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1. INTRODUCTION

Cancer is a disease that is characterized by the uncontrolled growth, proliferation, and spread of cells. This deadly disease is
projected to affect one in four Americans and Canadians. Development of cancer (the process of carcinogenesis) is a long,
multistep transformation of normal cells into malignant cells, which includes initiation, promotion, and progression stages
from single initiated cells to carcinoma in situ and further to large-scale carcinoma and metastasis [1-3]. For a long time,
cancer was thought to be a genetic disease, whereby pathological changes were caused by a progressive accumulation of a
multitude of genetic and cytogenetic alterations. Since the first cancer-promoting mutation in a human RAS oncogene was
reported in 1983, a large body of evidence has accumulated on various polymorphisms, point mutations, deletions, inser-
tions, and translocations associated with cancer development [2].

Induction and development of some cancers can be genetically predetermined via inherited mutations that are passed
from generation to generation, such as those in BRCA1, MSH2, MLHI1, and other genes, albeit those direct gene defects
account only for 5-10% of cases.

A large proportion of cancers is induced by the harmful influence of deleterious cancer-causing factors—carcinogens
that can cause mutations or alter the proper function and stability of the cellular genome, leading to a loss of cellular growth
controls. Carcinogens can be of a chemical, physical (UV radiation, X-rays, and magnetic fields), or biological (bacterial,
viral, or altered metabolism) nature. Chemical carcinogens account for a lion’s share of all induced cancers and can be
divided into genotoxic and non-genotoxic ones based on their mechanisms of action and, especially, based on their capabil-
ity to alter the DNA sequence [4]. Historically, the term genotoxic carcinogen has been used to define a chemical that is
“capable of producing cancer by directly altering the genetic material of target cells.” A non-genotoxic carcinogen refers to
“a chemical capable of producing cancer by some secondary mechanism not related to direct gene damage” [5].

As such, most genotoxic carcinogens interact with DNA or produce metabolites that can react with DNA, and these
direct reactions with DNA alter DNA and the chromosome structure or chromosome number. Some genotoxic carcinogens
(eg, ethyl methane sulfate) act directly, while others require metabolic activation (2-acetylaminofluorene). Genotoxic car-
cinogens cause various types of DNA damage, including base alkylation, oxidation, base loss, formation of DNA adducts,
interstrand cross-links, DNA—protein cross-links, and breaks in DNA. As a main repository of genetic information, DNA is
the only cellular molecule that is repaired; the rest of them are simply replaced.
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To combat these attacks on the genome, cells have evolved a response system that induces cell-cycle arrest, allow-
ing sufficient time for specialized groups of proteins to repair the incurred damage. To protect themselves, cells
harbor elaborate and highly effective DNA-repair machinery that includes more than 100 proteins and a precise cell
cycle—control system that induces cell-cycle arrest to allow time for repairs. Consequently, in the vast majority of
cases, DNA damage is repaired. Moreover, in the case of irreparable damage, the cellular DNA damage-response
system induces apoptosis. If the damage is unrepaired or misrepaired, this can lead to mutation and result in the
phenomenon of genome instability that manifests as an elevated accumulation of mutations that are persistent in the
cellular lineage. Genomic instability can facilitate the process of cancer initiation and/or progression [6], and indeed,
the loss of genomic stability is believed to be a hallmark of many cancers, as well as an important prerequisite for
cancer formation [7-9].

Non-genotoxic carcinogens do not affect DNA directly, but rather cause epigenetic changes, affect gene expression,
and thus cause metabolic changes, increase peroxisome proliferation, disrupt cellular structures, change the rate of cell
proliferation, or foster other processes that are responsible for cellular homeostasis. Disruption of those processes may in
turn predispose cells to indirect DNA damage and can lead to carcinogenesis.

Yet, even though numerous spontaneous and carcinogen-induced cancer-causing mutations have been identified and
cataloged, they cannot explain, by far, a wide variety of different malignant tumors (cancers and soft tissue tumors) and
their relationship with environmental factors or some of the puzzling patterns of tumor predisposition and inheritance.
Additionally, numerous lines of evidence have suggested that cancer can arise due to aberrant gene expression and regula-
tion [2]. As such, it is now well accepted that cancer is both a genetic and an epigenetic disease [ 1,2]. Additionally, research
conducted in 2009 indicates that genetic and epigenetic mechanisms can mediate the toxicity of various environmental
chemicals, both genotoxic and non-genotoxic ones [4].

2. EPIGENETIC REGULATORS

Modern science defines epigenetics as mechanisms that establish and maintain mitotically and meiotically stable and heri-
table patterns of gene expression and regulation and occur without changes in DNA sequence. Epigenetic processes impact
gene expression and chromatin structure and include DNA methylation, histone modifications, chromatin remodeling, and
noncoding RNAs [2,10].

2.1 DNA Methylation

Among epigenetic regulators, cytosine DNA methylation was the first epigenetic mark identified, and it is one of the most
widely studied epigenetic phenomena. DNA methylation is a covalent modification of DNA, in which a methyl group from
S-adenosyl-L-methionine is added to the carbon 5 position of cytosine, yielding 5-methylcytosine (5 mC) in DNA. Genomic
DNA methylation refers to the overall content of methylated cytosine (5SmC) in the genome [2,11].

DNA methylation is a key regulator of gene expression and genome stability. It is crucial for the proper functioning
of normal cells and tissues. In normal cells, it governs the regulation of cell-type and tissue-specific gene expression, the
silencing of parasitic and highly repetitive sequences, X-chromosome inactivation, the correct organization of active and
inactive chromatin, and genomic imprinting [10,12] (Fig 32.1). In mammals, including humans, DNA methylation occurs
mainly in the context of CpG dinucleotides that are methylated to 70-90% [11]. The highest frequency of CpGs is in the
CpG island areas, which are often located in the 5’-end control regions of genes [11,12].

DNA methylation is accomplished by DNA methyltransferase enzymes [11]. In mammals, three DNA methyltrans-
ferases (DNMT1, DNMT3a, and DNMT3b) are responsible for establishing and maintaining DNA-methylation patterns
at CpG sites [10]. DNMT1 is the major enzyme involved in the maintenance of DNA-methylation patterns after DNA
replication. It is localized at replication forks where, in collaboration with de novo methyltransferases and methyl-binding
proteins, it directly modifies nascent DNA strands after replication and thereby maintains DNA-methylation patterns.
DNMT3a and DNMT?3b are de novo methyltransferases that target unmethylated and hemimethylated sites and that initiate
and establish DNA methylation. Deregulation of methyltransferases may lead to altered methylation patterns [11]. DNA
methylation is known to be associated with the inactive chromatin state and, in most cases, with repressed gene expression
activity, while the loss of DNA methylation oftentimes correlates with elevated gene expression.

The altered patterns of genomic DNA methylation constitute a well-known characteristic of cancer cells [1,2,11]. Both
hypermethylation and hypomethylation alterations occur in cancer (Fig. 32.1). The DNA-methylation profile of cancer cells
is characterized by global genome DNA hypomethylation, cancer-associated gene-specific hypomethylation, and concur-
rent hypermethylation of CpG islands within the gene promoters of tumor suppressors [1,2,11,12].
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FIGURE 32.1 DNA methylation at the center of the normal and malignant behavior of the cell. Adopted with permission from Esteller M, Herman JG.
Cancer as an epigenetic disease: DNA methylation and chromatin alterations in human tumours. J Pathol 2002;196(1):1-7.

The global loss of genomic DNA methylation has been linked to the activation of transposable elements, such as long
and short interspersed nucleotide elements (LINEs and SINEs), retroviral intracisternal (A) particles (IAPs), and other
elements located in the centromeric, pericentromeric, and subtelomeric chromosomal regions. It is also associated with
elevated levels of chromosome breakage, aneuploidy, and increased mutation rates. All of these are signs of global genomic
instability and the hallmarks of carcinogenesis [11].

Alongside global genomic DNA hypomethylation, cancer cells exhibit gene-specific hypomethylation. This is one of
the prominent and potent mechanisms for the reactivation of oncogenes. Up to now, several hypomethylated tumor-promot-
ing genes have been identified in major cancers. These include proto-oncogenes, plasminogen activators, urokinase (UPA),
heparanase (HPA), and many others [1,2,11,12].

Hypermethylation, the gain of methylation at sites that are normally undermethylated, is another characteristic feature
of cancer cells. Hypermethylation is the most extensively studied epigenetic change in cancer. Aberrant promoter meth-
ylation leads to silencing of a large number of protein-coding genes as well as genes coding for small RNAs [11]. Genes
affected by DNA hypermethylation include crucial tumor-suppressor genes, such as the key gatekeeper p53 and retinoblas-
toma, cyclin-dependent kinase inhibitor 2A (p16INK4A), adenomatous polyposis coli (APC) gene, and Ras association
(RalGDS/AF-6) domain family member 1 (RASSF1A), just to name a few. Hypermethylation may also affect DNA-repair
genes, such as breast cancer 1 and 2 genes (BRCA1 and BRCA2), MutL. homolog 1 (MLH1), and genes involved in apop-
tosis control [2,11].

In sum, in cancer, aberrant DNA methylation causes altered gene expression and regulation and leads to the deregula-
tion of key processes that are critical for tumor initiation and progression, such as cell growth and persistent proliferative
signaling, replicative immortality, resistance to apoptosis, signal transduction, inflammation, angiogenesis, and invasion
[1,2,11,12] (Fig. 32.1).

2.2 Histone Modifications

The basic structure that comprises the chromatin is the nucleosome or beads on a string. It is essentially comprised of a
strand of DNA being wrapped around an octamer of histone proteins containing a tetramer of H3—H4 histone proteins with
an H2A-H2B dimer situated on either side. These four proteins are classified as core histones. A fifth histone, H1 (or linker
histone), secures this structure and is involved in higher-order chromatin packing. These proteins are made up of a high
proportion of positively charged amino acids, such as lysine and arginine, which allows them to interact electrostatically
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with net negatively charged DNA. The interactions between the nucleic acids and histone proteins in this structure function
to organize and pack DNA and can have important implications for gene expression. Furthermore, histone proteins are often
subjected to modifications, particularly on their N-terminal tails, which may alter their interactions with the associated
DNA strand and contribute to the differential regulation of gene expression. Included in these alterations are acetylation,
deacetylation, methylation, phosphorylation, and ubiquitination [13,14].

2.3 RNA-Induced Effects

This field was first initiated in the 1990s with the discovery of transgene silencing, first observed in Petunia hybrida in
1990 [15]. At first, the mechanism behind this phenomenon was unknown, but it was determined upon a later study that it
was actually the transgene-derived RNA mediating the sequence-specific silencing. RNA-induced silencing was first seen
in animals by Fire and Mello (1998) using Caenorhabditis elegans. Since these initial findings, the knowledge base sur-
rounding RNA-mediated regulation of gene expression has expanded to include several groups of small RNA, including
microRNA (miRNA), small interfering RNA (siRNA), and piwi-interacting RNA (piRNA) [16]. All are distinguished by
their small size (ranging from 20 to 30 nucleotides), their role as a guiding agent for members of the Argonaute (Ago) fam-
ily of proteins, and their involvement in reducing the expression of target genes [16]. Among those, miRNAs are key major
negative regulators of expression of the vast majority of mammalian protein-coding genes [17]. miRNAs are key players in
carcinogenesis and important biomarkers of cancer predisposition, development, and treatment outcomes [18-21].

Numerous environmental factors have been linked to aberrant changes in epigenetic pathways, both in experimental and
epidemiological studies. In addition, epigenetic mechanisms may mediate specific mechanisms of toxicity and responses
to certain chemicals [4].

3. EFFECTS OF METALS

Several studies have established an association between DNA methylation, and environmental metals and metalloids,
including nickel, chromium, lead, cadmium, and particularly arsenic. Metals can cause oxidative stress because of the
elevated production of reactive oxygen species (ROS) via redox signaling. Oxidative DNA damage has been shown to
alter the activity of DNA methyltransferases and to affect their ability to interact with DNA, thus leading to aberrant DNA-
methylation patterns.

Among toxic metals, cadmium is associated with several cancers, such as lung, kidney, uterine, and ovarian cancer
[22-25], albeit it has very low direct mutagenic potential [26]. Cadmium exposure stems from tobacco smoke, air pollution,
and diet, as well as from some occupational exposures [27]. Mechanistically, cadmium exposure has been shown to cause
elevated ROS and reduced global genome DNA methylation via the noncompetitive inhibition of DNA methyltransferases
[4,28,29]. Along with decreased global DNA methylation, cadmium also leads to hypomethylation and the aberrant expres-
sion of proto-oncogenes, thus inducing cellular proliferation and transformation [29]. Cadmium exposure has been shown
to cause hypermethylation and decreased expression of the tumor-suppressor genes RASSF1A and P16, along with the over-
expression and increased activity of DNMT activity [30,31]. Cadmium exposures cause aneuploidy that may be mediated
by global DNA hypermethylation, which may be one of the mechanisms of cadmium-induced carcinogenesis [32]. Along
with hypermethylation, cadmium can cause DNA hypomethylation of LINE1-transposable elements. Loss of LINE1 meth-
ylation is a common epigenetic event in malignancies and may also be important for cadmium-induced carcinogenesis [33].

Nickel, one of the most abundant metals, is found in coins, jewelry, stainless steel, batteries, and medical devices.
Occupational nickel exposures occur during refinery, plating, and welding operations, and have been significantly associ-
ated with liver, lung, nasal, and pharyngeal cancers [34], although the precise mechanisms of nickel carcinogenicity are
largely unknown [25]. Nickel exposures induce DNA damage, oxidative stress, and epigenetic alterations [35,36]. Studies
during 1995 and 1998 showed that nickel exposure leads to promoter hypermethylation and increased global DNA meth-
ylation [37,38]. Nickel also causes significant posttranslational histone modification effects [27,39,40]. Nickel exposures
has also been shown to cause hypermethylation and repression of several tumor-suppressor and DNA-repair genes, such as
06-methylguanine DNA methyltransferase, MGMT, RAR[(2, RASSF 1A, and the P16 promoter [41,42].

Over the past few decades, environmental lead exposures have significantly decreased due to regulations banning or
decreasing the use of lead in gasoline and paint [27,43], although the general population is still exposed due to tobacco
smoke [44]. Lead exposures increase the risk of cardiovascular, kidney, and neurocognitive diseases and cancer [27].
Lead exposure has been reported to cause changes in DNA methylation and global gene expression, specifically, global
hypomethylation [45—47], but the precise mechanisms of lead-induced changes in DNA methylation need to be further
delineated.
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Hexavalent chromium (Cr (VI)) is another well-known human and animal carcinogen [48]. People are environmentally
exposed to chromium by drinking chromium-contaminated water or by using chromium-containing products, such as dyes,
paints, inks, and plastics. Occupational chromium exposure has been associated with the elevated incidence of lung, stom-
ach, liver, and kidney cancer [49-52]. Even though Cr (VI) is a known mutagen, it exerts its carcinogenicity largely through
epigenetic mechanisms [25]. Several previous studies have highlighted the potential epigenetic effects of chromium (Cr(VI)),
especially DNA-methylation effects [53]. Chromate Cr (VI) exposure has been associated with the hypermethylation of certain
genes involved in the cell cycle control and DNA repair, such as MLHI, p16, and APC genes [54-56].

Arsenic is a common metalloid element and a human carcinogen [25]. Arsenic exposure exerts acute and chronic toxic-
ity and has been associated with skin, lung, liver, and bladder cancers, as well as cardiovascular and neurological diseases
[57-59]. Altered DNA methylation is a known sign of arsenic-induced carcinogenesis, and arsenic has been shown to cause
both DNA hypermethylation and hypomethylation. Several studies have associated arsenic with gene-specific hypermeth-
ylation, whereby arsenic causes hypermethylation of the P53 and P16 genes, as well as the death-associated protein kinase
(DAPK) gene. Additionally, arsenic causes an increase in global SmC, indicative of global DNA hypermethylation [60].
Along with hypermethylation, global DNA hypomethylation is an early event in some cancers and occurs in response to
arsenic exposure [61]. Moreover, arsenic exposures also affect other epigenetic mechanisms, such as histone modifications.

Overall, epigenetic changes play intricate roles in the regulation of gene expression upon metal exposures. The unique
methylome alterations have been displayed in cancer cells after exposure to carcinogenic metals, such as nickel, lead,
arsenic, cadmium, and chromium (VI). The metal-stimulated deviations to the methylome are possible mechanisms for
metal-induced carcinogenesis and may provide potential biomarkers for cancer detection. These mechanisms are discussed
in depth in an elegant review by Brocato and Costa (2013) [25].

Moreover, in-depth systematic analyses carried out in 2015 established that miRNA changes are caused by exposures
to toxic chemicals and may be sensitive biomarkers of toxicant exposure [62,63]. Also, miRNAs are important players
in arsenic-induced carcinogenesis. Luo et al., in 2014, demonstrated that arsenic-induced malignant transformation of
lung HBE cells is associated with an increased expression of oncogenic miR-21 [64]. This miRNA has been found to be
overexpressed in virtually all human cancers and is implicated in the carcinogenic process through the regulation of cell
proliferation, genome instability, inflammation, evading apoptosis, invasion and metastasis, and angiogenesis [63]. Arsenic
exposure can lead to upregulated miR-190 and result in downregulation of the PH domain leucine-rich repeat protein phos-
phatase (PHLPP) through the direct interaction of miR-190 with the 3'-UTR of the PHLPP mRNA, leading to activation of
the AKT-signaling pathway [65].

Similarly to HBE cells, miR-21 can be upregulated by arsenic in immortalized human keratinocytes [66]. Additionally,
arsenic exposure can lead to the reduction of let-7a, let-7b, let7c, and miR-34a during malignant transformation [63,67].
In arsenic-induced bladder carcinogenesis, arsenic treatment has resulted in the downregulation of the anti-EMT miRNAs,
miR-200a, miR-200b, and miR-200c. In transformed human prostate epithelial cells, arsenic exposure has been shown
to cause the downregulation of miR-134, miR-138, miR-155, miR-181c, miR-181d, miR-205, miR-373, and let-7 [68].
Decreased expression of the aforementioned miRNAs has been associated with the overexpression of target genes, RAN,
RAB22A, RAB27A, and KRAS, which are key regulators of carcinogenesis. Additionally, arsenic exposure can cause the
pronounced upregulation of miR-9, a small RNA that targets the miRNA-processing enzyme DICER1 [69].

Nickel exposure causes dose-dependent elevated miRNA-21 expression and promotes lung tumorigenesis [70]. Further-
more, the level of miR-152 can be significantly downregulated in nickel-transformed cells compared to passage-matched
control cells. Additionally, in experimental nickel-induced carcinogenesis, miR-222 was upregulated, and miR-203 was
downregulated [71-73].

Chromium exposure causes decreased levels of miR-143. He and colleagues suggested that the downregulation of miR-
143 promotes chromium-induced cell transformation through increasing the expression of the insulin-like growth factor-1
receptor and the insulin receptor substrate-1 and through further activation of the ERK/hypoxia-induced factor 1a/NF-kB-
signaling pathway [74].

In comparison to arsenic, little is known about the role of miRNA deregulation in cadmium-induced carcinogenesis. An
analysis made in 2015 and 2016 showed that cadmium exposure results in the significant deregulation of multiple miRNAs
that are predicted to target cell-cycle regulation, p53-signaling, and Wnt-signaling pathways [75,76].

4. TAMOXIFEN EFFECTS

Tamoxifen is a selective nonsteroidal anti-estrogen that has been used in the treatment of breast cancer since mid-1980s. It
has been used lately as an effective chemopreventive agent for breast cancer in women who have a high risk of developing
breast cancer [77,78]. While tamoxifen has proven to be beneficial for preventing the occurrence or recurrence of breast
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cancer [79], the IARC has classified it as a known human carcinogen, since it has been shown to increase the incidence of
endometrial cancer [80,81]. Additionally, tamoxifen is a potent hepatocarcinogen in rodents, where it exhibits both cancer-
initiating and cancer-promoting properties [82—85].

Mechanistically, tamoxifen-induced hepatic tumors in rats occur, at least in part, due to a genotoxic mechanism result-
ing from the formation of tamoxifen—DNA adducts [86-90]. Along with genotoxic mechanisms, tamoxifen causes pro-
found gene expression and epigenetic changes [91-94].

High-throughput microarray technology has allowed researchers to establish the gene expression profiles in liver tissues
during the early stages of tamoxifen-induced rat hepatocarcinogenesis. Global gene expression profiling of the liver tissues
of rats treated with tamoxifen for 12 or 24 weeks indicated that the early stages of tamoxifen-induced liver carcinogen-
esis are characterized by alterations in several major cellular pathways, such as those involved in drug metabolism, lipid
metabolism, cell cycle, apoptosis, and cell-proliferation control. Tamoxifen exposure can cause significant, progressive,
and sustained increases in expression of the Pdgfc, Calb3, Ets1, and Ccnd1 genes, accompanied by an elevated level of the
PI3K, p-PI3K, Akt1/2, Akt3, and cyclin B, D1, and D3 proteins [93].

An analysis of tamoxifen-induced epigenetic changes revealed pronounced global genomic DNA demethylation and
altered activity and expression maintenance DNA methyltransferase (DNMT1) and de novo (DNMT3a and DNMT3b)
DNA methyltransferases. Tamoxifen-induced DNA hypomethylation was paralleled by the progressive loss of histone
H4K20me3 in liver tissues of tamoxifen-treated animals [92] and the loss of global histone H4 lysine 20 trimethylation
[92]. Tamoxifen exposure also caused accumulation of DNA lesions in the liver tissues of tamoxifen-treated female F344
rats. Moreover, long-term exposure of female F344 rats to tamoxifen led to a substantial and progressive loss of CpG
methylation in the regulatory sequences of LINE-1 and a subsequent pronounced increase in the levels of expression of
LINE-1 elements and the c-myc proto-oncogene, that are known manifestations of genome instability. The accumulation of
tamoxifen-induced changes was accompanied by the decreased level of key DNA-repair proteins, Rad51, Ku70, and DNA
polymerase beta, which are very important for the maintenance of genome stability. Molecular and epigenetic changes
were paralleled by increased regenerative cell proliferation, and taken together, the data showed that exposure of animals to
tamoxifen led to the emergence of cancer-related epigenetic phenotypes prior to tumor formation [91].

In another study, the treatment of Fisher 344 rats to tamoxifen for 24 weeks caused substantial changes in the expres-
sion of miRNA genes in the liver. In this study, tamoxifen exposure caused a significant upregulation of known oncogenic
miRNAs, such as the 17-92 cluster, miR-106a, and miR-34, and miRNA changes resulted in corresponding changes in the
expression of proteins targeted by these miRNAs, including cell-cycle regulators, chromatin modifiers, and the expression
regulators implicated in the regulation of genome stability and carcinogenesis. Moreover, the observed tamoxifen-induced
miRNA changes occur prior to tumor formation and are not merely a consequence of a transformed state [94].

5. EFFECTS OF 1,3-BUTADIENE

Environmental contamination by numerous industrial chemicals is becoming a serious global problem. The gaseous ole-
fin 1,3-butadiene is one such industrial chemical that is widely used in the production of plastic, rubber, and resins. This
highly volatile chemical constitutes a key component of industrial and automobile exhaust and is also found in cigarette
smoke. Furthermore, it is commonly found in urban ambient air and industrial complexes [95]. The International Agency
for Research on Cancer (IARC) has classified 1,3-butadiene as a known human and rodent carcinogen that is associated
with lung, liver, and hematopoietic system cancers [95-97].

1,3-Butadiene is a well-known genotoxic carcinogen, and the main mechanism of tumor induction by 1,3-butadiene
exposure is the formation of its highly reactive metabolic epoxides (1,2-epoxy-3-butene, 1,2:3,4-diepoxybutane, and
3,4-epoxy-1,2-butanediol), which cause the formation of DNA adducts [96]. While its genotoxic potential has been estab-
lished, this potential does not fully explain all of the carcinogenic mechanisms of 1,3-butadiene effects. Studies during 2011
and 2014 by the Pogribny and Rusyn laboratories have established that 1,3-butadiene profoundly alters gene expression and
epigenetic processes in the affected cells and tissues [98—100].

In 2011, in a series of elegant studies, murine exposure to 1,3-butadiene also resulted in profound changes in global gene
expression patterns, causing altered expression of Hmox 1, Nqol, Car3, Srebf1, and Lgr5, all of which are indicative of liver
injury. The short-term inhalation of 1,3-butadiene in C57BL/6J mice caused, along with DNA adduct formation, extensive
epigenetic changes such as a significant decrease in global DNA methylation, marked hypomethylation of repetitive ele-
ments, and a pronounced loss of histone H3K9, H3K27, and H4K20 trimethylation that are signs of genome instability in
the liver tissue [99].

The methylation of lysine residues 9 and 27 at histone H3 and lysine 20 at histone H4 is crucially important for het-
erochromatin formation and maintenance as well as for transcriptional repression and general stability of the genome.
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Therefore, the observed 1,3-butadiene exposure-induced loss of H3K9 and H4K20 trimethylation may in turn contribute to
chromatin relaxation and overall genome instability. Indeed, a 2011 report further proved the decondensation of chromatin
and activation of repetitive elements in the livers of 1,3-butadiene-exposed C57BL/6J mice [98,99].

Such an open chromatin structure may in turn increase the vulnerability of DNA to the influence of genotoxic DNA-
reactive metabolites of 1,3-butadiene and contribute to adduct formation. Analysis also revealed significant interstrain
differences in genetic and epigenetic responses to the inhalational of 1,3-butadiene in murine liver tissues, and these strain
differences are associated with differences in histone H3K9, H3K27, and H4K20 methylation levels and alterations in
chromatin structure [98].

Furthermore, epigenetic changes may underlie the tissue specificity of 1,3-butadiene-induced genome instability and
tumorigeneses. A 2014 study by the Rusyn Laboratory analyzed 1,3-butadiene-induced changes in the kidney, liver, and
lung tissues of mice that had had inhalational exposure. They noted that while 1,3-butadiene exposure caused DNA damage
in all three tissues, epigenetic changes varied between the kidney, liver, and lung tissues of the exposed animals. 1,3-Buta-
diene-induced epigenetic changes indicative of genome instability included demethylation of repetitive DNA sequences
and alterations in histone-lysine acetylation levels observed in the liver and lung tissues of the exposed mice. On the
other hand, no DNA-methylation changes were seen in the kidneys of the exposed mice. Moreover, the histone marks of
condensed heterochromatin and transcriptional silencing (histone—lysine trimethylation) were increased in kidney tissue,
suggesting genome-stabilization effects. Therefore, epigenetic in-tissue differences may help to explain the differences in
cancer predisposition. These modifications may represent a potential mechanistic explanation for the tissue specificity of
cancer predisposition upon exposure to 1,3-butadiene [100]. As of 2016, no studies have analyzed the effects of 1,3-butadi-
ene exposure on tissue microRNAome, and such analysis may provide more insight into the mechanisms of 1,3-butadiene-
induced carcinogenesis.

6. INFLUENCE OF POLYCYCLIC AROMATIC HYDROCARBONS

Polycyclic aromatic hydrocarbons (PAHs) are the most widespread organic pollutants found in the environment. They are
extensively present in crude oil, coal, and tar deposits and originate from the burning of fossil fuels and forest fires. Other
significant PAH exposures stem from automobile exhaust, cigarette smoke, industrial exposure at coal-tar production plants,
and municipal trash incinerators [101]. PAHs also come from dietary fats and overused cooking oils [102,103]. Human
exposure to PAHs is associated with a wide array of diseases and conditions such as asthma, obstructive lung disease, heart
disease, as well as lung, bladder, and other cancers [101,103]. PAH exposure significantly affects the in utero development
of children, having been associated with cognitive defects and fetal growth impairment. One of the most sensitive periods
for PAH exposure is during early-embryonic development. A large-scale longitudinal cohort study involving 700 children
revealed significant epigenetic effects from transplacental PAH exposure [104]. Further studies have shown that maternal
PAH exposure leads to aberrant global DNA methylation and gene-specific methylation, as well as the accumulation of
DNA adducts in cord blood [103,105].

PAH exposures reportedly cause formation of DNA adducts, and they have also been associated with increased meth-
ylation levels of Alu and LINE-1 and abnormal DNA-methylation patterns at specific sequences of the p53 gene promoter,
which correlate with the levels of PAH exposure seen in chronically exposed industrial coke—oven workers [106]. In occu-
pationally exposed firefighters, PAH exposure has led to a higher level of DUSP22 promoter hypomethylation in blood
DNA, when compared with unexposed controls [107].

The carcinogenic activity of PAHs has often been associated with the induction of genotoxic and non-genotoxic altera-
tions that both lead to genome instability [63]. Among those, exposure to the PAH benzo[a]pyrene has led to very pro-
nounced formation of anti-7f, 8a-dihydroxy-9a, 10a-epoxy-7, 8, 9,10-tetrahydrobenzo[a]pyrene adducts. Interestingly,
these occurred at the major hot-spot mutation codons 157, 248, and 273 of the P53 gene and at codon 14 in the human
KRAS gene—key genes implicated in a wide array of cancers [108,109]. Along with adducts, PAH benzo[a]pyrene expo-
sures have also been shown to cause alterations in global and gene-specific DNA-methylation status and to affect genome
stability in cancer-targeted tissues and lines [103,110].

PAHs, and especially PAH benzo[a]pyrene (BP) exposure, have been shown to cause changes in the expression of
several miRNAs that may contribute to genome instability and malignant cell transformation. To this effect, a study
by Shen and colleagues showed that benzo[a]pyrene exposure caused neoplastic transformation of normal human
bronchial epithelial cells, which they associated with the profound upregulation of 45 and the downregulation of
nine miRNAs [111]. Also upregulated were oncogenic miRNAs such as miR-17-5p, miR-20a, miR-92, miR-106a,
miR-129, miR-320, miR-494, and miR498. Conversely, miR-10a, miR-363%*, and miR-493-5p were significantly
downregulated [111].
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FIGURE 32.2 Genetic and epigenetic effects
of carcinogens on genome stability. Exposure
to genotoxic chemical carcinogens causes direct
or indirect DNA damage, as well as effects on
methylome, and subsequent aberrant global gene
expression. Additionally, genotoxic effects on the
methylome can lead to the increased levels of car-
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BP-induced upregulation of miR-17-92 and miR-106a was important in the BP-induced malignant transformation of
HBE cells. Increasing miR-106a levels in the transformed cells caused increased proliferation and inhibited apoptosis.
Contrarily, inhibition of oncogenic miR-106a in the BP-transformed cells inhibited cell proliferation, induced cell arrest
and apoptosis, and also inhibited growth of tumor xenografts in nude mice [112].

Several other studies reported BP-induced upregulation of miR-22, miR-494, and miR-638 and downregulation of miR-
10a, miR-34c, and miR-506 during BP-induced carcinogenesis.

MicroRNAs were also deregulated in peripheral lymphocytes of PAH-exposed workers; among those, upregulation
occurred in miR-638 [113] and other miRNAs that target tumor-suppressor proteins such as miR-20a, miR-17-5p, miR-
106a, miR-494, miR-22, and miR-34c.

Several miRNAs were downregulated by BP exposure; among those, miR-10a was one of the most downregulated miR-
NAs in BP-transformed human 16HBE cells and in the lungs of rats exposed to BP-containing tobacco smoke [111,114].

7. CONCLUSIONS

Numerous environmental toxicants and chemicals have been reported to cause both genetic and epigenetic effects that play
a key role in chemical-induced genome instability and carcinogenesis. These include endocrine disruptors—important
environmental xenobiotics that interfere with the normal development and functioning of male and female reproductive
systems and cause numerous health effects. The most studied endocrine disruptors include vinclozolin, methoxychlor,
and other pesticides, as well as plasticiser bisphenol A, all of which act at different levels of epigenetic control and cause
transgenerational effects [115-119].

Mycotoxins are toxic compounds of fungal origin that are common contaminants in human and animal food prod-
ucts. Among these, aflatoxin B, fumonisin B1, and ochratoxin are known to be possible human carcinogens [120,121].
While they are genotoxic carcinogens, they have also been reported to cause a complex network of epigenetic alterations
[122—124]. Both genetic and epigenetic mechanisms of toxicity and carcinogenicity were described for alcohol exposure,
cigarette smoke, chemotherapy agents, and many other toxicants. Many of these were described in several elegant review
articles published in 2015 [63,125-131].

In sum, epigenetic modifications are influenced by the environment and environmental toxicants, including chemical
carcinogens. The majority of genotoxic and non-genotoxic carcinogens affect genome stability and cause cancer by per-
turbing epigenetic processes in the cells (Fig. 32.2). These carcinogen-induced epigenetic changes are stable and can be
used as important exposure biomarkers. On the other hand, epigenetic changes are pliable and reversible, and, therefore,
analysis of chemical carcinogens-induced epigenetic alterations may uncover novel mechanism-based approaches for can-
cer treatment and cancer prevention. Furthermore, in the future, the incorporation of epigenetic technologies in carcinogen-
esis analysis and cancer-risk assessment will enhance the efficiency of carcinogenicity testing.



Chemical Carcinogens and Their Effect on Genome and Epigenome Stability Chapter | 32 563

GLOSSARY

Genotoxic carcinogen A chemical that is capable of producing cancer by directly altering the genetic material of target cells.
Non-genotoxic carcinogen A chemical capable of producing cancer by some secondary mechanism not related to direct gene damage.

LIST OF ABBREVIATIONS

IAPs Intracisternal (A) particles

LINEs Long interspersed nucleotide elements
miRNA MicroRNA

PAHs Polycyclic aromatic hydrocarbons
piRNA piwi-interacting RNA

SINEs Short interspersed nucleotide elements
siRNA Small interfering RNA

REFERENCES

[1] You JS, Jones PA. Cancer genetics and epigenetics: two sides of the same coin? Cancer Cell 2012;22(1):9-20.
[2] Sandoval J, Esteller M. Cancer epigenomics: beyond genomics. Curr Opin Genet Dev 2012;22(1):50-5.
[3] Pogribny IP, Rusyn I, Beland FA. Epigenetic aspects of genotoxic and non-genotoxic hepatocarcinogenesis: studies in rodents. Environ Mol Muta-
gen 2008;49(1):9-15.
[4] Baccarelli A, Bollati V. Epigenetics and environmental chemicals. Curr Opin Pediatr 2009;21(2):243-51.
[5] Hayashi Y. Overview of genotoxic carcinogens and non-genotoxic carcinogens. Exp Toxicol Pathol 1992;44(8):465-71.
[6] Cheng KC, Loeb LA. Genomic instability and tumor progression: mechanistic considerations. Adv Cancer Res 1993;60:121-56.
[7] Goldberg Z. Clinical implications of radiation-induced genomic instability. Oncogene 2003;22(45):7011-7.
[8] Little JB. Genomic instability and radiation. J Radiol Prot 2003;23(2):173-81.
[9] Loeb LA, Loeb KR, Anderson JP. Multiple mutations and cancer. Proc Natl Acad Sci USA 2003;100(3):776-81.
[10] Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the genome integrates intrinsic and environmental signals. Nat Genet
2003;33(Suppl.):245-54.
[11] Pogribny IP, Beland FA. DNA methylome alterations in chemical carcinogenesis. Cancer Lett 2013;334.
[12] Esteller M, Herman JG. Cancer as an epigenetic disease: DNA methylation and chromatin alterations in human tumours. J Pathol 2002;196(1):1-7.
[13] Jenuwein T, Allis CD. Translating the histone code. Science 2001;293(5532):1074-80.
[14] McGowan PO, Meaney MJ, Szyf M. Diet and the epigenetic (re)programming of phenotypic differences in behavior. Brain Res 2008;1237:12-24.
[15] Napoli C, Lemieux C, Jorgensen R. Introduction of a Chimeric Chalcone Synthase gene into Petunia results in reversible Co-Suppression of
homologous genes in trans. Plant Cell 1990;2(4):279-89.
[16] Ghildiyal M, Zamore PD. Small silencing RNAs: an expanding universe. Nat Rev Genet 2009;10(2):94—-108.
[17] Guo H, Ingolia NT, Weissman JS, Bartel DP. Mammalian microRNAs predominantly act to decrease target mRNA levels. Nature 2010;466(7308)
:835-40.
[18] Croce CM. Causes and consequences of microRNA dysregulation in cancer. Nat Rev Genet 2009;10(10):704—14.
[19] Heyns M, Kovalchuk O. Non-coding RNAs including miRNAs, piRNAs, and tRNAs in human cancer. Oncotarget 2015;6(27):23055-7.
[20] Koturbash I, Zemp FJ, Pogribny I, Kovalchuk O. Small molecules with big effects: the role of the microRNAome in cancer and carcinogenesis.
Mutat Res 2011;722(2):94-105.
[21] Krishnan P, Ghosh S, Wang B, Li DP, Narasimhan A, Berendt R, et al. Next generation sequencing profiling identifies miR-574-3p and miR-660-5p
as potential novel prognostic markers for breast cancer. BMC Genomics 2015;16.
[22] Beveridge R, Pintos J, Parent ME, Asselin J, Siemiatycki J. Lung cancer risk associated with occupational exposure to nickel, chromium VI, and
cadmium in two population-based case-control studies in Montreal. Am J Ind Med 2010;53(5):476-85.
[23] Chen C, Xun P, Nishijo M, He K. Cadmium exposure and risk of lung cancer: a meta-analysis of cohort and case-control studies among general
and occupational populations. J Expo Sci Environ Epidemiol 2016.
[24] Song JK, Luo H, Yin XH, Huang GL, Luo SY, Lin DR, et al. Association between cadmium exposure and renal cancer risk: a meta-analysis of
observational studies. Sci Rep-UK 2015;5.
[25] Brocato J, Costa M. Basic mechanics of DNA methylation and the unique landscape of the DNA methylome in metal-induced carcinogenesis. Crit
Rev Toxicol 2013;43(6):493-514.
[26] Filipic M, Hei TK. Mutagenicity of cadmium in mammalian cells: implication of oxidative DNA damage. Mutat Res-Fund Mol M 2004;546(1-2)
:81-91.
[27] Ruiz-Hernandez A, Kuo CC, Rentero-Garrido P, Tang WY, Redon J, Ordovas JM, et al. Environmental chemicals and DNA methylation in adults:
a systematic review of the epidemiologic evidence. Clin Epigenetics 2015;7(1):55.
[28] Huang DJ, Zhang YM, Qi YM, Chen C, Ji WH. Global DNA hypomethylation, rather than reactive oxygen species (ROS), a potential facilitator of
cadmium-stimulated K562 cell proliferation. Toxicol Lett 2008;179(1):43-7.



564 SECTION | VII Effect of Environment on Genome Stability

[29] Takiguchi M, Achanzar WE, Qu W, Li GY, Waalkes MP. Effects of cadmium on DNA-(Cytosine-5) methyltransferase activity and DNA methyla-
tion status during cadmium-induced cellular transformation. Exp Cell Res 2003;286(2):355-65.

[30] Benbrahim-Tallaa L, Waterland RA, Dill AL, Webber MM, Waalkes MP. Tumor suppressor gene inactivation during cadmium-induced malig-
nant transformation of human prostate cells correlates with overexpression of de novo DNA methyltransferase. Environ Health Perspect
2007;115(10):1454-9.

[31] Jiang G, Xu L, Song S, Zhu C, Wu Q, Zhang L, et al. Effects of long-term low-dose cadmium exposure on genomic DNA methylation in human
embryo lung fibroblast cells. Toxicology 2008;244(1):49-55.

[32] Inglot P, Lewinska A, Potocki L, Oklejewicz B, Tabecka-Lonczynska A, Koziorowski M, et al. Cadmium-induced changes in genomic DNA-
methylation status increase aneuploidy events in a pig Robertsonian translocation model. Mutat Res 2012;747(2):182-9.

[33] Hossain MB, Vahter M, Concha G, Broberg K. Low-level environmental cadmium exposure is associated with DNA hypomethylation in Argentin-
ean women. Environ Health Persp 2012;120(6):879-84.

[34] Chen K, Liao QL, Ma ZW, Jin Y, Hua M, Bi J, et al. Association of soil arsenic and nickel exposure with cancer mortality rates, a town-scale
ecological study in Suzhou, China. Environ Sci Pollut Res Int 2015;22(7):5395-404.

[35] Pool-Zobel BL, Lotzmann N, Knoll M, Kuchenmeister F, Lambertz R, Leucht U, et al. Detection of genotoxic effects in human gastric and nasal
mucosa cells isolated from biopsy samples. Environ Mol Mutagen 1994;24(1):23-45.

[36] Arita A, Costa M. Epigenetics in metal carcinogenesis: nickel, arsenic, chromium and cadmium. Metallomics 2009;1(3):222-8.

[37] Lee YW, Broday L, Costa M. Effects of nickel on DNA methyltransferase activity and genomic DNA methylation levels. Mutat Res
1998:;415(3):213-8.

[38] Lee YW, Klein CB, Kargacin B, Salnikow K, Kitahara J, Dowjat K, et al. Carcinogenic nickel silences gene expression by chromatin condensation
and DNA methylation: a new model for epigenetic carcinogens. Mol Cell Biol 1995;15(5):2547-57.

[39] YanY, Kluz T, Zhang P, Chen HB, Costa M. Analysis of specific lysine histone H3 and H4 acetylation and methylation status in clones of cells
with a gene silenced by nickel exposure. Toxicol Appl Pharmacol 2003;190(3):272-7.

[40] Sorahan T, Williams SP. Mortality of workers at a nickel carbonyl refinery, 1958-2000. Occup Environ Med 2005;62(2):80-5.

[41] Zhang J, Zhang J,Li M, Wu 'Y, Fan'Y, Zhou Y, et al. Methylation of RAR-beta2, RASSF1A, and CDKN2A genes induced by nickel subsulfide and
nickel-carcinogenesis in rats. Biomed Environ Sci 2011;24(2):163-71.

[42] Govindarajan B, Klafter R, Miller MS, Mansur C, Mizesko M, Bai XH, et al. Reactive oxygen-induced carcinogenesis causes hypermethylation of
pl16(Ink4a) and activation of MAP kinase. Mol Med 2002;8(1):1-8.

[43] Muntner P, Menke A, DeSalvo KB, Rabito FA, Batuman V. Continued decline in blood lead levels among adults in the United States — the National
Health and Nutrition Examination Surveys. Arch Intern Med 2005;165(18):2155-61.

[44] Apostolou A, Garcia-Esquinas E, Fadrowski JJ, McLain P, Weaver VM, Navas-Acien A. Secondhand tobacco smoke: a source of lead exposure in
US children and adolescents. Am J Public Health 2012;102(4):714-22.

[45] Bihaqi SW, Zawia NH. Alzheimer’s disease biomarkers and epigenetic intermediates following exposure to Pb in vitro. Curr Alzheimer Res
2012;9(5):555-62.

[46] Senut MC, Sen A, Cingolani P, Shaik A, Land SJ, Ruden DM. Lead exposure disrupts global DNA methylation in human embryonic stem cells and
alters their neuronal differentiation. Toxicol Sci 2014;139(1):142-61.

[47] Dosunmu R, Alashwal H, Zawia NH. Genome-wide expression and methylation profiling in the aged rodent brain due to early-life Pb exposure and
its relevance to aging. Mech Ageing Dev 2012;133(6):435-43.

[48] Schnedl W, Dev VG, Tantravahi R, Miller DA, Erlanger BF, Miller OJ. 5-Methylcytosine in heterochromatic regions of chromosomes: chimpanzee
and gorilla compared to the human. Chromosoma 1975;52(1):59-66.

[49] Gibb HJ, Lees PSJ, Pinsky PF, Rooney BC. Lung cancer among workers in chromium chemical production. Am J Ind Med 2000;38(2):115-26.

[50] Koh DH, Kim TW, Jang SH, Ryu HW. Cancer mortality and incidence in cement industry workers in Korea. Saf Health Work 2011;2(3):243-9.

[51] Halasova E, Matakova T, Kavcova E, Musak L, Letkova L, Adamkov M, et al. Human lung cancer and hexavalent chromium exposure. Neuro
Endocrinol Lett 2009;30(Suppl. 1):182-5.

[52] Linos A, Petralias A, Christophi CA, Christoforidou E, Kouroutou P, Stoltidis M, et al. Oral ingestion of hexavalent chromium through drinking
water and cancer mortality in an industrial area of Greece — an ecological study. Environ Health 2011;10.

[53] Lou J, Wang Y, Chen J, Ju L, Yu M, Jiang Z, et al. Effects of soluble and particulate Cr(VI) on genome-wide DNA methylation in human B lym-
phoblastoid cells. Mutat Res Genet Toxicol Environ Mutagen 2015;792:12-8.

[54] Kondo K, Takahashi Y, Hirose Y, Nagao T, Tsuyuguchi M, Hashimoto M, et al. The reduced expression and aberrant methylation of pl16(INK4a)
in chromate workers with lung cancer. Lung Cancer-J Iaslc 2006;53(3):295-302.

[55] TakahashiY, Kondo K, Ishikawa S, Uchihara H, Fujino H, Sawada N, et al. Microscopic analysis of the chromium content in the chromium-induced
malignant and premalignant bronchial lesions of the rat. Environ Res 2005;99(2):267-72.

[56] Ali AH, Kondo K, Namura T, Senba 'Y, Takizawa H, Nakagawa Y, et al. Aberrant DNA methylation of some tumor suppressor genes in lung cancers
from workers with chromate exposure. Mol Carcinog 2011;50(2):89-99.

[57] Jensen TJ, Novak P, Eblin KE, Gandolfi AJ, Futscher BW. Epigenetic remodeling during arsenical-induced malignant transformation. Carcino-
genesis 2008;29(8):1500-8.

[58] Tseng CH, Huang YK, Huang YL, Chung CJ, Yang MH, Chen CIJ, et al. Arsenic exposure, urinary arsenic speciation, and peripheral vascular dis-
ease in blackfoot disease-hyperendemic villages in Taiwan. Toxicol Appl Pharmacol 2005;206(3):299-308.

[59] Wasserman GA, Liu X, Parvez F, Ahsan H, Factor-Litvak P, van Geen A, et al. Water arsenic exposure and children’s intellectual function in Arai-
hazar, Bangladesh. Environ Health Perspect 2004;112(13):1329-33.



Chemical Carcinogens and Their Effect on Genome and Epigenome Stability Chapter | 32 565

[60] Majumdar S, Chanda S, Ganguli B, Mazumder DN, Lahiri S, Dasgupta UB. Arsenic exposure induces genomic hypermethylation. Environ Toxicol
2010525(3):315-8.

[61] Nohara K, Baba T, Murai H, Kobayashi Y, Suzuki T, Tateishi Y, et al. Global DNA methylation in the mouse liver is affected by methyl deficiency
and arsenic in a sex-dependent manner. Arch Toxicol 2011;85(6):653-61.

[62] Vrijens K, Bollati V, Nawrot TS. MicroRNAs as potential signatures of environmental exposure or effect: a systematic review. Environ Health Persp
2015;123(5):399-411.

[63] Pogribny IP, Beland FA, Rusyn I. The role of microRNAs in the development and progression of chemical-associated cancers. Toxicol Appl
Pharmacol 2015.

[64] LuoF,JiJ,LiuY, XuY, Zheng G, Jing J, et al. MicroRNA-21, up-regulated by arsenite, directs the epithelial-mesenchymal transition and enhances
the invasive potential of transformed human bronchial epithelial cells by targeting PDCD4. Toxicol Lett 2014;232(1):301-9.

[65] Beezhold K, Liu J, Kan H, Meighan T, Castranova V, Shi X, et al. miR-190-mediated downregulation of PHLPP contributes to arsenic-induced Akt
activation and carcinogenesis. Toxicol Sci 2011;123(2):411-20.

[66] Lu XL, Luo F, LiuY, Zhang AH, Li J, Wang BR, et al. The IL-6/STAT3 pathway via miR-21 is involved in the neoplastic and metastatic properties
of arsenite-transformed human keratinocytes. Toxicol Lett 2015;237(3):191-9.

[67] Herbert KJ, Holloway A, Cook AL, Chin SP, Snow ET. Arsenic exposure disrupts epigenetic regulation of SIRT1 in human keratinocytes. Toxicol
Appl Pharmacol 2014;281(1):136-45.

[68] Ngalame NN, Tokar EJ, Person RJ, Xu'Y, Waalkes MP. Aberrant microRNA expression likely controls RAS oncogene activation during malignant
transformation of human prostate epithelial and stem cells by arsenic. Toxicol Sci 2014;138(2):268-77.

[69] Leucci E, Zriwil A, Gregersen LH, Jensen KT, Obad S, Bellan C, et al. Inhibition of miR-9 de-represses HuR and DICER1 and impairs Hodgkin
lymphoma tumour outgrowth in vivo. Oncogene 2012;31(49):5081-9.

[70] Chiou YH, Liou SH, Wong RH, Chen CY, Lee H. Nickel may contribute to EGFR mutation and synergistically promotes tumor invasion in EGFR-
mutated lung cancer via nickel-induced microRNA-21 expression. Toxicol Lett 2015;237(1):46-54.

[71] Zhang J, Zhou'Y, Ma L, Huang S, Wang R, Gao R, et al. The alteration of miR-222 and its target genes in nickel-induced tumor. Biol Trace Elem
Res 2013;152(2):267-74.

[72] Zhang J, Zhou'Y, Wu YJ, Li MJ, Wang RJ, Huang SQ, et al. Hyper-methylated miR-203 dysregulates ABL1 and contributes to the nickel-induced
tumorigenesis. Toxicol Lett 2013;223(1):42-51.

[73] Ji W, Yang L, Yuan J, Yang L, Zhang M, Qi D, et al. MicroRNA-152 targets DNA methyltransferase 1 in NiS-transformed cells via a feedback
mechanism. Carcinogenesis 2013;34(2):446-53.

[74] HeJ, Qian X, Carpenter R, Xu Q, Wang L, Qi Y, et al. Repression of miR-143 mediates Cr (VI)-induced tumor angiogenesis via IGF-IR/IRS1/ERK/
IL-8 pathway. Toxicol Sci 2013;134(1):26-38.

[75] Liu Q, Zheng CJ, Shen HY, Zhou ZH, Lei YX. MicroRNAs-mRNAs expression profile and their potential role in malignant transformation of
human bronchial epithelial cells induced by cadmium. Biomed Res Int 2015;2015.

[76] Humphries B, Wang Z, Yang C. The role of microRNAs in metal carcinogen-induced cell malignant transformation and tumorigenesis. Food Chem
Toxicol 2016.

[77] Dunn BK, Wickerham DL, Ford LG. Prevention of hormone-related cancers: breast cancer. J Clin Oncol 2005;23(2):357-67.

[78] Jordan VC. Tamoxifen: a most unlikely pioneering medicine. Nat Rev Drug Discov 2003;2(3):205-13.

[79] Hutchings O, Evans G, Fallowfield L, Cuzick J, Howell A. Effect of early American results on patients in a tamoxifen prevention trial (IBIS). Inter-
national Breast Cancer Intervention Study. Lancet 1998;352(9135):1222.

[80] White IN. The tamoxifen dilemma. Carcinogenesis 1999;20(7):1153-60.

[81] Cuzick J, Powles T, Veronesi U, Forbes J, Edwards R, Ashley S, et al. Overview of the main outcomes in breast-cancer prevention trials. Lancet
2003;361(9354):296-300.

[82] Greaves P, Goonetilleke R, Nunn G, Topham J, Orton T. Two-year carcinogenicity study of tamoxifen in Alderley Park Wistar-derived rats. Cancer
Res 1993;53(17):3919-24.

[83] Dragan YP, Fahey S, Nuwaysir E, Sattler C, Babcock K, Vaughan J, et al. The effect of tamoxifen and two of its non-isomerizable fixed-ring analogs
on multistage rat hepatocarcinogenesis. Carcinogenesis 1996;17(3):585-94.

[84] Williams GM, Iatropoulos MJ, Karlsson S. Initiating activity of the anti-estrogen tamoxifen, but not toremifene in rat liver. Carcinogenesis
1997;18(11):2247-53.

[85] Wogan GN. Review of the toxicology of tamoxifen. Semin Oncol 1997;24(1 Suppl. 1):S1-87-97.

[86] Beland FA, McDaniel LP, Marques MM. Comparison of the DNA adducts formed by tamoxifen and 4-hydroxytamoxifen in vivo. Carcinogenesis
1999;20(3):471-17.

[87] Gamboa da Costa G, McDaniel-Hamilton LP, Heflich RH, Marques MM, Beland FA. DNA adduct formation and mutant induction in Sprague-
Dawley rats treated with tamoxifen and its derivatives. Carcinogenesis 2001;22(8):1307-15.

[88] Phillips DH. Understanding the genotoxicity of tamoxifen? Carcinogenesis 2001;22(6):839-49.

[89] Phillips DH, Carmichael PL, Hewer A, Cole KJ, Poon GK. Alpha-Hydroxytamoxifen, a metabolite of tamoxifen with exceptionally high DNA-
binding activity in rat hepatocytes. Cancer Res 1994;54(21):5518-22.

[90] Carthew P, Lee PN, Edwards RE, Heydon RT, Nolan BM, Martin EA. Cumulative exposure to tamoxifen: DNA adducts and liver cancer in the rat.
Arch Toxicol 2001;75(6):375-80.

[91] Tryndyak VP, Kovalchuk O, Muskhelishvili L, Montgomery B, Rodriguez-Juarez R, Melnyk S, et al. Epigenetic reprogramming of liver cells in
tamoxifen-induced rat hepatocarcinogenesis. Mol Carcinog 2007;46(3):187-97.



566 SECTION | VII Effect of Environment on Genome Stability

[92] Tryndyak VP, Muskhelishvili L, Kovalchuk O, Rodriguez-Juarez R, Montgomery B, Churchwell M1, et al. Effect of long-term tamoxifen exposure
on genotoxic and epigenetic changes in rat liver: implications for tamoxifen-induced hepatocarcinogenesis. Carcinogenesis 2006;27(8):1713-20.

[93] Pogribny IP, Bagnyukova TV, Tryndyak VP, Muskhelishvili L, Rodriguez-Juarez R, Kovalchuk O, et al. Gene expression profiling reveals underly-
ing molecular mechanisms of the early stages of tamoxifen-induced rat hepatocarcinogenesis. Toxicol Appl Pharmacol 2007;225(1):61-9.

[94] Pogribny IP, Tryndyak VP, Boyko A, Rodriguez-Juarez R, Beland FA, Kovalchuk O. Induction of microRNAome deregulation in rat liver by long-
term tamoxifen exposure. Mutat Res 2007;619(1-2):30-7.

[95] Humans IWGotEoCRt. 1,3-butadiene, ethylene oxide and vinyl halides (vinyl fluoride, vinyl chloride and vinyl bromide). In: IARC monographs on
the evaluation of carcinogenic risks to humans, vol. 97. World Health Organization, International Agency for Research on Cancer; 2008. p. 3—471.

[96] Walker VE, Walker DM, Meng Q, McDonald JD, Scott BR, Seilkop SK, et al. Genotoxicity of 1,3-butadiene and its epoxy intermediates. Res Rep
2009;(144):3-79.

[97] Melnick RL, Sills RC. Comparative carcinogenicity of 1,3-butadiene, isoprene, and chloroprene in rats and mice. Chemico Biol Interact 2001;135-
136:27-42.

[98] Koturbash I, Scherhag A, Sorrentino J, Sexton K, Bodnar W, Swenberg JA, et al. Epigenetic mechanisms of mouse interstrain variability in geno-
toxicity of the environmental toxicant 1,3-butadiene. Toxicol Sci 2011;122(2):448-56.

[99] Koturbash I, Scherhag A, Sorrentino J, Sexton K, Bodnar W, Tryndyak V, et al. Epigenetic alterations in liver of C57BL/6J mice after short-term
inhalational exposure to 1,3-butadiene. Environ Health Perspect 2011;119(5):635-40.

[100] Chappell G, Kobets T, O’Brien B, Tretyakova N, Sangaraju D, Kosyk O, et al. Epigenetic events determine tissue-specific toxicity of inhalational
exposure to the genotoxic chemical 1,3-butadiene in male C57BL/6J mice. Toxicol Sci 2014;142(2):375-84.

[101] Moorthy B, Chu C, Carlin DJ. Polycyclic aromatic hydrocarbons: from metabolism to lung cancer. Toxicol Sci 2015;145(1):5-15.

[102] Simon R, Gomez Ruiz JA, von Holst C, Wenzl T, Anklam E. Results of a European inter-laboratory comparison study on the determination of EU
priority polycyclic aromatic hydrocarbons (PAHs) in edible vegetable oils. Anal Bioanal Chem 2008;391(4):1397-408.

[103] Ho SM, Johnson A, Tarapore P, Janakiram V, Zhang X, Leung YK. Environmental epigenetics and its implication on disease risk and health out-
comes. ILAR J/Natl Res Counc Inst Laboratory Animal Resour 2012;53(3—4):289-305.

[104] Perera F, Tang WY, Herbstman J, Tang D, Levin L, Miller R, et al. Relation of DNA methylation of 5-CpG island of ACSL3 to transplacental
exposure to airborne polycyclic aromatic hydrocarbons and childhood asthma. PLoS One 2009;4(2):e4488.

[105] Tang WY, Levin L, Talaska G, Cheung Y'Y, Herbstman J, Tang D, et al. Maternal exposure to polycyclic aromatic hydrocarbons and 5’-CpG meth-
ylation of interferon-gamma in cord white blood cells. Environ health Perspect 2012;120(8):1195-200.

[106] Pavanello S, Bollati V, Pesatori AC, Kapka L, Bolognesi C, Bertazzi PA, et al. Global and gene-specific promoter methylation changes are
related to anti-B[a]PDE-DNA adduct levels and influence micronuclei levels in polycyclic aromatic hydrocarbon-exposed individuals. Int J Cancer
2009;125(7):1692-7.

[107] Ouyang B, Baxter CS, Lam HM, Yeramaneni S, Levin L, Haynes E, et al. Hypomethylation of dual specificity phosphatase 22 promoter cor-
relates with duration of service in firefighters and is inducible by low-dose benzo[a]pyrene. J Occup Environ Med/Am Coll Occup Environ Med
2012;54(7):774-80.

[108] Denissenko MF, Pao A, Tang M, Pfeifer GP. Preferential formation of benzo[a]pyrene adducts at lung cancer mutational hotspots in P53. Science
1996;274(5286):430-2.

[109] Hu W, Feng Z, Tang MS. Preferential carcinogen-DNA adduct formation at codons 12 and 14 in the human K-ras gene and their possible mecha-
nisms. Biochemistry 2003;42(33):10012-23.

[110] Damiani LA, Yingling CM, Leng S, Romo PE, Nakamura J, Belinsky SA. Carcinogen-induced gene promoter hypermethylation is mediated by
DNMT1 and causal for transformation of immortalized bronchial epithelial cells. Cancer Res 2008;68(21):9005-14.

[111] Shen YL, Jiang YG, Greenlee AR, Zhou LL, Liu LH. MicroRNA expression profiles and miR-10a target in anti-benzo[a] pyrene-7, 8-diol-9,
10-epoxide-transformed human 16HBE cells. Biomed Environ Sci 2009;22(1):14-21.

[112] Jiang Y, WuY, Greenlee AR, Wu J, Han Z, Li X, et al. miR-106a-mediated malignant transformation of cells induced by anti-benzo[a]pyrene-trans-
7,8-diol-9,10-epoxide. Toxicol Sci 2011;119(1):50-60.

[113] Li D, Wang Q, Liu C, Duan H, Zeng X, Zhang B, et al. Aberrant expression of miR-638 contributes to benzo(a)pyrene-induced human cell trans-
formation. Toxicol Sci 2012;125(2):382-91.

[114] Izzotti A, Calin GA, Arrigo P, Steele VE, Croce CM, De Flora S. Downregulation of microRNA expression in the lungs of rats exposed to cigarette
smoke. FASEB J 2009;23(3):806—12.

[115] Casati L, Sendra R, Sibilia V, Celotti F. Endocrine disrupters: the new players able to affect the epigenome. Front Cell Dev Biol 2015;3:37.

[116] Ferreira LL, Couto R, Oliveira PJ. Bisphenol A as epigenetic modulator: setting the stage for carcinogenesis? Eur J Clin Invest 2015;45:32—-6.

[117] Collotta M, Bertazzi PA, Bollati V. Epigenetics and pesticides. Toxicology 2013;307:35-41.

[118] Anway MD, Skinner MK. Epigenetic transgenerational actions of endocrine disruptors. Endocrinology 2006;147(6 Suppl.):S43-9.

[119] Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic transgenerational actions of endocrine disruptors. Reprod Toxicol 2011;31(3):337-43.

[120] Ferguson LR, Philpott M. Nutrition and mutagenesis. Annu Rev Nutr 2008;28:313-29.

[121] Wild CP, Gong YY. Mycotoxins and human disease: a largely ignored global health issue. Carcinogenesis 2010;31(1):71-82.

[122] Zhang YJ, Ahsan H, Chen Y, Lunn RM, Wang LY, Chen SY, et al. High frequency of promoter hypermethylation of RASSF1A and p16 and its
relationship to aflatoxin B1-DNA adduct levels in human hepatocellular carcinoma. Mol Carcinog 2002;35(2):85-92.

[123] Zhang YJ, Chen Y, Ahsan H, Lunn RM, Lee PH, Chen CJ, et al. Inactivation of the DNA repair gene O6-methylguanine-DNA methyltransferase
by promoter hypermethylation and its relationship to aflatoxin B1-DNA adducts and p53 mutation in hepatocellular carcinoma. Int J Cancer
2003;103(4):440-4.



Chemical Carcinogens and Their Effect on Genome and Epigenome Stability Chapter | 32 567

[124] SuH, Zhao J, Xiong Y, Xu T, Zhou F, Yuan Y, et al. Large-scale analysis of the genetic and epigenetic alterations in hepatocellular carcinoma from
Southeast China. Mutat Res 2008;641(1-2):27-35.

[125] Marrone AK, Beland FA, Pogribny IP. Noncoding RNA response to xenobiotic exposure: an indicator of toxicity and carcinogenicity. Expert Opin
Drug Metab Toxicol 2014;10(10):1409-22.

[126] Marrone AK, Beland FA, Pogribny IP. The role for microRNAs in drug toxicity and in safety assessment. Expert Opin Drug Metab Toxicol
2015;11(4):601-11.

[127] Pogribny IP, Beland FA. DNA hypomethylation in the origin and pathogenesis of human diseases. Cell Mol Life Sci 2009;66(14):2249-61.

[128] Pogribny IP, Beland FA. DNA methylome alterations in chemical carcinogenesis. Cancer Lett 2013;334(1):39-45.

[129] Pogribny IP, Rusyn I. Environmental toxicants, epigenetics, and cancer. Adv Exp Med Biol 2013;754:215-32.

[130] Secretan B, Straif K, Baan R, Grosse Y, El Ghissassi F, Bouvard V, et al. A review of human carcinogens-Part E: tobacco, areca nut, alcohol, coal
smoke, and salted fish. Lancet Oncol 2009;10(11):1033—4.

[131] Koturbash I, Beland FA, Pogribny IP. Role of microRNAs in the regulation of drug metabolizing and transporting genes and the response to envi-
ronmental toxicants. Expert Opin Drug Metab Toxicol 2012;8(5):597-606.



	32 - Chemical Carcinogens and Their Effect on Genome and Epigenome Stability
	1. Introduction
	2. Epigenetic Regulators
	2.1 DNA Methylation
	2.2 Histone Modifications
	2.3 RNA-Induced Effects

	3. Effects of Metals
	4. Tamoxifen Effects
	5. Effects of 1,3-Butadiene
	6. Influence of Polycyclic Aromatic Hydrocarbons
	7. Conclusions
	Glossary
	List of Abbreviations
	References


