migration and invasion compared with Cd naive control cells. In addition, CCT-LC cells
displayed a loss of p16 expression and an increase in cyclin D1 expression, both of which
are commonly associated with rapidly proliferating tumor cells and lung cancers (80-82).
CCT-LC cells also displayed over-expression of K-RAS, N-RAS, Vimentin and loss of
SLC38A3, which are also commonly associated with a general cancer phenotype and/or
specifically with lung cancers (81),(83),(84). However, the precise mechanistic details of the
initiation of Cd-induced bronchial epithelial transformation have yet to be elucidated. The
overexpression of major metallothionein (MT) isoforms is associated with both Cd-induced
and lung cancers (85, 86). Specifically, MT-1A and MT-2A levels were shown to be
significantly higher in CCT-LC as compared to control (78), suggesting that MT may
increase its expression in the lung to provide protection from Cd-induced toxicity.

Once CCT-LC cells have acquired multiple tumor characteristics, it activates multiple
signaling networks sequentially. Oxidative stress conditions are induced by antioxidative
proteins Heme Oxygenase-1 (HO-1) and hypoxia inducible factor-1A (HIF-1a) (78). HIF-1
expression also occurs through Cd-induced reactive oxygen species formation associated
with transformation of bronchial epithelial cells (87). Also, Cd activates AKT, GSK-3p, and
[3-catenin signaling in BEAS-2B human bronchial epithelial cells in a ROS-dependent
manner (88). A marked induction of AKT, GSK-3p and p-catenin was maintained in tumor
tissues obtained from mice that had been injected with Cd-stimulated BEAS-2B cells (88),
suggesting direct involvement of ROS in Cd-induced carcinogenesis. These results also
implicate a role for the AKT, GSK-3p, and -catenin signaling pathways, as well as for c-
myc and COX-2, in contributing significantly to the development of Cd-induced tumors
(88). These results further support the potential of Cd to induce metastasis. Increased
expression of the proliferation marker gene PCNA and the cell cycle gene CyclinD1 in Cd
treated cells suggest that Cd has mitogenic potential. Coincidentally, expression of the anti-
apoptosis marker Bal-2 decreased significantly as the number of 16HBE cell culture
passages increased during continuous Cd treatment (89). These results suggest that apoptotic
resistance could be a viable mechanism for Cd-induced malignant transformation in human
bronchial epithelial cells.

Although Cd does not directly induce mutagenesis, chronic Cd treatment in human bronchial
epithelial cells may impart DNA damage and decrease DNA repair capacity and genomic
instability in an indirect manner. Among the over 100 DNA repair genes, hMSH2, hMLH1,
ERCC1, ERCC2, XRCC1, hOGG1, and MGMT are of particular interest in this process. In
16HBE cells, Cd progressively reduced the mRNA and protein expression of these DNA
repair genes (89), suggesting that DNA repair systems are diminished and DNA repair
capacity is lowered during Cd-induced transformation. DNA sequence analysis in these cells
revealed frame shift mutations in exons of the hMSH2, ERCC1, XRCC1, and hOGGL1 genes
(89), suggesting that Cd may facilitate promutagenic DNA damage and genomic instability
at submicromolar concentrations. In addition, expression levels of p53 were significantly up
regulated following treatment with 10um Cd in primary epithelial lung cells (90). Thus,
suggesting the involvement of Cd in DNA damage events in lung. However, no study has
demonstrated weather these promutagenic effects are a direct result of Cd/DNA interactions.
Induction of autophagy may play an important role in the development of Cd-induced Cd
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resistance and carcinogenesis. Autophagy is a process of lysosome-dependent degradation of
proteins and organelles whereby portions of the cytoplasm are engulfed by double-
membrane enclosed vesicles called autophagosomes, which then fuse with lysosomes. The
contents of the autophagosomes are degraded within the lysosomes and recycled, thus
indicating that autophagy protects cells. Recently, GSK-3p has been shown to mediate
autophagy during Cd toxicity (91). Furthermore, acquisition of Cd resistance in human
H460 cells, which are non-small lung carcinoma cells, has been linked directly to
interruption of GSK-3a/p phosphorylation, and the resulting change in intracellular
localization of GSK-3a/ regulates Cd-induced autophagy and apoptosis (92). However, the
role of autophagy and the underlying mechanisms involved in Cd-induced carcinogenesis
need to be further elucidated.

Conclusion and Future Directions

The initiation and progression of Cd-induced carcinogenesis are complex processes. the
factors that contribute to cancer development can vary significantly in their source, duration,
concentrations and route of exposure. Cd exposure may accelerate the initiation or
progression of the disease when combined with other factors. While the direct Cd-related
risks for cancer development is less defined, the increasing body of epidemiological
evidence seems to establish chronic Cd-exposure as a viable candidate.

Overall, environmental contaminants such as heavy metals have emerged as possible high
risk factors for cancer due to their increased usage in various industrial processes and
widespread proliferation in food sources. Cd in particular acts as a double edge sword, by
causing cell death as well as cell-survival. Induction of cell survival and proliferation, which
leads to transformation, suggests that Cd is a potent carcinogen. On the other hand, it may
enhance cell death by a variety of mechanisms, thus leading to tissue pathology and organ
damage. In either case, the outcome of exposure to Cd on the cellular level is dependent not
only upon the duration and level of exposure, but also on intrinsic tissue specificity and
current metabolic state. In in vitro models of all three organs reviewed, chronic exposure to
Cd has been shown to transform cells into apoptosis-resistant malignant cells. In addition,
the concentration dependent effects of Cd have also been highlighted. Generally, sub-
micromolar concentrations lead to proliferation or delayed apoptosis, intermediate
concentrations (10 uM) can cause various types of cell death, while very high concentrations
(>50 uM) can cause necrosis.

A common set of mechanisms by which most tissue types respond to chronic Cd exposure
has been defined. Induction of ROS and ROS related DNA damage appears to be part of the
initial events in Cd-induced toxicity in humans. However, the molecular mechanisms
accounting for Cd-induced oxidative stress in mammalian organs remains incompletely
defined, although the involvement of cellular mitochondria is highly plausible, given that
these organelles are central to the formation of excess ROS and are known key intracellular
targets for Cd. Cd-induced ROS-related genomic instability seems to be a central player in
Cd-induced carcinogenesis, however other mechanisms are common in several tissue types.
For example, ROS-related mitotic perturbation in malignant transformed cells has been
implicated in the induction of various epigenetic modifications. However, it remains unclear
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if epigenetic modifications result directly from Cd interaction with the genome or via
enhanced ROS levels during Cd exposure. In addition, targeted Cd-induced epigenetic
modifications, such as hypermethylation of specific target genes, have yet to be further
characterized. These open areas of exploration make the study of Cd-induced epigenetic
changes during malignant transformation an attractive pursuit, and will likely elucidate
many mechanisms that underlie the initiation and development of Cd-induced
carcinogenesis. Further investigation of Cd-induced perturbation of gene regulation
associated with ROS and epigenetic mechanisms are equally warranted.

Cd-related changes in expression levels of some proteins may be associated in part with a
cellular compensatory response to increasing ROS levels. Nevertheless, the mechanisms by
which Cd-induced pro-survival mechanisms or inhibition of pro-apoptotic machinery lead to
increases in ROS levels remains to be further examined. Cd-induced apoptosis and
expression of pro-survival genes play an important role in selection and subsequent
development of Cd-resistance during Cd-induced malignant transformation. This suggests
that induction of certain specific factors during chronic exposure to Cd is essential for
carcinogenesis, and emphasizes the double edge sword nature of the effects of Cd on cell
populations. More importantly, identification of factors/genes that dictate the molecular
events responsible for Cd-induced transformation should be investigated extensively.

Another area that requires further attention is Cd-induced autophagy and autophagic cell
death (ACD). Based on in vitro studies, autophagy is engaged for cell survival under stress
by removing proteins and organelles. While cells can display extensive autophagic
vacuolization before or during death, it remains unclear whether this represents cell death by
autophagy. Thus, further investigating the possibility of Cd-induced inhibition of autophagy
during Cd-exposure is required to conclude that Cd-induced cell death is ACD. Regardless,
if Cd exposure directly induces autophagy, then characterizing the mechanisms governing
this process would be of great importance in further understanding Cd-induced malignant
transformation and the development of Cd-resistance.

All organs discussed share some overlapping mechanistic features in response to Cd
exposure. These shared responses of Cd-induced gene expression are illustrated in Figure 1.
For example, indicators of Cd-induced ROS stress and genomic instability involving key
players like metallothionein and p53 appear consistent throughout all three Cd-exposed
tissue types. On the other hand, certain mechanisms that mediate Cd exposure appear to be
unique to each specific tissue type. Mechanisms involving ER-dependent pathways are
important for the study of Cd-metalloestrogen driven malignancies such as breast cancers.
ER-independent studies of Cd-induced malignant transformation are necessary to further
understand the shared profile of Cd-induced carcinogenesis in breast tissue and other
transformed organ tissues.

While this review focuses on chronic Cd exposure and resulting malignant transformations,
the majority of literature on in vitro Cd exposure seems to center around acute Cd toxicity,
which creates a vacuum for chronic Cd studies in vitro and in animal models. As a result, the
multi-faceted mechanisms involved in chronic Cd-induced malignant transformations
require much more detailed characterization. Thus, further studies using low concentrations
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Cd, which mimics chronic human exposure, are warranted to achieve further insight into

Cd as a carcinogen.
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Figure 1. Expression pattern of Cd induced gene expression in prostate, breast and lung cancer
In prostate cancer Cd induced cycle regulatory proteins, pro-surival transcription factors and

gene expression in normal prostate epithelial cells. Also, it simultaneously down regulated

pro-apoptotic genes such as BAX and caspase 8,6,4,3 in transformed prostate cells.

Interestingly, following Cd exposure, prostate and breast cancer share activation of c-myc,
c-jun and bcl-2 expression. It also appears that p53 activation is a common event in all three

tissue types (prostate, breast and lung) following chronic Cd treatment. Cyclin-D1

expression was found in both breast and lung cancer, however, there is no report in prostate
epithelial cells. Similarly, lung and prostate cancer cells shares the common pro-survival

gene AKT along with MT following Cd treatment.
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Table 1

Gene expressions of Cd-induced prostate epithelial malignant transformation.

SNo | Reference Cell Cd conc. Molecular Events

type/model
1 Achanzar et al.(2000) RWPE-1 10um p53, c-myc, c-jun T
2 Achanzar et al.(2001) RWPE-1 10pm MMP-2, MMP-91
3 Achanzar et al.(2002) CTPE/Tumor | 10um Bcl-2 1, BAX, Caspase 8,6,4,3 |
4 Avrriazu et al.(2003) Rat 60ppm p53, LPA 1
5 Gaddipati et al.(2003) | RWPE-1 .025-10pm | MT 1

MEK1/2, ERK1/2, p38 MAPK, JNK1/2,

6 Misra et al.(2003) 1LN .01-1um AKT, PI3K, p70s6k, NFKB, CREB 1
7 Qu et al.(2006) RWPE-1 10um MT, INK 1
8 Qu et al.(2007) CTPE 10um Bcl-2 T, BAX, JINK1/2 |
9 Benbrahim et.al.(2007) | RWPE-1 10pm DNMT3bt
10 Albrecht et al.(2008) RWPE-1 3-12um MT 1

RWPE-1,
11 Aimola et al.(2012) CTPE 10pm p53, p21 1
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Gene expressions of Cd-induced breast epithelial malignant transformation.

Table 2

S.No | Reference Cell Cd conc. | Molecular Events
type/model

1 Meplan et al, (1999) MCF-7 10-30pm | p53t

2 Ponce et al. (2013) MCF-7 10pum SDF-1, c-jun, c-fos 1

3 Siewit et al. (2010) MCF-7,T-47D, | 10°M CycD1, c-myc, CTD?T

4 Asara et al. (2013) MCF-7 5um p53, pp53, c-myc, Bel-21

5 Benbrahim et al. (2009) | MCF-10a 2.5um CKS5, p631
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Table 3

Gene expressions of Cd-induced lung epithelial malignant transformation.

S.No | Reference Cell Cd conc. | Molecular Events
type/model
1 Lei et al, (2008) 16HBE p367
HIF-1,VEGF, pERK1/2, p-p70s6k, pAKT
2 Jing et al. (2012) BEAS-2B Ium T
CycD1, K-RAS, N-RAS, Vimentin,
3 Person et al. (2013) | HDL-1D 5um MT1/2, HIF-1 1, p16 and SLC38A3 |
4 Park et al. (2013) MCF-7 3-12um b-catenin, GSK-3a/B, LC3-I/I11, p62/
5 Son et al. (2012) BEAS-2B 2um AKT, GSK-3B, B-catenint
6 Lag et al. (2002) Prim. Lung Epi | 1-10um BAX, p531
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