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Abstract: Cancer is a leading cause of morbidity, mortality, and premature death worldwide. Certain strategies for
minimizing carcinogenic factors’ exposure can reduce the risk of most cancer types in human. Millions of people around
the world get exposed to high levels of heavy metals in the drinking-water. Therefore, quality control in drinking-water
and detection of its heavy metals is extremely critical issue in maintaining the human health. The carcinogenicity of
aluminum, arsenic, chromium, nickel and selenium has been documented previously, but in scattered fashion. Trace
amount of these elements entering the body via various routes can induce genetic and epigenetic alteration in different
cancer related genes of somatic and stem cells, thus involving in cancer stem cell formation. Epigenetic variations in the
etiology of cancer have led to increasing of cancer research studies in last recent years. Although epigenetic effects of
these elements have more prominent role than their genetics effects, these elements are able to alter the pattern of cancer-
related genes’ expression profiles, too. Therefore, an understanding of the underlying epigenetically mechanisms of these
trace elements and the compounds, which could reduce their toxicities or the number of cancer cases due to these
elements in the areas that are contaminated with these metals. Perhaps the toxic effects of these elements in many regions
are predictable, but antioxidant supplements may eliminate the reactive oxygen species as leading effects of these
elements. The present review article is the compilation of various studies dealt with epigenetic effects of carcinogens on

human health.
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INTRODUCTION

Cancer is a leading cause of morbidity, mortality, and
premature death worldwide [1]. While cancer was previously
a problem principally of the industrially developed countries,
it increasingly is a problem in the developing ones. Today,
half of the world’s newly diagnosed cancers and over 70% of
all cancer deaths occur in middle and low-income countries
[2]. This persistent and growing burden of cancer in the
world’s population’s warrants heightened public health at-
tention. Prevention, early detection, and therapy have all
proven effective in controlling certain types of cancer and in
reducing the burden of premature death and advanced dis-
ease [3-6]. The prevalence and mortality due to multifacto-
rial polygenic diseases such as varieties of cancer vary de-
pending upon genetic susceptibility and environmental pre-
cursors because they have identifiable mendelian subsets.
Rapid changes in diet and lifestyle may influence heritability
of the variant phenotypes that are dependent on the nutraceu-
tical supplementation for their expression [5, 6]. It is possi-
ble to recognize the interaction of specific nutraceuticals,
with the genetic code possessed by all nucleated cells [6]. In
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many countries, however, these well established approaches
to cancer control have not been applied to their full potential
and in many countries are not applied at all. Furthermore,
great disparities still exist in cancer control in relation to
gender, race, ethnicity, and socio-economic status.

Till date, many carcinogens have already been identified
and the relevant information with regard to these agents is
available. However, humans use many food and beverage
items, assuming that they are safe. One example is the poten-
tially harmful presence of heavy metals that can cause seri-
ous health problems. People may be exposed to heavy metals
over the course of their lifetime. The heavy metals in drink-
ing-water pose the greatest threat to public health in this re-
gard. This necessitates setting suitable quality control proce-
dures. The main source of heavy metals in drinking-water is
contamination of surface and ground waters by industrial
sewage and agricultural run-off [7]. In the areas that the wa-
ter distribution network is made of alloys containing heavy
metals, some people may not afford bottled- or mineral water
with controlled heavy metal concentrations and they con-
sume tap water, therefore the possibility of contamination of
drinking-water with heavy metals greatly increases [8].
According to some WHO reports, the concentration of these
elements in ground water is high in several countries includ-
ing Bangladesh, India, and Argentina [9, 10]. Heavy metals
in drinking-water are toxic and can easily enter the body.
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The genetic and epigenetic effects of these elements are
associated with an increased risk of different cancer types
[11].

Epigenetic mechanisms play an equally important if not a
more prominent role than genetic events in carcinogenesis.
These effects occur most frequently during the early stages
of tumor development. Epigenetic events include reversible
modification of histone proteins and CpG islands of gene
promoters that affect not only gene expression of germ and
somatic cells, but also cause indirect gene-sequence changes
[12,13].

CpG islands (5'-CG-3' sequence) exist in about 40% of
mammalian genes. Hypermethylation or hypomethylation of
C5 position of the cytosine base are involved in the inhibi-
tion of expression of tumor suppressor genes or the increase
of the oncogene expression, both of which contribute to can-
cer development and progression [14]. Gene silencing can
also take place through methylation of lysine 9 in histone-H3
(H3-K9), which results in a cascade of clustering of several
proteins including HP1 protein, SUV39H1 histone methyl-
transferase, histone deacetylases, DNA Methyl transferases,
and finally methyl-C binding proteins (MBD) [15-17].
Methylated cytosine may be spontaneously deaminated to
produce a thymine, resulting in a specific transition mutation
in CpG islands, for example in the TPs3 tumor suppressor
gene as a guard of genome. In addition, hypermethylation of
histone proteins causes changes in the chromatin configura-
tion, predisposing cells to allelic loss at a specific locus in
the chromosomes [18]. Such genetic and epigenetic altera-
tions in growth-control genes such as DNA-repair genes,
tumor suppressor genes, oncogenes, apoptotic genes, com-
bine to determine the cellular phenotype and differentiation
[13, 19].

In ranking the carcinogens, heavy metals have been clas-
sified by the International Agency for Research on Cancer
(IARC) and Environmental Protection Agency (EPA) as the
first group, except for selenium that has been listed within
group 3 (not carcinogen to humans) of the IARC classifica-
tion [20].

The goal of this review is the introduction and compari-
son of the epigenetic effects caused by the following ele-
ments in cancer-concerned genes in biological systems, in-
cluding in human and show that the incidence of cancer can
be reduced by adopting prevention behavior especially in
terms of drinking-water taking into consideration of the fol-
lowing elements and their conjugative:

ALUMINIUM

The compounds of this element have a wide range of
applications in different industries, including cosmetics, and
food additives [21]. Aluminum-induced carcinogenesis is
related to its ability to bind to the estrogen receptor and
mimic estrogen functions, therefore its named metalloestro-
gen [22]. Metalloestrogen triggers expression in genes that
contain estrogen responsive-element (ERE) on their promot-
ers. In mammary gland cells, this gives rise to an increase in
the number of divisions of breast cells, thus increasing repli-
cation errors in cancer-related genes [23]. It has been shown
that if antiperspirants containing aluminum applied on the
skin around the underarm and breast areas are not effectively
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washed, some aluminum salts remains in the area. This gives
rise to continuous exposure, and enhances the risk of breast
cancer [24].

There are two different groups of estrogen receptors
(ER). The first group exist in cytosol/nucleus (ER-a and ER-
B) and act as transcription factors by directly binding to
ERE, while the second one exists in plasma membrane as
transmembrane G-protein coupled receptors. These ERs can
also regulate gene expression via interaction with other tran-
scription factors, without directly binding to ERE. Plasma
membrane located ER46 is involved in endothelial nitric
oxide synthase (eNOS) phosphorylation and rapid nitric ox-
ide (NO) release via phosphatidyl inositol 3-kinase in endo-
thelial cells. Another plasma membrane located ER family
called ER66 regulates reporter gene expression [22]. Alumi-
num can bind to both nuclear and membrane ERs, and ERE;
as a result, it can activate both ER signal transductions.
Therefore, as expected, AI** treatment results in intracellular
NO generation [25].

In addition to breast carcinogenesis, estrogen can activate
telomerase gene expression as a gene containing ERE, in
ER-a positive cell, but not in ER negative cells, these results
in endometrial cancer [26]. The epigenetic effects of alumi-
num take place through the binding of trivalent (AF**) to the
phosphate groups of double stranded DNA under physiol-
ogic pH, thus changing DNA topology from B to Z in
(CCG)1, repeat regions [27]. The expansion of the triplet
repeats is named ‘‘dynamic mutation”, and may be localized
both in coding and non-coding regions. A minimum of 5-10
triplet-repeats increases the probability of hairpin forma-
tions, mainly in the lagging strand. Movement of DNA po-
lymerase along the hairpin structure leads to replication slip-
page and genomic instability, causing deletion mutations.
Expansion of more than 200 copies of these repeats leads to
excessive methylation of cytosines in the promoter of FMR1
gene which results in fragile X syndrome [28].

ARSENIC

Arsenic is mostly known as an epigenetic carcinogen
metalloid when in the form of an inorganic compound. Tri-
valent arsenite (As™®) has more carcinogenic properties than
the pentavalent arsenate (As™) [29, 30]. Trivalent arsenic
can bind with high affinity to thiol groups of proteins and
reduced glutathione (GSH) [31]. Long time uptake of drink-
ing-water containing low levels of arsenite, induces carcino-
genesis in skin, lung, bladder, and kidney tissues, resulting
from alteration in multiple signaling pathways [32]. The risk
of bladder cancer in people drinking water with an arsenic
level above 100 ppb increases over 15 times compared with
people living in areas with less than 10 ppb [33].

Arsenic is methylated for detoxification and excretion
from the body. It is exactly this reaction that gives rise to the
carcinogenic properties of arsenic through the epigenetic
transformations. This is contrary to the general belief that
considers the methylation as a way for detoxification. The
toxicity of monomethyl arsenic (MMAS) and dimethyl arse-
nic (DMAs) is more than arsenite [29, 31]. Arsenic methyla-
tion occurs by Glutatione S-transferase (GST), arsenic Il
methyltransferase (AS3MT), and S-adenosyl methionine
(SAM). These enzymes compete with DNA methyltrans-
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ferase (DNMT) for DNA methylation, hence, inhibiting
DNA methyltransferase indirectly, and inducing the
reactivation of silenced tumor suppressor genes [5, 34]. Ex-
posure to arsenic induces the ROS formation (through its
reduction) as an unavoidable reaction of normal cell metabo-
lism [35]. ROS, acting as a second messenger, are involved
in the activation of PI3K/Akt pathway and the subsequent
induction of transcription factor hypoxia inducible factor-1
(HIF-1a) but not HIF-1B, and vascular endothelial growth
factor (VEGF) induction [36-38].

Another important mechanism of arsenic induced car-
cinogenesis is through enhancing the genotoxicity of other
carcinogens, including ultraviolet radiation (UVR), ionizing
radiation, alkylating agents, or oxidants. UVR induces non-
melanoma skin cancer. Strands of DNA exposed to photons
of UVA and UVB break, and cyclobutane pyrimidine dimers
(CPDs) are formed [39, 40]. UVRs can activate a zinc-finger
protein family poly (ADP-ribose) polymerase (PARP), par-
ticularly one member of this family named PARP-1, has an
important role in the regulation of nucleotide excision repair
(NER). CPDs have been identified in p53 and PTCH tumor
suppressor genes and ras oncogenes [41, 42].

Arsenite stimulates inducible nitric oxide synthase
(iINOS) expression and NO production through mammalian
mitogen-activated protein kinases p38 and activation of nu-
clear transcription factor-kappa B (NF-xB) [43]. Between 40
to 60% of arsenic intake is excreted into the urine [44]. A
major proportion (60-80%) of urinary arsenic is composed of
dimethylated arsenic [45].

CHROMIUM

Trivalent chromium is an epigenetic carcinogen factor
since it can form stable compounds with macromolecules
such as DNA and cysteine residue of proteins and glu-
tathione [46]. The trivalent form of chromium cannot pass
the cell membrane; however, the hexavalent salts are able to
enter the cell and are converted to the trivalent form [47].
Thus, depending on the situation, reducing agents can affect
carcinogenic properties of chromium and inside the cell,
chromium (V1) can be converted to a carcinogen. During Cr
(V1) reduction, many compounds such as oxygen radicals,
DNA inter-strand cross links (ICLs), and single-strand
breaks (SSBs) may form. ICLs act as physical barriers to
DNA replication and transcription events, thus inducing
apoptosis [48]. The chromium carcinogenicity, particularly
in lung epithelial cells and fibroblasts, is imposed through
hypermethylation of CYPlal promoter. Chromium recruits
histone deacetylase 1 (HDAC1) and DNMT1, especially to
CYP1al promoter, and this assembly recruits BP1 and inhib-
its CYP1al gene expression [49]. CYP1Al is important in
the metabolism of carcinogens such as polycyclic aromatic
hydrocarbons (PAHs) and heterocyclic amines that are
widely distributed widely in our environment through auto-
mobile exhausts, cigarette smoke, charcoal-broiled cooking,
and industrial waste. In contrast to other cytochrome P450
enzymes such as epoxide hydrolase and dihydrodiol dehy-
drogenase that are involved in PAH- and Benzo(a)pyrene-
induced carcinogenesis, CYP1A1 inhibits PAH carcinogene-
sis. Thus, inhibition of CYP1A1 by chromium leads to the
production of a PAH [50]. PAHs have an important role in
the activation of cytosolic ligand-activated transcription fac-
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tor named aromatic hydrocarbon receptor (AhR) [51]. After
formation, the PAH-AhR complex is transferred into the
nucleus. In the nucleus, PAH is detached from the complex
and AhR binds to its nuclear partner, Arnt. This new com-
plex acts as a transcription factor and interacts with DRE of
CYP1A1 gene, leading to the activation of CYP1ALl gene
expression, thus causing bioactivation of exogenous procar-
cinogens of both hepatocellular and lung carcinomas [52].

It is interesting that PAH through binding to transcription
factor AhR, activates CYPlal gene expression, and
CYP1A1 inhibits PAH carcinogenesis, but in the presence of
Cr, the promoter of CYP1al is inactivated and PAH can act
as carcinogens [49]. Benzo(a) pyrene is also a member of
polycyclic aromatic hydrocarbon (PAHs) family that is
metabolically transformed from its pro-carcinogenic status
to the carcinogenic metabolite (BP-7,8-dihydrodiol-9,10-
epoxide (BPDE)), that can bind covalently to DNA and
form BPDE-DNA adducts and reactive oxygen species.
BPDE activates apoptosis through p53 —independent and —
dependent manner [53]. P53 dependent Cr-induced apoptosis
takes place by increasing p53 phosphorylation at serine 392,
as well as up-regulation of pro-apoptotic gene bcl-XS, and
caspase-7, and down-regulation of several anti-apoptotic
genes from Bcl2-family (bcl-W and bcl-XL), and bax. These
apoptotic events result in the destruction of the mitochondria
and release of cytochrome ¢ [54-57]. Moreover, Cr induces
the ATM protein production, which phosphorylates and acti-
vates Chk, protein. The phosphorylated Chk2 in turn phos-
phorylates and activates p53. The phosphorylated p53 does
not bind to MDMZ2 protein [13, 57]. Cr exposure at very high
concentrations activates all subclasses of MAPK through
phosphorylation; therefore, Cr acts as a MAPK kinase and
increases survival/proliferation in a dose-dependent manner.
This function is associated with its ability in ROS generation
[58, 59].

NICKEL

Water-insoluble nickel compounds including nickel sul-
fides, disulfides, and oxides readily enter the cell and are
very potent carcinogens [60]. In contrast, water-soluble
nickel compounds including acetate, chloride, nitrate, and
sulfate do not enter the cells as readily as water-insoluble
nickel compounds [61]. The increase in the usage of nickel
compounds and the spread of nickel due to its dissolution
from nickel ore-bearing rocks are the main causes of nickel
presence in the environment. The primary source of nickel in
drinking-water is the leaching of metals in water network
[62]. However, food is the major source of nickel exposure
in the non-smoking, non-occupationally exposed population,
but nickel absorption from water, was significantly higher
than absorption of nickel from beverages like tea, coffee, or
orange juice and milk [63]. Ni** induces carcinogenesis
through several processes including DNA hypermethylation
(H3K9 mono- and dimethylation), DNMT inhibition, DNA
mutation, ROS generation, inhibiting histone H2A, H2B, H3
and H4 acetylation, converting the tumor suppressor genes to
the heterochromatin, and substantial increases of the ubiquit-
ination of H2A and H2B [64]. Therefore, nickel plays an
important role in the suppression or silencing of genes [65].

Nickel binds to DNA in different positions. It binds to
phosphate backbone of DNA in place of Mg and promotes
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Tablel. Toxic Metals and their Reactive Forms

Al Binding of trivalent Aluminium ion (AI**) to the phosphate groups of double stranded DNA under physiologic pH, thus changing DNA
topology from B to Z in (CCG);, repeat regions

Cd All forms are toxic and need attention

Cr Trivalent chromium is an epigenetic carcinogen factor since it can form stable compounds with macromolecules such as DNA and cysteine
residue of proteins and glutathione. The trivalent form of chromium cannot pass the cell membrane; however, the hexavalent salts are able to
enter the cell and are converted to the trivalent form

Ni Ni?" induces carcinogenesis through the suppression or silencing of genes

Se Selenium, is detoxified by methylation through S-adenosylmethionine pathway, competition between arsenic, selenium and DNMT1 for
methyl donated by S-adenosylmethionine leads to DNA hypomethylation, and an increase in Selenium retention in tissues as biomagnificant.

Pb Organic forms are more toxic and easily absorbed by the gastrointestinal tract

As Inorganic arsenate [As(+5)] or [As(+3)] are more toxic

Hg Hg(11) Organomercurials mainly methylmercury, biologically magnified

the conversion of suppressor genes to the heterochromatin
[66]. Moreover, it’s binding to histone H4 leads to the inhibi-
tion of lysine acetylation, and subsequently DNA hyper-
methylation [67]. These events play an important role in
silencing of tumor suppressor genes and the other genes that
are involved in carcinogenesis pathways.

SELENIUM

Selenium is an essential trace element with a narrow
range between toxic and therapeutic doses; its activity is
therefore highly dose dependent. Enzymes containing sele-
nium such as glutathione peroxidase like other antioxidant
elements can protect body from oxidative damage and re-
duce the risk of cancer incidence and mortality through sev-
eral pathways such as apoptosis, and alteration of some col-
lagen types [68].

Since selenium, like arsenic is detoxified by methylation
through S-adenosylmethionine pathway, competition be-
tween arsenic, selenium and DNMT1 for methyl donated by
S-adenosylmethionine leads to DNA hypomethylation, and
an increase in arsenic retention in tissues [69]. Organic sele-
nium compounds such as selenomethionine, Se-methyl-
selenocysteine (Se-MSC), and particularly Selenocystine
(SeC), have shown more anticarcinogenic activity than inor-
ganic compounds in lung cancer model systems. However, in
contrast to selenomethionine, selenocystine decreases cellu-
lar reduced thiol agents like N-acetylcysteine (NAC) and
GSH, thus increasing the ROS formation [70].

Selenium-containing proteins can induce apoptosis path-
way through caspase activation. But, selenite, SeC, and sele-
nomethionine mostly activate apoptosis by caspase-
independent pathways through p53 activation and anti-
apoptotic inactivation and release of cytochrome ¢ from mi-
tochondria as follows. First, these compounds increase pro-
duction of reactive oxygen species. ROS-mediated modified
products such as DSBs, are detectd by ATM and ATR pro-
teins, which in turn can activate p53 in MCF-7 human breast
cancer cells and human prostate cancer. These DSBs can
even synergistically increase the intracellular ROS produc-
tion. Second, they induce p53 phosphorylation at Sers,

Seryy, and Sersg, residues, thus decreasing p53-MDM2
protein interaction and p53 stability [71].

The Se-MSC shows its anti-carcinogenic activity through
down regulation of some extracellular matrix proteins such
as collagen type | alpha 1 (COL,A1), COL;A; and COL/A;,
and up-regulation of COLgA; and COL4As genes in human
prostate cell line [72].

CONCLUDING REMARKS

Conclusively, based on experimental studies, the heavy
metals ability in ROS and NF-kB production, also human
genetic differences through polymorphisms in GST, metal-
lothioneins and heavy metal methyltransferase genes induce
carcinogenesis. Many of these results may eliminate by daily
antioxidant usage [73]. This review shows that these heavy
metals are carcinogen (Table 1), particularly epigenetic car-
cinogen and might be solely responsible for tumors presenta-
tion and progression. The ongoing research works throw
more light onto new insights and biochemical and molecular
mechanisms involved in the development of pathological
conditions in human.
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