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Abstract: Heavy metals and their derivatives can cause various diseases. Numerous studies have evaluated 
the possible link between exposure to heavy metals and various cancers. Recent data show a correlation 
between heavy metals and aberration of genetic and epigenetic patterns. From a literature search we noticed few experi-
mental and epidemiological studies that evaluate a possible correlation between heavy metals and brain tumors. Gliomas 
arise due to genetic and epigenetic alterations of glial cells. Changes in gene expression result in the alteration of the cel-
lular division process. Epigenetic alterations in brain tumors include the hypermethylation of CpG group, hypomethyla-
tion of specific genes, aberrant activation of genes, and changes in the position of various histones. Heavy metals are ca-
pable of generating reactive oxygen assumes that key functions in various pathological mechanisms. Alteration of homeo-
stasis of metals could cause the overproduction of reactive oxygen species and induce DNA damage, lipid peroxidation, 
and alteration of proteins. In this study we summarize the possible correlation between heavy metals, epigenetic altera-
tions and brain tumors. We report, moreover, the review of relevant literature. 
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INTRODUCTION 

Heavy metals are commonly present in the environment 
[1]. Prolonged exposure to these elements, including arsenic, 
nickel, lead, and cadmium, has been associated with various 
diseases, such as cancer, cardiovascular and neurological 
diseases [2]. A potential link between DNA methylation and 
heavy metals has been recently reported [3-5]. The produc-
tion of reactive oxygen species (ROS) by metals induces the 
formation of free radicals [6]. Oxidative DNA damage alters 
the activity of methyltransferases resulting in an abnormal 
methylation of cytosine residues at CpG sites [7, 8]. 
 Epigenetic is the study of heritable modifications in gene 
expression not due to changes in the primary DNA sequence 
[9, 10]. Epigenetic mechanisms can modify genome function 
under exogenous influence, permitting a continuous propa-
gation of gene activity to the next cell generation. Indeed, 
modifications of DNA methylation processes and histone 
alterations can induce a progress in various diseases such as 
cancers, and neurological diseases [11]. In cerebral gliomas, 
genetic alterations cause the dysregulation of cellular cycle 
and progression of neoplastic lesion. However, the epige-
netic mechanisms in gliomas remain poorly understood and 
are object of various experimental investigations. 
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 Recent literature has evidenced cancer incidence, includ-
ing gliomas, in subjects with prolonged exposure to heavy 
metals such as lead, nickel, chromium, and cadmium [5, 6, 
12]. Carcinogenic metals can alter various cellular processes 
causing DNA damages with oxidative and nonoxidative 
mechanisms. The present study summarizes the pertinent 
literature. 

GENETICS OF BRAIN TUMORS 

Gliomas are the most common primary brain tumors in 
adults. In the WHO classification [13] gliomas are divided 
into four different histotypes. Grade I gliomas show a slow 
proliferation rate. Grade II gliomas show an important cellu-
lar differentiation and could present a malignant progression. 
Grade III lesions evidence many mitotic cells and cellular 
atypia. Grade IV tumors include glioblastoma (GBM) and 
gliosarcoma and present microvascular proliferation and 
pseudopalisading necrosis [13]. 
 The mechanism that leads to gradual neoplastic transfor-
mation through the transition from low-grade to high-grade 
gliomas is characterized by several mechanisms, including 
the mutation of the P53 gene. The effects of this genetic al-
teration are the loss of cellular regulation, the abnormal ex-
pression of cycline dependent kinase 4 and 6 (CDK4 and 
CDK6) and of ubiquitin ligase Mdm2 and Mdm4 [14]. 
 The biological events that stimulate the gliomas' devel-
opment are not totally understood. The gliomagenesis is 
characterized by numerous molecular processes involving 
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increased or altered production of many growth factor recep-
tors [15-18]. Primary GBM shows amplification of the epi-
dermal growth factor receptor (EGFR), deletion or mutation 
of homozygous cyclin-dependent kinase (CDK) inhibitor 
p16INK4A/(CDKN2A), alterations in tumor-suppressor 
phosphatase and tensin homologue (PTEN) on chromosome 
10, and deletion in the INK4a [16]. Secondary GBM is asso-
ciated with deletion of chromosome 10, which includes 
PTEN. PTEN is a negative regulator of the phosphoinositide 
3-kinase (PI3K) pathway, a major signalling pathway that 
stimulates cellular proliferation [19]. 
 The P53 tumor suppressor gene controls the cell cycle by 
allowing the processes of DNA repair and removal of altered 
cells [20]. The effects of the mutation of the P53 are the loss 
of cellular cycle regulation, the abnormal expression of 
CDK4, CDK6, VEGF and FGF� [20]. The deletion of 
NFKBIA (encoding nuclear factor of �-light polypeptide 
gene enhancer in B-cells inhibitor-�), promotes tumorigene-
sis in GBM that do not show alterations of EGFR [16]. Bre-
del et al. observed, in a large series of 790 human GBM, that 
NFKBIA was frequently deleted in GBM [21]. 
 The PI3K/Akt pathway is a regulator of tumor cell me-
tabolism, growth, proliferation, and survival [15]. The tu-
mor-suppressor PTEN negatively regulates the PI3K path-
way by dephosphorylating phosphatidylinositol-3,4,5- 
triphosphate (PIP3) back to phosphatidylinositol-4,5-biphos- 
phate (PIP2) [22]. 
 The isocitrate dehydrogenase 1 (IDH1), is an enzyme 
present in the cytoplasm and peroxisomes, that induces the 
process of reduction of NADP+ to NADPH. Genomic analy-
sis has demonstrated the mutation of amino acid 132 of 
IDH1, in over 70% of patients affected by gliomas [23]. 
 Mutations of the ATRX gene have been found in gliomas 
and were shown to refine the prognosis of malignant gliomas 
in combination with IDH and 1p/19q status [24]. The ATRX 
gene is located on chromosome Xq21.1 and regulates the 
incorporation of the histone variant H3.3 at pericentric het-
erochromatin and at telomeres [25]. ATRX has been associ-
ated with altered patterns of DNA methylation, chromosomal 
alterations, and telomeric dysfunction [26]. Mutations of 
ATRX occur frequently in grade II astrocytomas (67%), 
grade III astrocytomas (73%), secondary GBMs (57%), and 
in mixed tumors of astrocytic and oligodendrocytic lineage 
(68%), whereas they are rare in primary GBMs (4%) [27]. 

EPIGENETICS OF BRAIN TUMORS 

Epigenetic abnormalities frequently affect many biologi-
cal mechanisms including cellular cycle regulation [29]. Be-
cause of their reversible nature, epigenetic alterations are 
under observation for the development of new therapeutic 
strategies. Features of cancer epigenetics are DNA methyla-
tion, nucleosome remodelling, and various processes of 
acetylation, methylation, and histones modifications. 
 The process of methylation is regulated by three principal 
DNA methyltransferases (DNMTs) [30, 31]. DNA methyla-
tion involves the covalent bond of a methyl group to the car-
bon-5 position of cytosine (C) to structure the 5-
methylcytosine (5-mC), in cytosine-guanine (CpG) dinucleo-
tides [32]. The process of cytosine methylation of CpG 

dinucleotides is often related to the inhibition of mechanisms 
of transcription [32]. Generally, neoplastic cells show, at the 
same time, complete hypomethylation and regional hyper-
methylation; instead, the process of hypermethylation occurs 
in specific gene-associated CpG areas unmethylated [30]. 
The processes of hypermethylation promote gene silencing 
regulators of various biological events such as DNA repair, 
apoptosis and angiogenesis. Primary GBMs are often linked 
to the demethylation and transcriptional activation of the 
oncogene MAGEA1 [33]. The MGMT gene regulates a 
DNA repair enzyme that removes alkyl adducts from the O6-
position of guanine. Methylation of MGMT gene’s promoter 
makes cancer cells more responsive to the alkylating agent’s 
effects [34] and, at the same time, represents a predictive 
factor of favorable survival in GBM patients [34]. IDH1 mu-
tation causes the inhibition of demethylation of DNA, and 
the accumulation of methylated DNA [35, 36]. 
 Epigenetic alterations of histone affect the integrity of the 
genome and the genic expression. Histones are nuclear pro-
teins that package DNA into nucleosomes [30]. The N-
terminal tracts of histones are subject to many modifications, 
such as acetylation, methylation, phosphorylation, ADP-
ribosylation [37]. In genomic analysis of GBM, various al-
terations of the histone were evidenced. Frequently, in re-
sponse to alteration of the regulatory genes have been dem-
onstrated an important aberration of the histone deacetylases 
2 and 9 (HDAC2 and HDAC9) [37]. In GBMs than in low-
grade astrocytomas, the expression of mRNA is decreased, 
while the histone 3 appeared more acetylated [38]. BMI-1 
protein regulates histone H3K27 methylation; the epigenetic 
alteration of the gene that controls the encoding of the pro-
tein BMI-1 is associated to a poor prognosis [39]. Moreover, 
the epigenetic alteration of the encoding of BMI-1 also in-
hibits the Ink4a/Arf locus, stimulating cell proliferation [40]. 
A recent study has demonstrated that, in pediatric GBMs, the 
recurrent mutations in H3F3A affect amino acid substitu-
tions at two positions within the histone tail (K27M, G34R⁄
G34V) [41]. GBMs characterized by the H3F3A/G34 muta-
tion are mainly localized in the cerebral hemispheres, and 
show high rates of mutation in P53, ATRX and DAXX [41].
On the other hand, GBMs that have the H3F3A/K27 muta-
tion show a median localization, a high incidence of TP53 
mutation, and DNA hypomethylation [41]. These cases are 
burdened with a poor prognosis [41]. 
 MicroRNAs (miRNAs), are potential epigenetic regula-
tory effectors, and their dysregulation expression has been 
observed in various types of tumors. MiRNAs are segments 
of 19-25 nucleotides which can modify gene expression 
through interactions with mRNAs, blocking translation of 
mRNAs [42]. Reduced levels of miR-21 cause caspases acti-
vation and apoptosis [43]. In an experimental study, was 
observed, in human GBM samples and in GBM cellular lines 
(A172, U87, U373, LN229, LN428, and LN308), an overex-
pression of miR-21. The abnormal expression of mir-21 in-
hibited the expression of regulatory genes and apoptotic ac-
tivity, both at the same time being responsible for the malig-
nant progression of the tumor [43]. Aberrant increased ex-
pression of miR-21 promotes glioma invasive phenotype, by 
regulating genes that control in glioma cells, apoptosis path-
way, migration and invasiveness processes, including the 
RECK and TIMP3 genes, inhibitors of matrix metalloprote-
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inases [44]. In another study was demonstrated a decrease of 
cell proliferation as a result of reduced expression of miR-
128 [45]. MiR-124 and miR-137 stimulate the cell cycle ar-
rest in glioma cells; in fact, their expression in high grade 
gliomas is significantly reduced [46].  

EPIGENETIC MECHANISM OF HEAVY METALS 

 Homeostasis of metal ions is obtained through complex 
mechanisms of uptake, storage and secretion [4, 5]. How-
ever, chronic exposure to metals can cause toxic effects and 
it is a concentration-dependent phenomenon [4, 5]. Toxic 
metal ions compete with indispensable ions for biological 
binding sites, altering the function of various molecules and 
the metal homeostasis [47]. The ability of metals to produce 
ROS and consequently to modify cellular redox states are 
believed valid mechanisms in metal-induced carcinogenicity 
[48, 49]. Intracellular accumulation of ROS and reactive 
nitrogen species induces a cellular redox disproportion that is 
often linked to carcinogenesis [50]. Oxidative stress causes 
the production of H2O2, precursor of the ˙OH radical, which, 
successively, can diffuse freely in the cells and in the tissues 
[51]. DNA mutations, instability of the genome, strand 
breakage, bases alterations and cell death are events linked to 
oxidative DNA impairment [52]. Oxidative stress damages 
bio-macromolecules, including proteins and lipids, induces 
various pathological conditions such as cancer, cardiovascu-
lar diseases, diabetes, Alzheimer’s and Parkinson’s disease 
[51, 52]. Moreover, recent studies show that the oxidative 
stress can also induce epigenetic alterations, and abnormal 
cellular growth [5, 8]. Generally speaking, DNA methyla-
tion, histone alterations and components of chromatin repre-
sent potential mediators of epigenetic inheritance. 
 Arsenic is largely diffused in the soil and in water. From 
the data highlighted by various studies it can be stated that 
prolonged exposure to this element is related to the processes 
of methylation of specific suppressor genes such as P15, 
P16, P53, and DAPK [53-55]. Recent data have shown, in 
subjects exposed to a prolonged contact with arsenite, hy-
permethylation of DNA in the promoter regions of the cy-
clin-dependent kinase inhibitor 2A (CDKN2A/p16INK4a), 
Ras association domain family protein 1A (RASSF1A) and 
serine protease 3 (PRSS3) [56]. Trivalent arsenic has been 
correlated with reduced H3 and H4 lysine 16 acetylation in 
human bladder epithelial cells [57]. Nickel is a metal largely 
used in industry. Recent data demonstrate that the nickel 
processing causes a decrease in the expression of the DNA 
repair gene O6-methylguanine DNA methyltransferase 
(MGMT) in lung cancer cells [58]. Nickel also induces his-
tone modifications including increases in H3K9 dimethyla-
tion, loss of histone acetylation in H2A, H2B, H3, and H4, 
and increases in H2A and H2B ubiquitination [59, 60]. 
More, nickel stimulate H3 phosphorylation, specifically in 
serine 10 (H3S10) via activation of the c-jun N-terminal 
kinase/stress-activated protein kinase pathway [61]. Cad-
mium (Cd) is used in metallurgy industry and in the produc-
tion of batteries and pigments. Cadmium interferes with cell 
proliferation, differentiation and apoptosis pathways. Cad-
mium inhibits DNMT activities and induces in vitro DNA 
hypomethylation in TRL1215 rat liver cells [62]. Continued 
exposure to Cd causes the increase in activity of DNMT, 
hypermethylation of DNA, and the loss of expressiveness of 

tumor suppressor genes RASSF1A and p16 [63]. Moreover, 
some experimental studies evidenced the association be-
tween Cd exposure and miRNA expression [64, 65]. Scien-
tific data show that exposure to cadmium legume Medicago 
truncatula causes the abnormal expression of six miRNAs, 
specifically the miR-393, miR-171, miR-319 and miR-529 
were overexpressed while the miR-166 and miR-398 under-
expressed [65]. Yet, through the analysis of new experimen-
tal data, in the genomic study of Brassica napus, was demon-
strated the ability of cadmium to alter the expression of other 
micro RNA such as miR-156, miR-393, miR-171, and miR-
396a [64]. Lead (Pb) is a high toxic metal that can be pre-
pared in metallic and ionic form, and also as salt [66]. It re-
sidual long in water, soil, dust, and in manufactured products 
containing the metal. Food, air and drinking water are the 
major sources of lead exposure [66]. Lead is a genotoxic 
agent and induces DNA breaks and chromosome aberrations 
inducing oxidative stress. The formation of free radical can 
be directed including H2O2, and hydroperoxides or by reduc-
ing cell antioxidants [67]. In primates within the first year of 
life, who have taken constant amounts of lead, a marked de-
crease of the methyltransferases DNMT1 and DNMT3A was 
observed to be associated with important modifications of 
histones H3K9ac, H4K8ac, H4K12ac and H3K4me2 [68]. 
These epigenetic alterations would be responsible for ab-
normalities in the function of genes involved in brain activi-
ties such as neuron-derived orphan receptor 1 (NOR1), 
membrane associated phospholipase A2 precursor (PLA2) 
and flavoprotein subunit of complex II [68]. 

HEAVY METALS AND BRAIN TUMORS 

 Various studies highlight a correlation between industrial 
activities and cancer incidences. Heavy metals are soluble in 
water and can, therefore, be easily absorbed. In the living 
organisms, these metals bind to a large variety of bio-
molecules damaging their functions. Recent evidences from 
epidemiological studies demonstrate that some neurological 
diseases, such as Alzheimer’s and Parkinson’s disease, may 
be correlated to heavy metals' exposure. Although the exact 
mechanisms are still unclear, new data suggest that metals 
cause oxidative stress, neuroinflammation, and cellular 
death. The formation of radicals is increased in the brain 
because of the considerable oxygen metabolism of neurons 
[69-71].  
 Microglia are parenchymal cells capable of antigen pres-
entation to T-cells that patrol the CNS. Microglia seem to 
facilitate glioma invasion digesting extracellular matrix 
components restricting tumor cell motility [72]. Tumor asso-
ciated macrophage/microglia show a key role in the secretion 
of growth factors, cytokines and matrix metalloproteinases 
which represent the key angiogenic effector cells capable of 
modulating angiogenesis in gliomas [72]. Activated micro-
glia release oxygen metabolites, reactive nitrogen species, 
and proteinases. Autopsy studies have shown an increase of 
CD14, expression of monocyte infiltration, in subjects 
chronically exposed to heavy metals [73]. Microglial activa-
tion by manganese chloride also induces neurotoxicity in
vitro and the use of antioxidants, such as superoxide dismu-
tase/catalase, glutathione, or inhibitors of NO biosynthesis 
effectively protected dopaminergic neurons [74]. Also, the 
blood-brain barrier that protects the brain parenchyma from 
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toxic substances [16] can be damaged as a result of systemic 
inflammation secondary to the absorption of air pollutants 
[75]. 
 Numerous epidemiological studies have investigated the 
role of occupational exposures in the etiology of brain tu-
mors but the results have been inconsistent. In a recent epi-
demiologic study has been evaluated the etiological role of 
occupation in gliomas development. The results showed an 
increased risk, particularly for low-grade gliomas, only for 
men engaged in the metal industry [76]. In 1970, a cohort of 
413,877 Finnish women with blue-collar occupations was 
checked for the risk of cerebral tumors. Augmented risks 
were found for iron exposure (standardized incidence ratio, 
2.15; 95% confidence interval, 0.96 to 4.80), chromium 
(1.51; 0.85 to 2.67), lead (1.27; 0.81 to 2.01), and cadmium 
(1.26; 0.72 to 2.22) [77]. A recent study confirms the car-
cinogenic effects of cadmium showing its effects on increas-
ing the permeability of the BBB [78]. Various observations 
have demonstrated that prolonged contacts to arsenic or its 
compounds are correlated to major risk of lung, skin, liver, 
bladder, and brain cancers [79]. Lead could facilitate the 
processes of carcinogenesis, altering the process of DNA 
synthesis and repair, inhibiting the activity of tumor suppres-
sor proteins. Recent evidence suggests that lead is able to 
cross the barrier causing an increase of its values in the brain 
parenchyma [80]. In an epidemiological study, Steenland 
and Boffetta evaluated 6 occupational cohort concerning 
brain cancer risk in patients with prolonged metal exposure. 
The incidence of brain tumors was more evident in individu-
als chronically exposed to metallic elements [81]. In another 
epidemiological study the risk of developing brain tumors as 
a result of continued exposure to lead were evaluated using 
standardized mortality ratio and proportional hazards and 
Poisson regression techniques, adjusting for the effects of 
age, gender and other covariates. The data obtained show an 
increased likelihood of incidence of brain tumors in those 
most exposed to lead [82]. Other research, in subjects ex-
posed to lead, has documented alterations in the processes of 
DNA repair [83]. In addition, case-control studies of occupa-
tional exposures to lead report slight increased risk of cere-
bral tumors in the highest levels of lead [84, 85]. In other 
epidemiological studies, a significant association between 
meningioma risk and prolonged exposure to lead was found 
[86-88]. In a research study, the potential carcinogenetic role 
of metals such as nickel, cadmium, chromium, arsenic, sili-
con and beryllium for human brain tumors was investigated. 
A statistically significant association was inferred between 
the development of cerebral tumors and the concentrations of 
silicon (p = 0.01), magnesium (p = 0.01), calcium (p = 0.03), 
and zinc (p = 0.05) [89]. In a recent study, the possible pres-
ence of heavy metal in patients affected by malignant 
glioma, was investigated. Analysis of serum concentrations 
of metals including Zn, Pb, Co, Cd, and Fe was performed 
by spectrophotometric examination. Serum Cd, Fe, Mg, Mn, 
Pb and Zn levels were increased in patients group compared 
to control group [90]. Mercury is an environmental toxicant 
that is correlated with brain toxicity. Humans can be exposed 
to methylmercury (MeHg), a neurotoxic organic form of 
mercury, by consuming contaminated seafood. MeHg shows 
a genotoxic activity causing damage to the central nervous 
system, and to the cardiovascular and renal systems [91]. 

However, a potential carcinogenicity activity of mercury in 
brain tumors is not well demonstrated. An epidemiologic 
study has revealed that occupational chromium exposure 
represents a risk factor for lung cancer, malignant lymphoma 
and brain tumor [92]. 

CONCLUSION 

 Malignant glioma treatment remains one of the most 
challenging areas of neurosurgery. Improvements in surgical 
technique, including intra-operative mapping, permit only a 
better management of gliomas. Radiation therapy and che-
motherapy are only used as adjuvant therapy [18]. Targeted 
therapies are intriguing strategies able to upregulate the se-
lectivity of therapeutic agents and restrict systemic toxicity. 
The information about the genetic bases of gliomas and their 
progression are poor. A large number of molecules, such as 
proteases, and cellular adhesion molecules show a key role 
in gliomas development [15]. Considering the large number 
of molecules and pathways regulating biology gliomas, the 
inhibition of a single target is not sufficient to conflict neo-
plastic progression [16]. Heterogeneity of the glioma cells, 
which includes expression of cellular surface receptors, as 
well as proliferative and angiogenic features, might be at-
tributed to morphological and epigenetic plasticity. Under-
standing the mechanisms of these processes may help us in 
developing a better definition of gliomagenesis and of the 
biological events identifying novel molecular and most sen-
sible targets. Risk factors for gliomas are largely unknown, 
except for hereditary syndromes such as neurofibromatosis, 
or tuberous sclerosis, as well as ionizing radiation to the 
head. Both inherited disorders and irradiation are rare occur-
rences, accounting for less than 10% of all gliomas and sug-
gesting that complex genetic abnormalities combined with 
unknown environmental factors predispose individuals to 
glioma development [93]. Interactions and/or alteration of 
genes that interact with specific environment entities can 
occur at various genomic levels, including DNA, genes and 
chromosomes. 
 Prolonged exposure to heavy metals such as lead, nickel, 
arsenic, and cadmium is strongly correlated with an in-
creased likelihood of malignancy and, specifically, for brain 
tumors as well as of disorders of the cardiovascular system 
and the renal system, and cognitive impairment in children. 
From experimental data, it is evident that exposure to car-
cinogenic metals can be correlated to alterations in the epi-
genetic profile. Experimental and epidemiological data have 
confirmed the potential carcinogenicity of certain heavy 
metals. This peculiarity is expressed through various epige-
netic mechanisms such as alteration in the expression of spe-
cific genes, disorder in the processes of DNA methylation 
and inhibition of DNA repair processes. The production of 
free radicals and oxidative stress could represent the initia-
tion of these processes. Objective of future research is repre-
sented by the discovery of new molecular pathways able to 
explain the correlation between heavy metals exposure and 
carcinogenesis. 

CONFLICT OF INTEREST 

 The author(s) confirm that this article content has no con-
flict of interest. 



Heavy Metals and Brain Tumors Current Genomics, 2014, Vol. 15, No. 6    461

ACKNOWLEDGEMENTS 

 Declared none. 

REFERENCES 
[1] Ming-Ho, Y. Environmental Toxicology: Biological and Health 

Effects of Pollutants, 2nd ed.; CRC Press: BocaRaton, 2005.
[2] Hemdan, N.Y.; Emmrich, F.; Faber, S.; Lehmann, J.; Sack, U. 

Alterations of TH1/TH2 reactivity by heavy metals: possible con-
sequences include induction of autoimmune diseases. Ann. N.Y. 
Acad. Sci., 2007, 1109, 129-137. 

[3] Baccarelli, A.; Bollati, V. Epigenetics and environmental chemi-
cals. Curr. Opin. Pediatr., 2009, 21(2), 243-251. 

[4] Cheng, T-F.; Choudhuri, S.; Muldoon-Jacobs, K. Epigenetic targets 
of some toxicologically relevant metals: a review of the literature. 
J. Appl. Toxicol., 2012, 32, 643-653. 

[5] Martinez-Zamudio, R.; Ha, H.C. Environmental epigenetics in 
metal exposure. Epigenetics, 2011, 6, 820-827. 

[6] Leonard, S.S.; Bower, J.J.; Shi, X. Metal-induced toxicity, carcino-
genesis, mechanisms and cellular responses. Mol. Cell. Biochem., 
2004, 255, 3-10. 

[7] Valinluck, V.; Tsai, H.H.; Rogstad, D.K.; Burdzy, A.; Bird, A.; 
Sowers, L.C. Oxidative damage to methyl-CpG sequences inhibits 
the binding of the methyl-CpG binding domain (MBD) of methyl-
CpG binding protein 2 (MeCP2). Nucleic Acids Res., 2004, 32,
4100-4108.  

[8] Ali, A.H.; Kondo, K.; Namura, T.; Senba, Y.; Takizawa, H.; Naka-
gawa, Y. Aberrant DNA methylation of some tumor suppressor 
genes in lung cancers from workers with chromate exposure. Mol. 
Carcinog., 2011, 50, 89-99.  

[9] Wolffe, A.P.; Guschin, D. Review: chromatin structural features 
and targets that regulate transcription. J. Struct. Biol., 2000, 129,
102-122. 

[10] Feinberg, A.; Oshimura, M.; Barrett, J. Epigenetic mechanisms in 
human disease. Cancer Res., 2002, 62, 6784-6787. 

[11] Rodenhiser, D.; Mann, M. Epigenetics and human disease: translat-
ing basic biology into clinical applications. C.M.A.J., 2006, 174,
341-348. 

[12] Arita, A.; Costa, M. Epigenetics in metal carcinogenesis: nickel, 
arsenic, chromium and cadmium. Metallomics, 2009, 1, 222-228. 

[13] Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, 
P.C.; Jouvet, A. The 2007 WHO classification of tumours of the 
central nervous system. Acta Neuropathol., 2007, 114, 97-109. 

[14] Xiong, S. Mouse models of Mdm2 and Mdm4 and their clinical 
implications. Chin. J. Cancer, 2013, 32, 371-375. 

[15] Caruso, G.; Caffo, M.; Pino, M.A.; Raudino, G. The Treatment of 
Cerebral Gliomas. Antisense Oligonucleotides Therapy: A New 
Potential Tool. In: Frontiers in Clinical Drug Research - CNS and 
Neurological Disorders, 1st ed.; Atta-ur-Rahman; Ed.; Bentham 
Science Publishers; Sharjah, UAE, 2013; pp. 69-115. 

[16] Caruso, G.; Caffo, M.; Alafaci, C.; Raudino, G.; Salpietro, F.M.; 
Tomasello, F. Antisense oligonucleotides as an innovative thera-
peutic strategy in the treatment of high-grade gliomas. Rec. Pat. 
CNS Drug Discov., 2010, 5, 53-69. 

[17] Caffo, M.; Caruso, G.; Passalacqua, M.; Angileri, F.F.; Tomasello, 
F. Antisense oligonucleotides therapy in the treatment of cerebral 
gliomas: A review. J. Genet. Syndr. Gene Ther., 2013, 4, 10. 

[18] Caruso, G.; Caffo, M. Antisense oligonucleotides in the treatment 
of cerebral gliomas. Review of concerning patents. Rec. Pat. CNS 
Drug Discov., 2014, 9, 2-12. 

[19] Kreth, S.; Thon, N.; Kreth, F.W. Epigenetics in human gliomas. 
Cancer Lett., 2014, 342, 185-192. 

[20] Hong, B.; van den Heuvel, A.P.; Prabhu, V.V.; Zhang, S.; El-
Deiry, W.S. Targeting tumor suppressor p53 for cancer therapy: 
strategies, challenges and opportunities. Curr. Drug Targets, 2014,
15(1), 80-89. 

[21] Bredel, M.; Scholtens, D.M.; Yadav, A.K.; Alvarez, A.A.; Ren-
frow, J.J.; Chandler, J.P. NFKBIA deletion in glioblastomas. N. 
Engl. J. Med., 2011, 364(7), 627-637. 

[22] Garcia-Junco-Clemente, P.; Golshani, P. PTEN: A master regulator 
of neuronal structure, function, and plasticity. Commun. Integr. 
Biol., 2014, 7(1), e28358. 

[23] Zou, P.; Xu, H.; Chen, P.; Yan, Q.; Zhao, L.; Zhao, P.; Gu, A. 

IDH1/IDH2 mutations define the prognosis and molecular profiles 
of patients with gliomas: a meta-analysis. PLoS One, 2013, 8(7), 
e68782. 

[24] Haberler, C.; Wöhrer, A. ATRX, a new candidate biomarker in 
gliomas. Clin. Neuropathol., 2014, 33(2), 108-111. 

[25] Clynes, D.; Higgs, D.R.; Gibbons, R.J. The chromatin remodeler 
ATRX: a repeat offender in human disease. Trends Biochem. Sci.,
2013, 38, 461-466. 

[26] Clynes, D.; Gibbons, R.J. ATRX and the replication of structured 
DNA. Curr. Opin. Genet. Dev., 2013, 23, 289-294. 

[27] Jiao, Y.; Killela, P.J.; Reitman, Z.J.; Rasheed, A.B.; Heaphy, C.M.; 
de Wilde, R.F. Frequent ATRX, CIC, FUBP1 and IDH1 mutations 
refine the classification of malignant gliomas. Oncotarget, 2012, 3,
709-722. 

[28] Jones, P.A.; Baylin, S.B. The fundamental role of epigenetic events 
in cancer. Nat. Rev. Genet., 2002, 3, 415-428. 

[29] Probst, A.V.; Dunleavy, E.; Almouzni, G. Epigenetic inheritance 
during the cell cycle. Nat. Rev. Mol. Cell. Biol., 2009, 10, 192-206.  

[30] Kondo, Y.; Katsushima, K.; Okha, F.; Natsume, A.; Shinjo, K. 
Epigenetic dysregulation in glioma. Cancer Sci., 2014, 105, 363-
369. 

[31] Rossella, F.; Polledri, E.; Bollati, V.; Baccarelli, A.; Fustinoni, S. 
(2009). Development and validation of a gas chromatography/mass 
spectrometry method for the assessment of genomic DNA methyla-
tion. Rap. Commun. Mass Spectrom., 2009, 23, 2637-2646. 

[32] Ji, W.; Yang, L.; Yu, L.; Yuan, J.; Hu, D.; Zhang, W. Epigenetic 
silencing of O6-methylguanine DNA methyltransferase gene in 
NiS-transformed cells. Carcinogenesis, 2008, 29, 1267-1275.  

[33] Cadieux, B.; Ching, T.T.; VandenBerg, S.R.; Costello, J.F. Ge-
nome-wide hypomethylation in human glioblastomas associated 
with specific copy number alteration, methylenetetrahydrofolate 
reductase allele status, and increased proliferation. Cancer Res.,
2006, 66, 8469-8476. 

[34] Thon, S.; Kreth, S.; Kreth, F.W. Personalized treatment strategies 
in glioblastoma: MGMT promoter methylation status. Onco. Tar-
gets Ther., 2013, 6, 1363-1372. 

[35] Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A. 
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. 
Nature, 2009, 462, 739-744. 

[36] Figueroa, M.E.; Abdel-Wahab, O.; Lu, C.; Ward, P.S.; Patel, J. 
Leukemic IDH1 and IDH2 mutations result in a hypermethylation 
phenotype, disrupt TET2 function, and impair hematopoietic dif-
ferentiation. Cancer Cell, 2010, 18, 553-567. 

[37] Lucio-Eterovic, A.K.; Cortez, M.A.; Valera, E.T.; Motta, F.J.; 
Queiroz, R.G. Differential expression of 12 histone deacetylase 
(HDAC) genes in astrocytomas and normal brain tissue: class II 
and IV are hypoexpressed in glioblastomas. BMC Cancer, 2008, 8, 
243. 

[38] Wu, G.; Broniscer, A.; McEachron, T.A.; Lu, C.; Paugh, B.S.; 
Becksfort, J. Somatic histone H3 alterations in pediatric diffuse in-
trinsic pontine gliomas and non-brainstem glioblastomas. Nat. 
Genet.; 2012, 44, 251-253. 

[39] Hayry, V.; Tanner, M.; Blom, T.; Tynninen, O.; Roselli, A. Copy
number alterations of the polycomb gene BMI1 in gliomas. Acta 
Neuropathol., 2008, 116, 97-102. 

[40] Dhawan, S.; Tschen, S.I.; Bhushan, A. Bmi-1 regulates the 
Ink4a/Arf locus to control pancreatic beta-cell proliferation. Genes 
Dev., 2009, 23(8), 906-911, 

[41] Sturm, D.; Witt, H.; Hovestadt, V.; Khuong-Quang, D.A.; Jones, 
D.T.; Konermann, C. Hotspot mutations in H3F3A and IDH1 de-
fine distinct epigenetic and biological subgroups of glioblastoma. 
Cancer Cell, 2012, 22, 425-437. 

[42] Stefani, G.; Slack, F.J. Small non-coding RNAs in animal devel-
opment. Nat. Rev. Mol. Cell. Biol., 2008, 9, 219-230. 

[43] Chan, J.A.; Krichevsky, A.M.; Kosik, K.S. MicroRNA-21 is an 
antiapoptotic factor in human glioblastoma cells. Cancer Res.,
2005, 65, 6029-6033. 

[44] Gabriely, G.; Wurdinger, T.; Kesari, S.; Esau, C.C.; Burchard, J.; 
Linsley, P.S.; Krichevsky, A.M. (2008) MicroRNA 21 promotes 
glioma invasion by targeting matrix metalloproteinase regulators. 
Mol. Cell. Biol., 2008, 28, 5369-5380. 

[45] Godlewski J, Nowicki MO, Bronisz A, Williams, S.; Otsuki, A.; 
Nuovo, G. Targeting of the Bmi-1 oncogene/stem cell renewal fac-
tor by microRNA-128 inhibits glioma proliferation and self-



462 Current Genomics, 2014, Vol. 15, No. 6 Caffo et al.

renewal. Cancer Res., 2008, 68, 9125-9130. 
[46] Silber, J.; Lim, D.A.; Petritsch, C.; Persson, A.I.; Maunakea, A.K.; 

Yu, M. miR-124 and miR-137 inhibit proliferation of glioblastoma 
multiforme cells and induce differentiation of brain tumor stem 
cells. BMC Medicine, 2008, 6, 14. 

[47] Bertini, I.; Cavallaro, G. Metals in the “omics” world: copper ho-
meostasis and cytochrome c oxidase assembly in a new light. J. 
Biol. Inorg. Chem., 2008, 13, 3-14. 

[48] Koedrith, P.; Seo, Y.R. 2011. Advances in carcinogenic metal 
toxicity and potential molecular markers. Int. J. Mol. Sci., 2011, 12,
9576-9595. 

[49] Jomova, K.; Valko, M. Advances in metal-induced oxidative stress 
and human disease. Toxicology, 2011, 283, 65-87. 

[50] Dröge, W. Free radicals in the physiological control of cell func-
tion. Physiol. Rev., 2002, 82, 47-95. 

[51] Cadet, J.; Douki, T.; Ravanat, J.L. Oxidatively generated damage to 
the guanine moiety of DNA: mechanistic aspects and formation in 
cells. Acc. Chem. Res., 2008, 41, 1075-1083.  

[52] Ravanat, J.L.; Cadet, J.; Douki, T. Oxidatively generated DNA
lesions as potential biomarkers of in vivo oxidative stress. Curr. 
Mol. Med., 2012, 12(6), 655-671.  

[53] Chanda, S.; Dasgupta, U.B.; Guhamazumder, D.; Gupta, M.; 
Chaudhuri, U.; Lahiri, S. DNA hypermethylation of promoter of 
gene p53 and p16 in arsenic-exposed people with and without ma-
lignancy. Toxicol. Sci., 2006, 89, 431-437.  

[54] Chai, C.Y.; Huang, Y.C.; Hung, W.C.; Kang, W.Y.; Chen, W.T. 
Arsenic salts induced autophagic cell death and hypermethylation 
of DAPK promoter in SV-40 immortalized human uroepithelial 
cells. Toxicol. Lett., 2007, 173, 48-56. 

[55] Zhang, A.H.; Bin, H.H.; Pan, X.L.; Xi, X.G. Analysis of p16 gene 
mutation, deletion and methylation in patients with arseniasis pro-
duced by indoor unventilated stove coal usage in Guizhou, China. 
J. Toxicol. Environ. Health, Part A, 2007, 70, 970-975. 

[56] Cui, X.; Wakai, T.; Shirai, Y.; Hatakeyama, K.; Hirano, S. Chronic 
oral exposure to inorganic arsenate interferes with methylation 
status of p16INK4a and RASSF1A and induces lung cancer in A/J 
mice. Toxicol. Sci., 2006, 91(2), 372-381. 

[57] Marsit, C.J.; Karagas, M.R.; Danaee, H.; Liu, M.; Andrew, A.; 
Schned, A. Carcinogen exposure and gene promoter hypermethyla-
tion in bladder cancer. Carcinogenesis, 2006, 27, 112-116. 

[58] Ji, W.; Yang, L.; Yu, L.; Yuan, J.; Hu, D.; Zhang, W. Epigenetic 
silencing of O6-methylguanine DNA methyltransferase gene in 
NiS-transformed cells. Carcinogenesis, 2008, 29, 1267-1275. 

[59] Chen, H.; Ke, Q.; Kluz, T.; Yan, Y.; Costa, M. 2006. Nickel ions 
increase histone H3 lysine 9 dimethylation and induce transgene si-
lencing. Mol. Cell. Biol., 2006, 26, 3728-3737. 

[60] Ke, Q.; Li, Q.; Ellen, T.P.; Sun, H.; Costa, M. Nickel compounds 
induce phosphorylation of histone H3 at serine 10 by activating 
JNK-MAPK pathway. Carcinogenesis, 2008, 29, 1276-1281. 

[61] Zhou, X.; Li, Q.; Arita, A.; Sun, H.; Costa, M. Effects of nickel, 
chromate and arsenite on histone 3 lysine methylation. Toxicol. 
Appl. Pharmacol., 2009, 236, 78-84. 

[62] Huang, D.; Zhang, Y.; Qi, Y.; Chen, C.; Ji, W. Global DNA hy-
pomethylation, rather than reactive oxygen species (ROS), a poten-
tial facilitator of cadmium stimulated K562 cell proliferation. Toxi-
col. Lett., 2008, 179, 43-47. 

[63] Benbrahim-Tallaa, L.; Waterland, R.A.; Dill, A.L.; Webber, M.M.; 
Waalkes, M.P. Tumor suppressor gene inactivation during cad-
mium-induced malignant transformation of human prostate cells 
correlates with overexpression of de novo DNA methyltransferase. 
Environ. Health Perspect., 2007, 115, 1454-1459. 

[64] Zhou, Z.S.; Huang, S.Q.; Yang, Z.M. Bioinformatic identification 
and expression analysis of new microRNAs from Medicago trunca-
tula. Biochem. Biophys. Res. Commun., 2008, 374, 538-542. 

[65] Xie, F.L.; Huang, S.Q.; Guo, K.; Xiang, A.L.; Zhu, Y.Y.; Nie, L.; 
Yang, Z.M. Computational identification of novel microRNAs and 
targets in Brassica napus. FEBS Lett., 2007, 581, 1464-1474. 

[66] Harrison, N. Inorganic Contaminants in Food, In: Food Chemical 
Safety Contaminants, 1st ed; Watson, D.H.; Woodhead Publishing; 
Cambridge, 2001; pp. 148-168. 

[67] Lee, J.C.; Son, Y.O.; Pratheeshkumar, P.; Shi, X. Oxidative 
stress and metal carcinogenesis. Free Radic. Biol. Med., 2012,
53(4), 742-757.  

[68] Bihaqi, S.W.; Huang, H.; Wu, J.; Zawia, N.H. Infant exposure to 

lead (Pb) and epigenetic modifications in the aging primate brain: 
implications for Alzheimer’s Disease. J. Alzheimers Dis., 2011, 27,
819-833.  

[69] Matés, J.M.; Segura, J.A.; Alonso, F.J.; Márquez, J. Natural anti-
oxidants, therapeutic prospects for cancer and neurological dis-
eases. Mini Rev. Med. Chem., 2009, 9, 1202-1214. 

[70] Fishel, M.L.; Vasko, M.R.; Kelley, M.R. DNA repair in neurons, 
so if they don't divide what's to repair? Mutat. Res., 2007, 614,
24-36. 

[71] Limoli, C.L.; Rola, R.; Giedzinski, E.; Mantha, S.; Huang, T.T.; 
Fike, J.R. Cell density-dependent regulation of neural precursor 
cell function. Proc. Natl. Acad. Sci. USA, 2004, 101, 16052-16057. 

[72] Caffo, M.; Caruso, G.; Barresi, V.; Pino, M.A.; Venza, M.; Alafaci, 
C.; Tomasello, F. Immunohistochemical study of CD68 and 
CR3/43 in astrocytic gliomas. J. Analyt. Oncol., 2012, 1, 42-49. 

[73] Welge-Lussen, A. Ageing, neurodegeneration, and olfactory and 
gustatory loss. B-ENT, 2009, 5, 129-132. 

[74] Zhang, P.; Wong, T.A.; Lokuta, K.M.; Turner, D.E.; Vujisic, K.; 
Liu, B. Microglia enhance manganese chloride-induced dopa-
minergic neurodegeneration: role of free radical generation. Exp. 
Neurol., 2009, 217(1), 219-230. 

[75] Block, M.L.; Calderon-Garciduenas, L. Air pollution: mechanisms 
of neuroinflammation and CNS disease. Trends Neurosci., 2009,
32(9), 506-516. 

[76] Schlehofer, B.; Hettinger, I.; Ryan, P.; Blettner, M.; Preston-
Martin, S.; Little, J.; Arslan, A.; Ahlbom, A.; Giles, G.G.; Howe, 
G.R.; Menegoz, F.; Rodvall, Y.; Choi, W.N.; Wahrendorf, J. Occu-
pational risk factors for low grade and high grade glioma: results 
from an international case control study of adult brain tumours. Int. 
J. Cancer, 2005, 113, 116-125. 

[77] Wesseling, C.; Pukkala, E.; Neuvonen, K.; Kauppinen, T.; Boffetta, 
P.; Partanen, T. Cancer of the brain and nervous system and occu-
pational exposures in Finnish women. J. Occup. Environ. Med., 
2002, 4(7), 663-668. 

[78] Waisberg, M.; Joseph, P.; Hale, B.; Beyersmann, D. Molecular and 
cellular mechanisms of cadmium carcinogenesis. Toxicology, 2003,
192(2-3), 95-117.  

[79] Rossman, T.G.; Klein, C.B. Genetic and epigenetic effects of envi-
ronmental arsenicals. Metallomics, 2011, 3, 1135-1141. 

[80] Gerhardsson, L.; Englyst, V.; Lundstrom. N.G.; Nordberg, G.; 
Sandberg, S.; Steinvall, F. Lead in tissues of deceased lead smelter 
workers. J. Trace Elem. Med. Biol., 1995, 9, 136-143. 

[81] Steenland, K.; Boffetta, P. Lead and cancer in humans: where are 
we now? Am. J. Ind. Med., 2000, 38, 295-299. 

[82] Van Wijngaarden, E.; Dosemeci, M. Brain cancer mortality and 
potential occupational exposure to lead: Findings from the national 
longitudinal mortality study, 1979-1989. Int. J. Cancer, 2006, 119,
1136-1144. 

[83] Restrepo, H.G.; Sicard, D.; Torres, M.M. DNA damage and repair 
in cells of lead exposed people. Am. J. Ind. Med., 2000, 38(3), 330-
334. 

[84] Cocco, P.; Dosemeci, M.; Heineman, E.F. Brain cancer and occu-
pational exposure to lead. J. Occup. Environ. Med., 1998, 40(11), 
937-942. 

[85] Cocco, P.; Heineman, E.F.; Dosemeci, M. Occupational risk factors 
for cancer of the central nervous system (CNS) among US women. 
Am. J. Ind. Med., 1999, 36(1), 70-74. 

[86] Rajaraman, P.; Stewart, P.A.; Samet, J.M. Lead, genetic suscepti-
bility, and risk of adult brain tumors. Cancer Epidemiol. Biomark-
ers Prev., 2006, 15(12), 2514-2520. 

[87] Hu, J.; Little, J.; Xu, T. Risk factors for meningioma in adults: a 
case-control study in northeast China. Int. J. Cancer, 1999, 83(3), 
299-304.  

[88] Navas-Acien, A.; Pollan, M.; Gustavsson, P.; Plato, N. Occupation, 
exposure to chemicals and risk of gliomas and meningiomas in 
Sweden. Am. J. Ind. Med., 2002, 42(3), 214-227. 

[89] Hadfield, M.G.; Adera, T.; Smith, B.; Fortner-Burton, C.A.; Gibb, 
R.D.; Mumaw, V. Human brain tumors and exposure to metal and 
non-metal elements: a case-control study. J. Environ. Pathol. Toxi-
col. Oncol., 1998, 17(1), 1-9. 

[90] Arslan, M.; Demir, H.; Arslan, H.; Gokalp, A.S.; Demir, C. Trace 
elements, heavy metals and other biochemical parameters in malig-
nant glioma patients. Asian Pacific J. Cancer Prev., 2011, 12, 447-
451. 



Heavy Metals and Brain Tumors Current Genomics, 2014, Vol. 15, No. 6    463

[91] Grotto, D.; Barcelos, G.R.; Valentini, J.; Antunes, L.M.; Angeli, 
J.P.; Garcia, S.C.; Barbosa. F. Jr. Low levels of methylmercury in-
duce DNA damage in rats: protective effects of selenium. Arch. 
Toxicol., 2009, 83, 249-254. 

[92] Hara, T.; Hoshuyama, T.; Takahashi, K.; Delgermaa, V.; Sorahan, 

T. Cancer risk among Japanese chromium platers, 1976-2003. 
Scand. J. Work. Environ. Health, 2010, 36(3), 216-221. 

[93] Hofer, S.; Rushing, E.; Preusser, M.; Marosi, C. Molecular biology 
of high-grade gliomas: what should the clinician know? Chin. J. 
Cancer, 2014, 33(1), 1-7. 


