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Abstract

Accumulating evidence suggests that epigenetic alterations play an important role in chemically-

induced carcinogenesis. Although the epigenome and genome may be equally important in 

carcinogenicity, the genotoxicity of chemical agents and exposure-related transcriptomic responses 

have been more thoroughly studied and characterized. To better understand the evidence for 

epigenetic alterations of human carcinogens, and the potential association with genotoxic 

endpoints, we conducted a systematic review of published studies of genotoxic carcinogens that 

reported epigenetic endpoints. Specifically, we searched for publications reporting epigenetic 

effects for the 28 agents and occupations included in Monograph Volume 100F of the International 

Agency for the Research on Cancer (IARC) that were classified as “carcinogenic to humans” 

(Group 1) with strong evidence of genotoxic mechanisms of carcinogenesis. We identified a total 

of 158 studies that evaluated epigenetic alterations for 12 of these 28 carcinogenic agents and 

occupations (1,3-butadiene, 4-aminobiphenyl, aflatoxins, benzene, benzidine, benzo[a]pyrene, 

coke production, formaldehyde, occupational exposure as a painter, sulfur mustard, and vinyl 

chloride). Aberrant DNA methylation was most commonly studied, followed by altered expression 

of non-coding RNAs and histone changes (totaling 85, 59 and 25 studies, respectively). For 3 

carcinogens (aflatoxins, benzene and benzo[a]pyrene), 10 or more studies reported epigenetic 

effects. However, epigenetic studies were sparse for the remaining 9 carcinogens; for 4 agents, 

only 1 or 2 published reports were identified. While further research is needed to better identify 

carcinogenesis-associated epigenetic perturbations for many potential carcinogens, published 

reports on specific epigenetic endpoints can be systematically identified and increasingly 

incorporated in cancer hazard assessments.
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1. Introduction

Epigenetic alterations represent non-genotoxic mechanisms of carcinogenesis that may 

occur independently or concomitantly with genotoxic aberrations. Further, the epigenomic 

landscape may directly influence the genotoxic potential of a chemical; for example, several 

studies have indicated preferential binding of reactive chemicals to regions of DNA that 

harbor specific histone modification marks and/or DNA methylation patterns [1–6].

There are several major types of epigenetic and epigenomic alterations: DNA methylation, 

histones/chromatin structure, nucleosome positioning, and expression of non-coding RNAs, 

all of which can alter gene activity without change to the DNA sequence. A wealth of data 

demonstrates that changes in these epigenetic marks may occur as a consequence of 

exposure to environmental chemicals [7, 8], and may play a role in the etiology of various 

human diseases, including cancer [9]. It has been demonstrated that chemically-induced 

epigenetic alterations occur early during exposure and may also have significance as 

biomarkers of carcinogen exposure.

To enable incorporation of epigenetic endpoints in chemical safety assessments, further 

characterization of the role of epigenetic alterations induced by chemical exposure is 

necessary [10]. Specifically, additional studies are needed to characterize the relationship 

between epigenetic alterations and toxicity phenotypes, and the epigenetic-specific dose-

response [11]. Several recent publications [9, 12] reviewed the current state of knowledge of 

epigenetics and cancer, and the application of epigenetic endpoints in cancer hazard 

assessments, including for chemical carcinogens. Despite the fact that the utilization of 

epigenetic assays in the evaluation of carcinogens is still in the very early stages, the recent 

surge in reports of epigenetic marks, and the advances in the technology used to detect them, 

has yielded better understanding of epigenetics mechanisms of carcinogenesis. 

Appropriately, “Epigenetic Alterations” were recently listed as one of 10 “key characteristics 

of human carcinogens” [13]. Beginning with Volume 112 in 2015, the International Agency 

for the Research on Cancer (IARC) Monographs Programme incorporates a formal search 

for studies on epigenetic effects in all evaluations. However, it is recognized that most 

carcinogens were evaluated by IARC before new data on their epigenetic effects became 

available [9]. Additionally, the US Environmental Protection Agency has held workshops 

and evaluations regarding environmental chemicals and epigenetics (http://cfpub.epa.gov/

ncea/cfm/recordisplay.cfm?deid=308271), but no standard yet exists regarding how 

regulators are to incorporate these endpoints into chemical assessments.

To enable a comprehensive analysis of the level of evidence that exists on the epigenetic 

effects of human carcinogens that also act by a genotoxic mechanism, we conducted a 

systematic literature review. This information will allow for improved understanding of the 

amount of available data on epigenetic alterations associated with chemical carcinogens.
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2. Methodology

We conducted a systematic review of scientific studies indexed in PubMed that investigated 

epigenetic alterations caused by human carcinogens that have strong evidence of a genotoxic 

mechanism of carcinogenesis. We used the Health Assessment Workspace Collaborative 

(HAWC), a publically available online tool (https://hawcproject.org) for curating published 

literature for the assessment of chemicals or groups of chemicals. The review focused on 

human carcinogens as classified by the IARC [14]. As of 2015, there are 118 agents 

classified as “carcinogenic to humans” (Group 1) by IARC (http://monographs.iarc.fr/ENG/

Classification/index.php). These include chemical agents and related occupations, personal 

habits and indoor combustions, radiation, arsenic, metals, fibers, and dusts, biological 

agents, and pharmaceuticals. For the purpose of this systematic review, we focused on 

environmental and occupational hazards; specifically, the agents and occupations listed in 

the IARC monographs volume 100F, one of six monographs comprising volume 100, which 

was a re-evaluation of data on Group 1 carcinogens conducted by IARC Monographs 

Working Groups in 2012. Of the 31 chemicals and associated occupations included in the 

volume 100F, 28 were included in this review because they were (1) classified as 

carcinogenic to humans, and (2) the IARC Monographs working group concluded that there 

was strong evidence for genotoxicity as a mechanism of carcinogenesis. We identified 

published report of epigenetic alterations that occurred as a consequence of exposure for 12 

of these 28 chemicals and occupations (Table 1).

Using HAWC, we queried available literature in the PubMed database using search terms for 

both epigenetic alterations and the chemicals listed in Table 1. The full list of search terms 

that were used is provided in Supplemental Table 1. The inclusion criteria for the assessment 

are summarized in Table 2.

A total of 1,079 references were returned as of the search date 12/06/2015. Of these, 158 

met the inclusion criteria and 921 were excluded. Using HAWC, the included studies were 

classified first by chemical, and then organized into species (human, mouse, rat, or other), 

type of study (in vitro or in vivo), and finally the category of epigenetic endpoint(s) studied 

(DNA methylation, histone modification, or non-coding RNA). All exclusions were 

documented and most (85%) publications were excluded because they did not report 

epigenetic effects, concern any of the chemicals or occupations of interest, or report primary 

data, or because were unavailable in full text in English. Studies that reported γ-H2AX, 

which is highly correlative with double strand breaks and is commonly used as a sensitive 

marker of such DNA damage [15], were sub-categorized within the studies that did not 

report epigenetic data, as were studies that reported binding of a carcinogen to histone 

proteins. Studies tagged within the “other” exclusion category included those studies that 

described changes in the expression of histone modification genes but not histone 

modifications themselves, as well as studies that discussed associations between carcinogen 

exposure and epigenetic features (cytosine methylation or chromatin structure/nucleosome 

positioning), but did not describe epigenetic alterations that appeared to be caused by the 

exposure to the agent or occupation of interest. Because this review focused on epigenetic 

alterations that were attributed to exposure to a carcinogen, these studies were excluded; 

however, we consider these studies pertinent to the subject at hand and, thus, appropriated 
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tagged them. Visualizations of the literature review that demonstrate the organization of the 

inclusion and exclusion categories are shown in Figures 1 and 2, respectively. The publicly 

available systematic literature review with literature tags is freely accessible at the following 

link: https://hawcproject.org/lit/assessment/185/.

3. Categories of epigenetic alterations induced by chemicals and 

associated occupations included in the systematic review

DNA methylation

DNA methylation, the addition of methyl groups from the universal donor S-adenosyl-L-

methionine (SAM) to DNA cytosine residues, is the most extensively studied epigenetic 

mechanism. Methylation of DNA is a dynamic and well-balanced process of DNA 

methylation and DNA demethylation reactions. Methylation of DNA is initiated and 

established by members of the family of de novo DNA methyltransferases DNMT3 

(DNMT3A and DNMT3B), and is maintained during DNA replication by the maintenance 

DNA methyltransferase DNMT1. DNA demethylation is achieved through two different 

mechanisms: (i) a “passive” replication-dependent mechanism during cell division, and (ii) 
an “active” replication-independent mechanism. During active DNA demethylation, a family 

of ten-eleven-translocation (TET) proteins sequentially oxidizes 5-methylcytosine (5mC) to 

5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC), 

which are later removed and replaced by cytosine via base excision DNA repair 

mechanisms.

DNA methylation regulates and determines transcription, chromatin structure, chromosome 

integrity, and genomic imprinting [16]. While the relative effects of each of the above-

mentioned nucleotide variants is not clearly understood, it has been shown that 5mC 

generally has a silencing effect, while 5-hmC, 5-fC, and 5-caC are intermediate variants of 

5mC, although there is some evidence that these cytosine variants can interact with binding 

proteins and may affect transcription [17]. Importantly, aberrant DNA methylation can lead 

to disruption of any or all of these processes and may contribute to carcinogenesis. 

Generally, although not exclusively, hypermethylation of CpG island-containing promoter 

regions of genes (regions rich in CpG dinucleotides) is associated with their respective 

silencing, whereas promoter gene-specific CpG island hypomethylation is linked to gene 

activation, and global hypomethylation is associated with genomic instability [18, 19]. 

Recently, the complexities surrounding the functional importance (or lack thereof) of global 

or site-specific effects on DNA methylation has been highlighted [20]. Measurement of 

DNA methylation can be achieved by several methods, including methylation-specific PCR 

(MSP), combined bisulfite restriction analysis (COBRA) for gene-specific DNA 

methylation, whole-genome bisulfite treatment with sequencing (WGBS), methylated DNA 

immunoprecipitation (MeDIP), and mass spectrometry for global levels of DNA methylation 

[21] (Figure 3).

Histone modifications

Histone modifications occur post-transcriptionally and can affect the accessibility of DNA to 

transcription factors or DNA damaging agents, thus leading to changes in transcription, as 
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well as influencing DNA damage and repair. There are several types of histone 

modifications, including methylation, acetylation, phosphorylation, sumoylation, and 

ubiquitination of specific amino acid residues on the histone tails [22]. Such histone 

modifications are important regulators of chromatin state, and are highly influential of 

transcription when they occur at active or poised enhancer and promoter DNA elements, as 

well as insulators or silencers, either distally or in cis to genes [23, 24]. Histone marks are 

dynamically altered by “writer and eraser” enzymes (e.g. histone methyltransferases, histone 

acetyltransferases, histone deacetylases, and histone phosphorylases, among others) and that 

introduce or remove the histone modifications [25]. Histone marks are then recognized by 

epigenetic “reader” protein domains (e.g. bromodomains and chromodomains), which is a 

prerequisite for protein-histone associations that are involved in chromatin remodeling [26]. 

The histone modifications that have been most commonly reported in chemical exposures 

and associated deleterious phenotypes are methylation and acetylation of lysine residues, 

with the mechanistic features of these alterations dependent on the nature of the change 

(gain or loss) and the site of the histone mark [27]. Generally, acetylation neutralizes the 

positive charge of lysine residues, which weakens the interaction between the histone and 

DNA, causing a relaxation of the chromatin, which is generally associated with 

transcriptional activation. A similar effect is observed with phosphorylation of serine 

residues, although there are far fewer sites of phosphorylation on histone tails compared to 

acetylation [27]. Methylation only occurs on lysine or arginine residues, while the most 

commonly observed addition of methyl groups are on lysine on histone tails H3 and H4. 

Unlike any other histone modification, methylation has additional complexity in that 

residues on the histone tails may be mono-, di-, or tri-methylated. Specific methylation 

marks recruit proteins that are involved in the activation (or inactivation) of chromatin (and, 

thus, transcription).

While all of these histone modifications occur during normal cellular development and 

processes, dysregulation of the balance of appropriate histone modifications can lead to 

disease [27]. Histone modifications are of particular interest in this review because histone 

dynamics play a role in the toxic potential of the chemicals by influencing both 

transcriptional activity [28] and DNA repair mechanisms [29, 30]. Histone modifications are 

commonly measured by antibody-based assays, such as chromatin immunoprecipitation 

(ChIP) followed by microarray, PCR, or sequencing to identify gene-specific enrichment of 

specific histone marks, or western blotting and mass spectrometry for global levels of 

histone modifications (Figure 3).

Non-coding RNAs

It is estimated that over 60% of the genome is transcribed into non-coding RNAs [31], 

which include any RNA molecule that is not translated into a protein. Long non-coding 

RNAs (lncRNAs) and microRNAs (miRNAs), two types of non-coding RNAs, have various 

mechanisms of post-transcriptional regulation, including direct binding to RNA, recruitment 

of chromatin modifying enzymes to target genes, and bringing together proteins to form 

ribonucleoprotein complexes. A vast majority (48/54, 89%) of the studies of non-coding 

RNAs included in this review reported alterations in miRNAs, a pattern that is largely 

representative of the studies of non-coding RNAs in general. MiRNAs are short (19–25 nts) 
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non-coding RNAs that regulate gene expression by binding to the 3’ untranslated region of 

the gene and either inducing RNA degradation or blocking translation of the gene [32]. The 

regulatory action of miRNAs has been implicated in many human cancers, and changes in 

miRNA expression have also been shown to be altered by exposure to environmental 

chemicals [33]. The most commonly used methods for measurement of non-coding RNAs 

are quantitative RT-PCR and microarrays for the targeted evaluation of miRNAs or 

lncRNAs, and sequencing to assess all of the small RNAs in a sample (sequencing also 

enables the discovery of new microRNAs) (Figure 3).

4. Epigenetic effects associated with carcinogenic chemicals and 

associated occupations

Each of the 12 human carcinogens that met the inclusion criteria are described below, briefly 

detailing the common routes of exposure, associated cancers, and previously reported 

evidence of genotoxicity, followed by a discussion of the epigenetics findings of the studies 

reviewed. For only 3 of these agents or occupations, 10 or more studies reporting epigenetic 

endpoints were identified (Table 3).

4.1 Benzo[a]pyrene

Routes of exposure, associated cancers, and genotoxicity—Benzo[a]pyrene is 

one of many polycyclic aromatic hydrocarbons (PAHs) that are products of incomplete 

combustion [34]. BaP is a ubiquitous environmental contaminant, with major sources 

including tobacco smoke, automobile exhaust, and residential and commercial heating with 

coal or wood. Occupational exposures occur in coke production, coal gasification and 

liquefaction, roofing and paving involving coal-tar pitch, aluminum production, chimney 

sweeping, and working in power plants. BaP can be metabolized to four different 

diolepoxides, all of which are DNA-reactive. Chromosomal aberrations, DNA damage (by 

comet assay), sister chromatid exchange, DNA adducts, micronuclei and mutations have all 

been reported in rodents and/or humans exposed to BaP [35–38]. Most of the mechanistic 

data for BaP has been conducted in experimental mammals, showing that it is a multi-tissue 

carcinogen that primarily induces carcinomas of the lung, skin, liver, forestomach and 

mammary gland. Human cancers associated with BaP exposure include: lung, skin, bladder, 

and various oral and esophageal carcinomas specifically associated with tobacco smoking 

[39].

DNA methylation—Studies of DNA methylation and BaP comprise the largest (34 

studies) epigenetic category/chemical combination in our review, with the majority of the 

studies conducted in vitro in both human and rodent cells. BaP has been shown to decrease 

global DNA methylation levels in a dose-dependent manner in various in vitro systems [40–

44]. This may be explained by the inhibition of enzyme-catalyzed transfer of methyl groups 

from S-adenosyl-L-methionine to cytosines, which is potentially caused by BaP-DNA 

adducts [44]. In contrast, a lack of change in global DNA methylation has also been reported 

in a number of in vitro experiments as well [43, 45–48]. However, sequence-specific hypo- 

and hyper-methylation was observed in p53-positive and p53-negative human breast cancer 
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cell lines, primarily hypomethylation at DNA repetitive elements, in the absence of global 

DNA methylation changes [47].

Other examples of gene-specific aberrant methylation have been reported: human bronchial 

epithelial cells that were exposed to BPDE displayed an increase in DNA methyltransferase 

proteins relative to controls, in tandem with decreased the expression of the CDH13 gene, 

which is commonly down-regulated in lung cancer, among others [49]. Promoter 

hypermethylation and reduced expression of the IFNγ gene (another gene commonly down-

regulated in various cancers) was observed in Jurkat cells and two human adenocarcinoma 

cell lines exposed to low, non-cytotoxic doses (0.1 and 1 nM) of BaP, as well as in cord 

white blood cells of women who were exposed to PAHs during pregnancy [50]. 

Hypermethylation of CpG islands within the p16INK4α tumor suppressor gene, as well as 

down-regulation of expression of the gene, was observed in human bronchial epithelial cells 

exposed to BaP [51]. The same trend was observed in the peripheral blood of PAH-exposed 

workers, relative to that of non-exposed control subjects, and the degree of methylation was 

associated with the internal exposure and the level of DNA damage). HeLa cells challenged 

with BaP displayed DNMT1-mediated promoter hypomethylation, which was associated 

with activation of the long interspersed nuclear element 1 (LINE-1) repetitive elements [52]. 

Promoter hypermethylation and reduced expression of DUSP22, a gene that interacts with 

cancer-associated map kinases, was observed in human Jurkat T lymphocyte cells and 

normal human prostrate cells exposed to BaP, as well as in blood from both new and 

experienced firefighters [53]. In the same study, IFNγ methylation was not altered, in 

contrast to the above-mentioned study [50]. Hypermethylation of the promoter region of p16 
was evident in BaP-induced primary immortalized Syrian hamster dermal fibroblasts, 

accompanied by an overexpression of the gene [54].

In a study of newborns with potential in utero exposure to BaP, among other PAHs, the cord 

blood samples with detectable BaP-DNA adducts had higher levels of genomic methylation 

relative to the samples without adducts [55]. This hypermethylation may increase BaP-

induced DNA damage, because reactive metabolic intermediates have been shown to 

preferentially bind to methylated CpG dinucleotides [4], with several studies demonstrating 

this feature in the p53 tumor suppressor gene [2, 56–58]. Relatedly, the methylation of 

cytosines that are flanked by BaP-guanine DNA adducts is inhibited [59, 60]

In mice administered BaP, cytosine methylation was reduced in the Igf-II gene in lung 

tumors [61], and methylation of the Rassf1a gene was observed in 30% of skin tumors [62]. 

In another study of mice, several cancer-related and aberrantly methylated genes were down-

regulated (Wnt4, Fzd3, Mapk3 (Erk1), Mapk11, Foxd3, and Nanog) [63] in the BaP-treated 

group. Further, the DNA methyltransferase-encoding genes Dnmt3a and Dnmt3b were 

down-regulated in BaP-treated mice, which may have contributed to the gene-specific 

aberrant methylation.

Histone modifications—In the same study mentioned above that reported promoter 

hypomethylation and activation of LINE1 repetitive elements in BaP-exposed HeLa cells, 

H3K4me3 and H3K9ac, both marks of transcriptional activation, were also increased [52]. 

Together, these findings are suggestive of a cascade of epigenetic events that lead to 
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activation of the LINE-1 retrotransposons, which may result in retrotrasposition and genome 

instability.

Exposure of MCF7 breast cancer cells to BaP resulted in a global increase in acetylation of 

H3K9, and a positive correlation was identified between gene expression and gene-specific 

H3K9 hyperacetylation [64]. Additionally, genes involved in the organization and 

remodeling of chromatin were identified among genetic pathways that were responsive to 

the BaP treatment. H3K4me2 was decreased in the promoter region of the estrogen receptor 

α gene (ER) in both a human breast cancer cell line exposed to BaP, as well as in liver tissue 

from mice exposed to BaP [65]. This histone modification, which is likely mediated by 

depletion of the orphan nuclear receptor NR2E3, causes down-regulation of ER, which was 

associated with increased BaP-induced oxidative injury.

An increase in acetylation of H3K9 and H3K14 and trimethylation of H3K4, all marks of 

transcriptional activation, was observed in the promoter region of Cyp1a1, an aryl 

hydrocarbon hydroxylase that is highly involved in drug and xenobiotic metabolism, along 

with up-regulation of Cyp1a1 mRNA in BaP-exposed mouse hepatoma Hepa-1 cells [66, 

67].

In a study of neonatal rats administered BaP, the extent of acetylation of H3K14 and mRNA 

expression of StAR were both decreased, in correlation with a decrease in sperm count and 

serum testosterone levels, all changes that persisted into adulthood [68].

It has also been shown that BPDE-damaged DNA has more stable nucleosomes, which may 

interfere with nucleotide excision repair and lead to an increase in mutation rate [69].

Non-coding RNA—miR-29a was identified to have tumor-suppressor activity in human 

cells exposed to BPDE by targeting Cdc7 kinase and sensitizing cells to BPDE, thus 

presumably diminishing the accumulation of cells with DNA damage [70]. miR-29b-3p was 

also identified among BaP-mediated alterations and subsequent miRNA-mRNA interactions 

in mouse primary hepatocytes (miR-29b-3p and Col4a2, miR-24-3p and Flna), which were 

also found to be involved in cell cycle arrest and the impairment of repair mechanisms of 

DNA damage [71]. miR-181a-1-3p, was overexpressed in HEPG cells treated with BaP, and 

one of its targets, MGMT, a gene that encodes an enzyme involved in DNA damage repair, 

was decreased at the mRNA level [72]. In a study of human liver HepRG cells, treatment 

with BaP caused over-expression of miR-410 [73]. miR-892a was down-regulated in human 

breast adenocarcinoma MCF7 cells. miR-892a targets CYP1A1, a gene that is induced by 

BaP, and repression of CYP1A1 by miR-892a mediated the loss of cell viability caused by 

BaP exposure [74]. In a study using the human multiple myeloma cell line MM1.s, BaP 

exposure resulted in the up-regulation of 27 miRNAs, 7 of which (miR-25, miR-15a, 

miR-16, miR-92, miR-125b, miR-141, and miR-200a) have been reported to repress the p53 

tumor suppressor gene [75]. miR-34c, which is also associated with p53 expression by a 

positive feedback loop, was increased in a correlated manner with phosphorylated p53 in 

human bronchial epithelial cells treated with BaP, and the up-regulation of miR-34c 

prevented BaP-induced malignant transformation [76]. miR-622 and miR-506 displayed 

tumor-suppressor properties in anti-benzo[a]pyrene-trans-7,8-diol-9,10-epoxide transformed 
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human bronchial epithelial cells by suppressing K-ras (protein) and N-ras (both protein and 

mRNA) expression [77, 78]. In contrast, miRs-106a, -638, -494 and -22 were all increased 

and were all identified as having oncogenic properties in another experiment using anti-

benzo[a]pyrene-trans-7,8-diol-9,10-epoxide transformed human bronchial epithelial cells. 

Both miR-22 and miR-494 target the tumor suppressor gene PTEN, and the increase in the 

abundance of these two miRNAs was accompanied by a decrease in PTEN protein level 

(with no effect on PTEN mRNA) in the transformed cells [79, 80]. miR-106a inhibited the 

suppression of cell proliferation and cell cycle arrest and apoptosis, and promoted tumor 

growth in transfected nude mice [81]. miR-638 was increased both in human bronchial 

epithelial cells and in peripheral lymphocytes collected from 86 workers who were exposed 

to PAHs, and the overexpression of this miRNA aggravated BaPinduced cell DNA damage, 

likely due to suppression of BRCA1 [81].

Silencing of lncRNA-DQ786227 expression in BaP-treated human bronchial BEAS-2B cells 

inhibited cell proliferation and colony formation, and increased apoptosis. These findings 

were corroborated by the dramatic promotion of the ability of BEAS-2B-T cells to form 

colonies in vitro, and of tumor development in nude mice induced by expression of lncRNA-

DQ786227 [82]. Similarly, silencing of the lncRNAs AF118081 and LOC728228 inhibited 

cell growth and tumor invasion in BaP-treated human 16HBE cells, and downregulation of 

AF118081 clearly suppressed tumor growth in nude mice [83, 84].

4.2 Aflatoxins (naturally occurring mixtures)

Routes of exposure, associated cancers, and genotoxicity—Aflatoxins are 

naturally occurring potent hepatocarcinogens produced by Aspergillus flavus and 

Aspergillus parasiticus, with aflatoxin B1 (AFB1) considered to be the most toxic type. 

Human exposure to AFB1 primarily occurs by consumption of contaminated food sources, 

most commonly stored grains, but occupational exposure also occurs during processing and 

handling of contaminated grains (inhalation and dermal). The carcinogenicity is attributed to 

the metabolic activation of AFB1 to a genotoxic epoxide, with a high prevalence of point 

mutations in the p53 gene [85, 86]. AFB1 exposure causes sister chromatid exchange, 

micronuclei, chromosomal alterations, and DNA and protein adducts [87].

DNA methylation—Many of the studies of AFB1 investigated gene-specific DNA 

methylation changes. In two studies, Zhang et al. demonstrated inactivation of the tumor-

suppressor RASSF1, MGMT, and p16 genes by promoter hypermethylation in the promoter 

region of tumor DNA in human hepatocellular carcinoma (HCC) patients who were exposed 

to AFB1 [88, 89]. Further, the methylation status of the promoter regions of all three of these 

genes was significantly positively associated with the level of AFB1-DNA adducts in the 

tumor tissues, and methylation of MGMT was associated with mutations in the tumor 

suppressor TP53 gene. Feng, et al also showed that hypermethylation of the RASSF1 gene 

was associated with AFB1-DNA adducts in human HCC tumor tissue [90]. A significant 

association was observed between promoter hypermethylation of the glutathione S-

transferase pi (GSTP1) gene and the level of AFB1-DNA adducts in human HCC tumor 

tissue, and a marginally significant association was found for adjacent non-tumor tissue [91]. 

The level of GSTP1 mRNA was inversely associated with promoter hypermethylation in a 
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majority of the tumor samples, and a loss of this detoxifying enzyme that is involved in 

xenobiotic metabolism may be related to the associated DNA damage also observed in the 

tumors in this study. In addition to the site-specific gene methylation, hypomethylation of 

repetitive DNA elements, a characteristic indicative of genomic instability, has also been 

reported as a result of AFB1 exposure in both HCC and cancer-free patients with confirmed 

AFB1 exposure [92, 93].

AFB1 exposure in pregnant women was found to be associated with aberrant DNA 

methylation in blood collected from their infants at 2-8 years of age [94]. AFB1-associated 

differential methylation was observed in growth factor genes, including FGF12 and IGF1, 

and immune-related genes, including CCL28, TLR2 and TGFB1I, exemplifying 

pathologically important epigenetic alterations induced by exposure to a genotoxic chemical 

at a critical developmental stage.

In mice, at least partial methylation of CpG sites was observed in 43 of 49 (88%) of lung 

tumors analyzed for p19Arf promoter hypermethylation, and methylation of transcription 

factor binding sites or consensus sequences was confirmed in 21 tumors [95]. There was a 

general increase in DNA methylation levels in oocytes collected from high dose mycotoxin-

fed mice, as well as in a study of porcine oocytes exposed in vitro to AFB1, [96, 97], which 

may be causative of decreased developmental competence of oocytes in mice that ingest 

AFB1. A study of rat AFB1-induced liver tumors demonstrated that the gamma-glutamyl 

transpeptidase (GGT) gene was hypermethylated in hepatic tumors, but the correlation 

between GGT activity and methylation was not clear, and the regulatory mechanism of 

methylation of GGT differs from that of fetal liver development [98].

In vitro studies demonstrated a role of cytosine methylation on mutation spectrum, with 

increased methylation of CpG sites associated with increased mutation frequency, 

particularly for TP53 and in a codon-specific manner [2, 99].

Histone modifications—The levels of H3K9me3 and H4K20me3 (marks of 

transcriptional activation) were increased in oocytes from mycotoxin-fed mice, while 

H3K27me3 and H4K20me2 (marks of transcriptional repression and activation, 

respectively) were decreased. These alterations were observed along with increased global 

DNA hypermethylation, and may play a role in decreased developmental competence of 

oocytes in mice that ingest AFB1, although the mechanisms are not clear [96]. Similarly, in 

a study of porcine oocytes exposed in vitro to AFB1, the levels H3K27me3 (transcription 

repressive mark) and H3K4me2 (transcription activator) decreased, whereas the level of the 

transcription repressor mark H3K9me3 increased [97].

Non-coding RNA—In a comprehensive study of the miRNome in mouse primary 

hepatocytes exposed to a panel of both genotoxic and non-genotoxic chemicals, miRNA-

mRNA interactions were identified for AFB1 (miR-301b-3p and Papss2), which were also 

found to be involved in cell cycle arrest and the impairment of repair mechanisms of DNA 

damage [71]. Liu et al [100] observed dysregulation of several miRNAs in the liver of rats 

that were exposed to AFB1 for four weeks, with upregulated miR-34a-5p facilitating p53-

mediated DNA damage repair. The level of miR34a-5p was increased in the circulating 
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blood of the rats, preceding any significant increase in alanine transaminase activity; thus, 

miR-34a-5p may represent a sensitive biomarker of AFB1-induced DNA damage in the 

liver. Another study of rats with AFB1-induced liver cancer also reported up-regulation of 

miR-34a, as well a loss of members of the miR-17-92 family, of which members play a 

tumor-suppressor role, in tumors [101].

Up-regulation of miR-429, which inhibits apoptosis and induces progression of tumor cell 

growth, was observed in human liver tumors in HCC patients that were confirmed to be 

exposed to AFB1, and was significantly correlated with high levels of AFB1-DNA adducts 

[102]. The same research group found that miR-24, which has been reported to be an 

“oncomir” [103], was upregulated in liver tumors from patients who resided in regions with 

high AFB1 exposure [104]. Further, in a large case-control hospital study in China that 

investigated polymorphisms in pre-miRNAs as potential risk and prognostic biomarkers of 

AFB1-related HCC, rs28599926 in miR-1268a was identified as one such candidate [105].

The majority of studies that reported alterations to miRNA expression caused by aflatoxins 

utilized in vivo data. One study, however, investigated the changes in miRNA expression in 

human liver HepRG cells, and observed a dose- and time-dependent down-regulation of 

miR-122 [73]. This AFB1-induced loss of miR-122 was attributed to inhibition of the 

HNF4A/miR-122 regulatory pathway.

Additionally, the H19 gene, which encodes a lncRNA, was up-regulated in human HepG2 

cells treated with AFB1 [106]. This overexpression promoted cell cycle progression in an 

E2F1-dependent manner.

4.3 Benzene

Routes of exposure, associated cancers, and genotoxicity—Benzene is a solvent 

that has historically been used in printing inks, gasoline, and chemical and drug production. 

Currently, the main use of benzene is in the manufacture of organic chemicals, and it is an 

intermediate in the production of several products that are used in drugs, insecticides, 

plastics, and dyes. Exposure to benzene is typically dermal or by inhalation in occupational 

settings, but it is present in the atmosphere, particularly in proximity to gas stations and in 

areas of high vehicular traffic. Benzene is leukemogenic, with excess cases of various types 

of leukemia (primarily acute myelogenous leukemia) reported in workers exposed to 

benzene [107, 108]. Limited studies have also associated benzene exposure with increased 

risk of lung and kidney cancer. The carcinogenicity of benzene is contingent on metabolic 

activation, with benzoquinones in the bone marrow implicated in the ultimate toxicity. 

Benzene leads to genotoxic effects at the hematopoietic stem cell level; specifically, DNA 

double strand breaks and chromosomal aberrations that are known to be causative of 

hematopoietic cancers occur in benzene-exposed human patients [109–111].

DNA Methylation—Benzene induced global DNA hypomethylationin human 

lymphoblastoid TK6 cells at concentrations of 1, 10, and 100 µM [112]. However, no 

significant global DNA methylation changes were observed in a study using normal hepatic 

L02 cells or human myeloid HL-60 cells that were incubated with benzene for 48 hours and 
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which displayed changes in gene expression levels [113, 114], although the exposure 

concentrations tested were similar or higher than those used in the Tabish et al. [112] study.

While the in vitro studies of benzene-induced changes in DNA methylation are conflicting, 

global and repetitive element DNA hypomethylation has been reported in humans exposed 

to low levels of benzene (as confirmed by personal air samplers) [115, 116]. Further, 

hypermethylation of the p15 promoter, which likely contributes to deregulation of cell 

proliferation and is associated with acute myelogenous leukemia, was observed in benzene-

exposed individuals. Gene-specific DNA methylation has also been reported in individuals 

exposed to benzene. Three hypermethylated genes with concurrent mRNA down-regulation 

(PRKG1, PARD3, and EPHA8) and two hypomethylated genes with increased mRNA level 

(STAT3, IFNGR1) were identified in benzene poisoning patients [117]. Subsequent pathway 

analysis identified STAT3 as a central player in several enriched carcinogenesis-relevant 

genesets and pathways, including acute myeloid leukemia and the JAK-STAT cascade. 

Promoter DNA hypermethylation of the tumor suppressor genes p15 and p16 was observed 

in benzene-exposed workers, along with a decrease in the mRNA level [118]. A study of 

pregnant mice revealed that benzene exposure induced global hypomethylation, but that p15 
promoter methylation was unchanged in both fetal livers and maternal bone marrow cells 

[119], indicating that this epigenetic response to benzene exposure may be species-specific. 

In a study using rat bone marrow cells [120], genes that control apoptosis (the primary 

mechanism of cytotoxicity induced by benzene) were investigated. Addition of a DNA 

methyltransferase inhibitor to the benzene-exposed cells increased the mRNA levels of Bax 
and Cas3 (apoptosis inhibitors), and decreased the level of cell death in benzene-exposed rat 

bone marrow cells. This indicates that benzene-induced cytotoxicity is modulated by 

epigenetic regulation of apoptosis-inhibiting genes. A decrease in the expression of Pten, a 

tumor suppressor gene, and a significant increase of Pten methylation level was observed in 

rats exposed to benzene and in F32 human lymphoblast cells incubated with benzene [121]. 

Both the decrease in mRNA and the increase in promoter methylation were observed in a 

dose-dependent manner. Expression of the repair gene PARP-1 was decreased in tandem 

with promoter hypermethylation in human lymphoblasoid F32 cells treated with 10mM 

benzene [122].

Histone modifications—Reduced histone H4 and H3 acetylation and H3K4 methylation, 

and increased H3K9 methylation, were observed in the promoter region of topoisomerase 

IIα (Topo IIα) in patients with benzene exposure [123], accompanied by decreased Topo IIα 

activity, expression, and mRNA level. These findings demonstrate the involvement of 

histone modifications in the decrease of Topo IIα, a mechanism that is implicated in 

benzene-induced hematotoxicity. In the same study mentioned above (section B.3.a) that 

exposed rat bone marrow cells to benzene [120], the inhibition of histone deacetylation and 

apoptosis was also investigated. Inhibition of histone deacetylation increased the mRNA 

level of Bcl-2, an apoptosis inhibitor, in benzene-exposed rat BMCs, indicating that histone 

modification is also a mechanism of benzene-induced cytotoxicity. In contrast, no changes in 

the acetylation of histones H3, H4, and H3K56, nor methylation of histones H3K9 and 

H3K27 were observed in a study of pregnant mice dosed with 200 mg/kg benzene on 
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gestational days 8, 10, 12, and 14 relative to control mice, in either maternal bone marrow 

cells or fetal livers [119].

Non-coding RNA—A total of 6 miRNAs were up-regulated (miR-34a, miR-205, 

miR-10b, let-7d, miR-185 and miR-423-2-5p) and 7 down-regulated (miR-133a, miR-543, 

miR-130a, miR-27b, miR-223, miR-142-5p and miR-320b) in the blood of individuals with 

chronic benzene poisoning compared to healthy controls [124]. An association between 

benzene and aberrant miRNA expression was also reported in a non-occupational setting: 

miR-223 expression in pregnant women and indoor dwelling concentrations of benzene and 

toluene (smoking-related volatile organic compounds) were positively associated and 

appeared to decrease the number of regulatory T-cells in maternal and cord blood [125]. 

Mice that were injected with benzene for 4 weeks showed significant hematotoxicity, as well 

as changes in expression of several miRNAs in the bone marrow cells of exposed mice: 5 

miRNAs were over-expressed and 45 miRNAs were downregulated [126]. The over-

expressed miRNAs were miR-34a-5p, miR-129b-5p, miR-451a, miR-144-5p and 

miR-129b-3p, and the most highly down-regulated miRNAs were miR-33-5p, 

miR-128-1-5p, miR-188-5p, miR-211-5p, miR-224-5p, miR-504-5p, miR-5107-3p, 

miR-5120, and let-7i-3p.

Additionally, in a study of benzene-exposed workers, the expression of two lncRNAs 

(NR_045623 and NR_028291) was higher in the blood of exposed workers relative to 

controls [127]. These lncRNAs and their associated mRNAs are involved in immune 

response, hematopoiesis, B cell receptor signaling and chronic myeloid leukemia gene 

networks, suggesting their association with benzene-induced hemotoxicity and 

leukemogenesis.

4.4 Formaldehyde

Routes of exposure, associated cancers, and genotoxicity—Formaldehyde is 

used in the production of binders (wood production, pulp/paper) as well as in plastics, 

coatings, and textile finishing, and is also commonly used as a preservative. Exposure to 

formaldehyde occurs both environmentally and occupationally; formaldehyde is also a 

natural product in most living systems, including fruits and other foods, and is endogenously 

formed as a byproduct of oxidative metabolism in mammals (including humans). 

Occupational exposure occurs in the production of formaldehyde or in any of the above-

mentioned industrial uses, while non-occupational exogenous sources of formaldehyde 

include tobacco smoke and automobile exhaust. Formaldehyde is associated with 

nasopharyngeal cancer and leukemia in humans, and nasal cavity, lung, leukemia and 

hematopoietic cancers in laboratory animals [128]. Formaldehyde can react directly with 

DNA, and increased frequency of micronuclei, DNA-protein crosslinks, DNA strand breaks, 

and sister chromatid exchange have been observed in the blood and/or nasal mucosal cells of 

exposed workers [129–131], as well as in various human and rodent in vitro systems [128, 

132, 133].

DNA methylation—A study of DNA methylation and formaldehyde reported a time-

related decrease in global DNA methylation in human 16HBE cells treated with 
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formaldehyde for 24 hr once per week for 24 weeks. Formaldehyde exposure also resulted in 

down-regulation of expression of the DNA methyltransferase genes DNMT3a and 

DNMT3b, and up-regulation of DNMT1 and MBD2, all at both the mRNA and protein 

level. These results indicate that loss of global DNA methylation, an epigenetic alteration 

associated with genomic instability, after long-term exposure to a low dose of formaldehyde 

may be one of the possible underlying carcinogenic mechanisms of formaldehyde [134].

Histone modifications—In a study of human pulmonary epithelial cells, histone H3 was 

more highly phosphorylated at serine 10 and 28 (H3S10 and H3S28) after exposure to 

formaldehyde compared with normal human lung fibroblasts [135, 136], particularly within 

the promoter region of the proto-oncogenes FOS and JUN, indicating a relationship between 

formaldehyde-inducted tumorigenesis and H3S10 and H3S28 phosphorylation. Another 

study demonstrated that binding of formaldehyde to lysine residues on histone 4 only 

occurred in the absence of post-translational modifications of histone 4, indicating that the 

balance between histone acetylation and deacetylation could be disturbed by the attachment 

of formaldehyde on lysine residues [137].

Non-coding RNA—miRNAs have been demonstrated to be dysregulated upon in vitro 
exposure to formaldehyde in human lung epithelial A549 cells [138], and in the olfactory 

bulb [139] of mice, nasal epithelium cells of non-human primates (macaques) [140], and in 

the nose and WBCs of rats [141] exposed in vivo to formaldehyde by inhalation. The five 

most differentially expressed miRNAs in the human lung cells were miR-33, miR-450, 

miR-330, miR-181a, and miR-10b (all down-regulated), the predicted mRNA targets of 

which are associated with inflammatory response pathways; specifically, the IL-8 pathway. 

An up-regulation of cytokine release in formaldehyde-exposed cells confirmed the 

involvement of miRNA expression on formaldehyde-induced inflammatory response [138]. 

Differentially expressed miRNAs were postulated to be related to increased expression of 

inflammatory response genes in formaldehyde-exposed rats as well [141]. In regard to cross-

species formaldehyde-induced changes in miRNA expression, let-7a, let-7c, let-7f, miR-10b, 

miR-126, miR-21, and miR-23a were all significantly decreased in both the study using 

human lung cells and the study of the nose of rats exposed to formaldehyde. The expression 

of 13 miRNAs was significantly dysregulated in the nasal epithelium cells of macaques 

exposed to formaldehyde, with miR-125b and miR-152 being the most increased in 

expression and miR-145 and miR-142-3p being the most decreased. An up-regulation in the 

expression of integrin-linked kinase-associated genes that are targets of miR-142-3p was 

observed, as was a down-regulation of apoptosis-related gene targets of miR-125b, 

demonstrating the mechanistic involvement of these miRNAs in the formaldehyde-induced 

cellular disease state [140]. In the olfactory bulb of mice exposed to formaldehyde by 

inhalation, the alterations in miRNA expression was more profound after 1 day of exposure 

for 6 hours relative to 7 days of 6 hours/day of exposure [139]. Functional annotation 

analysis of the predicted targets of the 18 miRNAs that were differentially expressed after 

exposure to formaldehyde for 1 day demonstrated enrichment for cancer and transcriptional 

regulation pathways, suggesting the involvement of dysregulation of microRNAs in 

formaldehyde-induced carcinogenesis.
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4.5 Coke production, occupational exposures

Routes of exposure, associated cancers, and genotoxicity—Coke is produced by 

coal carbonization and is used as a fuel in iron-making blast furnaces and other metal-

smelting processes. Coke oven workers are primarily exposed to PAHs, and may be exposed 

to a large number of other compounds, such as asbestos, silica, amines, metals, sulfur 

dioxide and sulfuric acid. An increased risk of lung cancer has been reported in coke oven 

workers, and cohort studies of bladder or skin cancer among coke oven workers have been 

conducted, although the data are inadequate for evaluation of the association with 

occupational exposures during coke production. The genotoxic effects of coke oven 

emissions are largely attributed to the presence of PAHs, several of which have been shown 

to be individually genotoxic in both in vitro and in vivo systems (benzo[a]pyrene, 

benzo[c]phenanthrene, benzo[b]fluouranthrene) [142]. An increased frequency of sister 

chromatid exchange, DNA strand breaks [143], micronuclei frequency [144], and 

benzo[a]pyrene diol epoxide (BPDE)-DNA adducts [145] have been reported in peripheral 

blood lymphocytes from coke oven workers in comparison to age-matched controls.

DNA methylation—Studies have shown an association between aberrant DNA 

methylation patterns and exposure to PAHs among coke oven workers [146]. Promoter 

methylation of the tumor suppressor genes p14ARK and p16INK4 was increased in peripheral 

blood mononuclear cells, along with increased urinary levels of 1-hydroxypyrene (an 

indicator of exposure to PAHs) in coke oven workers relative to water pump workers [147]. 

DNA damage, as evaluated by a comet assay, was also significantly higher in the coke oven 

workers. Studies have reported increased methylation of LINE-1 and Alu repetitive DNA 

elements, and gene-specific hypomethylation of the tumor suppressor genes p53 and HIC1 
in peripheral blood [148, 149]. The changes in DNA methylation of repetitive elements were 

positively correlated with urinary biomarkers of PAH exposure and with BPDE-DNA 

adducts in the blood, while p53 promoter hypomethylation was significantly correlated with 

micronuclei formation. LINE-1 hypomethylation, as well as hypomethylation and 

suppression of the DNA methyltransferase gene MGMT, was observed in both the blood of 

coke-oven workers, as well as in human bronchial epithelial cells (16HBE) treated with coke 

oven emissions [150]. The LINE-1 methylation was inversely associated with comet tail 

length and micronucleus frequency (indicators of DNA damage) in the coke oven workers, 

and with BPDE-DNA adducts in the in vitro assay.

Non-coding RNA—miRNA profiling was conducted in coke oven workers [151], and the 

association between differentially expressed miRNAs and PAH exposure was evaluated. Five 

significantly differentially expressed miRNAs that were associated with heightened levels of 

urinary PAHs and/or plasma benzo[a]pyrene-r-7,t-8,c-10-tetrahydrotetrol-albumin were 

identified: miR-24-3p, miR-27a-3p, and miR-142-5p, miR-28-5p (all down-regulated), and 

miR-150-5p (up-regulated). The dysregulation of all 5 of these miRNAs was associated with 

increased micronuclei frequency, an indicator of DNA damage and a common marker of 

genotoxicity.
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4.6 1,3-butadiene

Routes of exposure, associated cancers, and genotoxicity—1,3-Butadiene is a 

gas monomer used in the production of synthetic rubber. Exposure typically occurs in 

occupational settings in the production of 1,3-butadiene itself, as well as in production of 

rubber and plastics and petroleum refining and distribution. 1,3-Butadiene is also widely 

detected in ambient air, albeit at much lower levels than in occupational settings, from 

sources such as vehicle exhaust, cigarette smoke, and wood fires. An excess of 

hematopoietic cancers has been reported among workers occupationally exposed to 1,3-

butadiene, and, to a lesser extent, lung and bladder cancers. Further, 1,3-butadiene is a multi-

site carcinogen in experimental animals [152]. The carcinogenicity of 1,3-butadiene is 

contingent upon the metabolism of 1,3-butadiene to reactive epoxides, which can bind with 

DNA and proteins [153, 154]. 1,3-Butadiene-DNA adducts have been observed in 

occupationally-exposed humans and experimental animals, and have been associated with 

mutations in cancer-related genes [155–159].

DNA methylation—In studies in mice, loss of global DNA methylation was observed in 

the liver following relatively high exposure (625 ppm) to 1,3-butadiene by inhalation for 6 

hours per day, 5 days per week for two weeks [160]. The extent of global DNA 

hypomethylation was strain-specific and also varied across target and non-target tissues of 

1,3-butadiene-induced carcinogenesis [161, 162]. For example, a loss of methylation within 

repetitive DNA elements was observed in the lung and liver (target tissues of 

carcinogenesis), but not in the kidney (non-target tissue of carcinogenesis) in C57BL/6J 

mice. These results indicate that aberration of normal DNA structure is likely associated 

with the carcinogenic mechanisms of 1,3-butadiene, and that this epigenetic mechanism may 

be driven by underlying genetic differences.

Histone modifications—A loss of trimethylation at histone H3 lysine 9 (H3K9me3), 

histone H3 lysine 27 (H3K27me3), and histone H4 lysine 20 (H4K20me3) was observed in 

a dose-dependent manner in the liver of mice exposed to 1,3-butadiene for 6 hours a day, 5 

days a week for 2 weeks [160]. Loss of these histone modifications is known to impair the 

maintenance of proper chromatin structure, diminish cellular maintenance and regulation of 

the cell cycle, disrupt the balance between cell proliferation and differentiation, and severely 

reduce cell viability [163, 164]. These histone modifications in the liver have also been 

shown to vary across several inbred mouse strains, as well as in target and non-target tissues 

of carcinogenesis [161, 162]. Interestingly, an increase in the repressive histone marks 

H3K9me3, H3K27me3, and H4K20me3 was observed in the kidney, a non-target tissue of 

carcinogenesis, in C57BL/6J mice that were subjected to short-term exposure to 1,3-

butadiene. The same pattern was observed in the liver of 1,3-butadiene-exposed CAST/EiJ 

mice, which had the lowest abundance of DNA adducts among 7 mouse strains, suggesting a 

possible protective effect conferred by this histone mark. In contrast, H3K27 acetylation, an 

indicator of transcriptionally active (i.e., relaxed) chromatin [165], was significantly 

increased in the liver of 1,3-butadiene-exposed mice.
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4.7 Sulfur mustard

Routes of exposure, associated cancers, and genotoxicity—Mustard gas is a 

chemical warfare agent. Exposure to sulfur mustard occurs either in production of the 

chemical, or in contaminated areas where mustard gas was released. Exposure to sulfur 

mustard causes respiratory cancers in humans and experimental animals [166–169], and the 

carcinogenicity of sulfur mustard is attributed to its genotoxicity. Exposure to sulfur mustard 

has been shown to cause guanine-guanine DNA crosslinks, sister chromatid exchange, 

micronuclei, and mutations in humans and rodents [170–173].

DNA Methylation—Global DNA methylation was evaluated in sulfur mustard-exposed 

early endothelial cells, as well as in human skin samples obtained from a patient 1 year after 

an accidental exposure to pure sulfur mustard. A global increase of DNA methylation was 

observed in both the in vitro study and in human skin samples [174].

Non-coding RNA—An in vitro study of miRNA expression using normal human 

epidermal keratinocytes exposed to sulfur mustard reported dysregulation of metabolic 

activity, proliferation and keratin-1 expression as a result of up-regulation of miR-203 and 

miR-210 [175]. These two miRNAs were selected for study based on their impact on 

proliferation and differentiation in epidermal cells (miR-203) and involvement in the control 

of cell proliferation and induction by oxygen depletion in keratinocytes (miR-210). In mouse 

early endothelial cells incubated with various sub-lethal concentrations of sulfur mustard, a 

total of 66 miRNAs were significantly differentially expressed compared to control cultures 

[176]. Of those, up-regulation of miR-92a of the miR-17-92 cluster (oncomir-1), which 

plays a central role in carcinogenesis [177], had the strongest correlation with sulfur mustard 

concentration.

4.8 Vinyl chloride

Routes of exposure, associated cancers, and genotoxicity—Vinyl chloride is 

primarily used in polyvinyl chloride (PVC) production, and inhalational exposure is the 

main route of exposure. Non-occupational exposures are very low, but are higher in 

populations living in relatively close proximity to industrial emission sources. In humans, 

vinyl chloride exposure is associated with angiosarcoma of the liver, hepatocellular 

carcionoma (HCC), lung cancer, and malignant neoplasms of connective and soft tissues. 

The reactive metabolites of vinyl chloride, chloroethylene oxide and chloroacetaldehyde, are 

reactive with both DNA and protein [178–180]. Vinyl chloride induces an increased 

frequency of sister chromatid exchange, micronuclei formation, and chromosomal 

aberrations [181]. Mutations in cancer-related genes have been reported in both humans and 

rats exposed to vinyl chloride [181, 182].

DNA methylation—In a study of angiosarcoma patients, the majority of whom had 

confirmed chronic occupational exposure to vinyl chloride, promoter methylation of p14ARF 

was confirmed in 5 of 19 cases (26%), p16INKa showed aberrant promoter methylation in 12 

of 19 cases (63%), and methylation of the promoter region of both of these tumor suppressor 

genes was observed in 3 (16%) cases. Increased promoter methylation correlated with 

transcriptional down-regulation. The aberrant p14ARF methylation occurred independently 
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of p53 mutation, which was detected in 6 of 19 (32%) cases [183]. However, p16INKa 

promoter hypermethylation was associated with KRAS mutations in HCC patients who were 

occupationally exposed to vinyl chloride [184].

4.9 4-Aminobiphenyl

Routes of exposure, associated cancers, and genotoxicity—4-Aminobiphenyl is 

an aromatic amine used as a dye intermediate and as a rubber antioxidant, and human 

exposure predominantly occurs in occupational settings. Industrial production of 4-

aminobiphenyl was ceased in 1955, and current exposures are due to contamination or 

metabolic release from benzidine. 4-Aminobiphenyl is also a byproduct of tobacco 

combustion, and has been detected in fumes from cooking oils. Bladder carcinoma is the 

primary cancer associated with exposure to 4-aminobiphenyl, observed in human chemical 

plant workers and in experimental animal models. Multiple metabolic pathways activate 

aromatic amines, including 4-aminobiphenyl, to DNA-reactive intermediates, which are 

known to result in mutations. 4-Aminobiphenyl-DNA adducts have been detected in human 

bladder, lung, and breast tissue of exposed humans [185–187]. Mutations in the HPRT locus 

and in the H-ras gene have been detected in human and mouse tissues, respectively, after 

exposure to 4-aminobiphenyl [87].

Histone modifications—Histone H3K4 mono-methylation, a mark whose function is not 

well understood, was not altered by BaP treatment alone (5µM for 48 hours) in normal 

human mammary epithelial cells, but was decreased when cells were treated with 4-

aminobiphenyl alone (also 5µM for 48 hours), suggesting that this histone modification is 

carcinogen-specific [188].

Non-coding RNA—In an in vitro study using human HepG2 cells exposed to 4-

aminobiphenyl as a model of DNA damage, the expression of 27 miRNAs was at least 3-

fold higher in the 4-ABP-treated cells relative to the control group [189]. Additionally, 16 

DNA repair-related genes were down-regulation in 4-aminobiphenyl-treated cells. 

miRNA-513a-5p and miRNA-630 were predicted to be implicated in the deregulation of 

FANCG and RAD18 genes, respectively, which are both involved in DNA damage repair. 

Overexpression and knockdown of miRNA-513a-5p and miRNA-630 reduced and increased 

the expression of FANCG and RAD18 proteins, respectively. The authors concluded that 

miRNA-513a-5p and miRNA-630 may have an inhibitory effect on DNA repair genes, 

ultimately leading to DNA damage.

4.10 Benzidine

Routes of exposure, associated cancers, and genotoxicity—Benzidine is, and has 

primarily been used as, the base for various types of dyes used in fabrics, as well as for 

visual detection of blood cells in laboratory settings. Benzidine is only allowed to be used in 

closed systems, and limited amounts are released into the environment. Bladder carcinoma is 

the primary cancer that has been associated with occupational exposure to benzidine, and is 

a multi-target carcinogen in experimental animals (primarily a hepatocarcinogen when 

administered by injection or ingestion). Like 4-aminobiphenyl, benzidine is an aromatic 

amine and can be metabolized to DNA-reactive intermediates that can lead to chromosomal 
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aberrations, DNA strand breaks, formation of micronuclei, DNA adducts, and mutations in 

oncogenes [190–192].

There was only report of epigenetic response after exposure to benzidine, in which the H-ras 
oncogene was hypomethylated (entire gene) in benzidine-induced liver tumors relative that 

of non-tumor tissue in B6C3F1 mice, and an increase in the expression of the gene was also 

detected. The K-ras oncogene was also hypomethylated in half of the mice. These results 

suggest that hypomethylation of oncogenes may provide an epigenetic mechanism for 

facilitating their aberrant expression. The lack of a DNA methylated sites observed in the H-
ras oncogene in the liver of B6C3F1 mice may indicate an increased potential for its 

expression, which could account for the high propensity for hepatoma development in this 

strain [193].

4.11 4,4’-Methylenebis(2-chlorobenzenamine)

Routes of exposure, associated cancers, and genotoxicity—4,4’-Methylenebis(2-

chlorobenzenamine), also referred to as MOCA, is a curing agent used in the manufacture of 

urethane rubber products. The majority of human exposures occur in occupational settings, 

with non-occupational exposures in areas contaminated with MOCA or consumption of 

foods that were grown in contaminated soil. Limited human data is suggestive of an 

association between MOCA exposure and bladder cancer, and MOCA caused lung, liver, 

and bladder cancer in experimental animals [194]. The assignment of MOCA as a “Group 1 

carcinogen” by IARC was largely based on the strong evidence of genotoxic mechanisms of 

action, involving metabolism of the aromatic amine to DNA-reactive intermediates, which 

lead to DNA adducts, mutations, sister chromatid exchange, and increased micronuclei 

[195–197].

Only one study investigated epigenetic alterations caused by 4,4'-methylene-bis(2-

chloroaniline) (MOCA). The authors found that rat spleen cells incubated with 10 mM 

MOCA increased phosphorylation in the histone fraction of the cells after 4 hours of 

exposure [198].

4.12 Occupational exposure as a painter

Routes of exposure, associated cancers, and genotoxicity—Paint products are 

composed of up to thousands of chemical compounds for various purposes (pigment, driers, 

binders, and corrosion inhibitors, among others), some of which are volatile and/or 

hazardous. In recent years, many hazardous chemicals, such as benzene, phthalates, 

chromium, and lead, have been reduced or removed from paint. Associations have been 

reported between bladder cancer and occupational exposure as a painter, and childhood 

leukemia and maternal exposure during painting. Chromosomal aberrations, increased 

micronuclei and sister chromatid exchange have all been reported in occupational painters 

[199– 201]; however, the genotoxic mechanisms associated with occupational exposure as a 

painter are attributed to the genotoxic effects of the individual constituents of paints, e.g. 

benzene, toluene, styrene, and PAHs.
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A study conducted in 150 non-smoking car painters from several workshops in the 

southwest of Colombia found a significant increase in DNA methylation in the promoter 

region of GSTP1 and p16INK4a in exfoliated urothelial cells of exposed workers compared to 

references, and these gene-specific alterations were associated with an increase in 

micronuclei frequency [202], an indicator of genotoxicity. Because the exact chemical 

composition of the exposure is not reported here, the molecular findings can only be 

associated to the general category “occupational exposure as a painter,” which is one of the 

occupational exposures included in the IARC monograph volume 100F.

5. Summary

While the number of studies devoted to understanding the epigenetic alterations caused by 

exposure to chemical carcinogens is rapidly increasing, there remains a dearth of well-

designed comprehensive studies that identify epigenetic alterations that are associated with 

the carcinogenic process. Importantly, there is neither a “gold standard” for the evaluation of 

epigenetic or epigenomic signatures in toxicology studies (i.e., what types of epigenetic 

effects shall be evaluated to draw inferences about epigenetic effects of chemicals), nor 

guidelines for the types of assays to be used so that this information can be used in cancer 

hazard evaluations.

Notably, one third (4 out of 12) of the chemicals and occupational hazards included in this 

review had a maximum of only two published reports of epigenetic alterations, and there 

were only 3 for which at least 10 studies were identified to have reported epigenetic 

endpoints (Table 3). Among the chemical agents for which there were between 2 and 10 

reports, nearly half were human in vivo studies (14/32) of DNA methylation or non-coding 

RNAs, demonstrating strength in the human relevance of epigenetic alterations for these 

chemicals, while highlighting the need for additional animal and/or in vitro studies for 

further understanding of the mechanistic role of such marks in carcinogenesis. Overall, 

studies of aberrant DNA methylation represented the most commonly studied epigenetic 

feature, followed by changes in the expression of noncoding RNAs, and finally histone 

modifications (87, 60, and 25, respectively). While a wealth of in vitro data may be 

especially important for a better understanding of the mechanistic role of epigenetic 

alterations, (e.g. as seen among the studies of benzo[a]pyrene), substantial evidence of 

epigenetic alterations in humans may provide relatively stronger confidence of the relevance 

of such alterations in human cancers (e.g., human in vivo data represented the majority of 

studies found for benzene, coke production, and sulfur mustard). Future studies may 

increase confidence of the role of specific epigenetic alterations by prioritizing those for 

which the most mechanistic data has been reported, and applying them to human samples, 

where possible. Alternately, those epigenetic alterations that have been most frequently 

reported in human cancers may be prioritized in in vitro epigenetic mechanistic studies.

As emphasized by Herceg et al [9], epigenetic mechanisms represent an essential tool for 

cancer hazard identification, particularly for non-genotoxic and non-receptor-mediated 

carcinogens, or chemicals and hazards for which human carcinogenicity data are 

inconclusive. However, most chemicals that were classified as known or suspected 

carcinogens by IARC were reviewed before epigenetics data were available, and there 
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remains a need for additional studies of epigenetic alterations and cancer hazards. 

Importantly, delineation between normal epigenetic processes in cells and the epigenetic 

alterations that have a causal relationship to cancer is needed for all epigenetic marks, not 

only for DNA methylation [9], to effectively identify cancer-relevant epigenetic marks. 

Many of the studies included in this review demonstrated an association between epigenetic 

alterations and changes in expression of cancer-relevant genes, or reported epigenomic 

signatures that may be generally linked to genomic instability, e.g., global DNA and 

repetitive element demethylation. However, many studies lack the report of a definitive 

causal association between an epigenetic even and carcinogenesis. To gain a more 

comprehensive understanding of adverse health outcomes that may be causally linked to 

epigenetic changes, studies that include apical end-points, functional metrics, and full dose-

response characterization are needed [11, 203].

6. Future Research Needs

Due to the increasing recognition that epigenetic events are involved in the pathogenesis of 

numerous pathological states, the interest in monitoring epigenetic perturbations in various 

models of disease phenotypes is rising. Epigenetic marks represent a class of biomarkers 

with great potential in the identification of exposure status, damage response, and/or disease 

state. However, to effectively utilize epigenetic endpoints as markers of exposure and/or 

damage, a better understanding is needed to decide which epigenetic alterations are most 

informative of specific types of damage or disease, as well as how these marks compare to 

currently used markers of carcinogenicity (e.g. DNA adducts or chromosomal aberrations). 

Because it is well-established that epigenetic alterations are as equally important in the 

carcinogenic process as genetic changes, it is essential that the focus of future research is 

devoted to discovery of cancer-specific carcinogen exposure-related epigenetic changes, as 

well as the investigation of the extended evolution of any given epigenetic alteration with 

respect to carcinogenesis. To fully understand the importance of epigenetic and epigenomic 

responses to environmental stressors, studies that investigate and compare both epigenetic 

data with functional measures (such as gene and protein expression) within the same study 

and controlled exposure scenario are needed.

When the target tissue of oncogenesis is an internal organ, biomarkers in accessible 

surrogate tissues are required for the evaluation of molecular changes in humans. For 

example, because miRNAs are detectable in biological fluids, including blood and urine, 

they represent a potentially easily accessible and informative class of biomarkers of both 

exposure as well as effect [204]. An additional initiative in the study of epigenetics in cancer 

hazard assessment is to determine whether changes in the epigenome and transcriptome, as 

well as the level of DNA damage, of easily accessible tissues (e.g. peripheral blood, skin) 

can inform the same responses of target tissues.

Another necessity is the incorporation of several time points in exposure studies, which 

would facilitate a better understanding of the evolution and persistence of epigenetic and 

transcriptional alterations during and after cessation of exposure to environmental toxicants. 

Epigenetic marks potentially represent early markers of carcinogenesis, because many 

epigenetic alterations have been shown to occur before other molecular events that are 
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associated with cancer. Previously reported short time-course epigenetics studies primarily 

demonstrated reversibility of most effects after cessation of an exogenous stimulus, while a 

few have shown that some epigenetic marks (particularly histone lysine acetylation) persist 

for weeks and even months [205]. However, the plasticity of the epigenome presents a 

challenge in understanding the relevance of specific epigenetic alterations to cancer, and 

additional studies that incorporate time point studies, and/or cell type-specific analyses of 

epigenetic marks, are essential.

Additionally, a major unresolved issue is the lack of specificity of any given carcinogen-

induced epigenetic alteration. This can be illustrated by the fact that a loss of DNA 

methylation has been reported after exposure to a broad range of chemicals. Similarly, the 

role of non-coding RNAs, the “youngest” of the types of epigenetic alterations presented 

herein in terms of discovery and characterization, in cancer remains poorly understood. 

Although studies of changes in microRNA expression represent the fastest-growing category 

of epigenetic alteration reported in toxicity studies, there are few studies confirming the 

involvement of a particular miRNA in carcinogenesis associated with exposure to a specific 

chemical. It is notable that miR-10b, miR-24, 125a, 125b, miR-92, and miR-142 as some of 

the top-most differentially expressed microRNAs after exposure to at least 3 different 

chemicals included in this review, strengthening their characterization as cancer- and 

chemical exposure-relevant miRNAs.

Finally, future studies are needed to address the mechanistic relationship between specific 

epigenetic alterations and DNA damage, and how this relationship is associated with 

carcinogenesis. For example, in vitro assays are needed to evaluate the supposed potentiation 

effect(s) of certain epigenetic alterations in tandem with, or preceding, genotoxicity. Further, 

genomic analysis of site-specific DNA damage in association with epigenetic marks of 

condensed or relaxed chromatin will offer insight into the relationship between chromatin 

dynamics and genotoxicity.

7. Conclusions

A major challenge in the application of these epigenetic findings in regulatory science is the 

question of “how” to effectively include the findings. Epigenetic endpoints are currently 

being increasingly used in cancer hazard assessments; for example, “Epigenetic alterations” 

has recently been included as one of ten key characteristics of human carcinogens [13]. 

However, while there is extensive information about the fundamental role of epigenetic 

alterations in cancer development and progression, the understanding of the mechanistic 

significance and specificity of carcinogen-induced epigenetic abnormalities in the 

carcinogenic process is insufficient. For example, several studies have demonstrated a 

mechanistic link between DNA hypomethylation (the most highly reported, and thus 

assumed best-characterized, epigenetic alteration among the studies included in this review) 

and genetic changes, and established the role of this epigenetic alteration in carcinogenesis 

[206–208]. In contrast, there is not a single study among an extensive list of observational 

reports on carcinogen-induced DNA hypomethylation that demonstrated a mechanistic link 

between loss of DNA methylation and cancer development.
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Moving forward, the currently best-characterized epigenetic mechanisms of carcinogenesis 

should be increasingly incorporated in cancer hazard assessments, while ongoing research 

must continue to investigate and characterize epigenetic alterations in models of chemical 

exposure and disease for which data is lacking. Together, these initiatives will enable the 

efficacious inclusion and application of epigenetics data in the assessment of potential and 

known chemical carcinogens, a practice that is essential for the comprehensive 

understanding of chemical carcinogenesis.
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Figure 1. 
Literature tree of the 1,079 studies returned by the search after assignment to appropriate 

categories. Each chemical expands into several sub-categories: first by species, second by 

type of study (in vitro or in vivo), and finally by the type of epigenetic modification studied. 

The numbers in each circle indicate how many studies exist within that category. The 

“branches” for benzene studies in humans, and for formaldehyde studies conducted in a 

system other than human, mouse, or rat are expanded. There is evident variation in the 

number of reported studies of epigenetic alterations across the chemicals.
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Figure 2. 
Literature tree of the studies excluded from the systematic review. The studies that did not 

meet the inclusion criteria were tagged into several categories as shown that may be of 

general or future interest, although they were deemed irrelevant to the present review.
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Figure 3. 
Overview of epigenetic alterations. Simplified diagrams provide a generalized view of 

common epigenetic alterations, and common methods to evaluate such epigenetic marks are 

listed. Abbreviations: Ac – acetylation; Ph – phosphorylation; Me – methylation; Ub – 

ubiquitination; Su – sumoylation; PCR – polymerase chain reaction; miRNA - micro RNA; 

RISC – RNA induced silencing complex; lncRNA - long non-coding RNA.
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Table 1

Chemicals and associated occupations in IARC Monographs Volume 100F that were included in the 

systematic literature review.

Chemical or associated occupation Original
volume No.

Evidence of
genotoxicity:
animal*

Evidence of
genotoxicity:
human*

Epigenetics
publications

1,3-Butadiene 97 yes yes yes

2-Naphthylamine 99 yes yes no

4,4'-Methylenebis(2-chlorobenzenamine) (MOCA) 99 yes yes yes

4-Aminobiphenyl 99 yes yes yes

Aflatoxins (naturally occurring mixtures) 82 yes yes yes

Benzene supp. 7 yes yes yes

Benzidine 99 yes yes yes

Benzo[a]pyrene 92 yes yes yes

Bis(chloromethyl)ether and chlormethyl
methyl ether

supp. 7 no moderate -to-
strong

no

Coal gasification 92 yes† no no

Coal-tar pitch 92 yes‡ Moderate no

Coke production, occupational exposures 92 yes§ yes# yes

Dyes metabolized to benzidine

Ethylene oxide 97 yes yes no

Formaldehyde 88 yes yes yes

Isopropyl alcohol manufacture by the strong-
acid process

supp. 7 no plausible no

Mineral oils, untreated or mildly treated supp. 7 no weak no

Mists from strong inorganic acids 54 no plausible no

Occupational exposure as a painter 98 no yes# yes

Occupational exposure during aluminium
production

92 no weak-to-

moderate#
no

Occupational exposures during coal-tar
distillation

92 yes§ yes no

Occupational exposures during iron and steel
founding

supp. 7 no yes# no

Occupational exposures in the rubber
manufacturing industry

supp. 7 no yes# no

Ortho-toluidine 99 yes moderate no

Shale oils supp. 7 yes no no

Soot, as found in occupational exposure of
chimney-sweeps

92 no moderate # no

Sulfur mustard supp. 7 yes yes yes

Vinyl chloride 97 yes yes yes

*
as summarized in IARC monographs volume 100F

†
animal mechanistic data based on treatment with coke-oven tar
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‡
animal mechanistic data based on treatment with coal-tars or manufactured gas plant residues

§
animal mechanistic data based on treatment with coal-tars

#
genotoxicity is attributable to the presence of known genotoxic chemicals in the exposure scenario
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Table 2

Systematic review inclusion criteria.

1. The study evaluated a chemical that:

• was included in IARC Monograph volume 100F

• has one or more demonstrated genotoxic mechanism(s) of carcinogenesis.

2. The study evaluated epigenetic alterations that occurred as an apparent
consequence of exposure to the chemical of interest.

3. The publication included original data.

4. The study was published in English.
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