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Abstract
Although several studies have shown that chemically mediated epigenetic changes are an etiological factor in several human
disease conditions, the utility of epigenetic data, such as DNA methylation, in the current human health risk assessment
paradigm is unclear. The objective of this study is to investigate the relationship between the points of departure (PODs) for
cancer incidence and DNA methylation changes in laboratory animals exposed to the following environmental toxicants:
bromodichloromethane, dibromochloromethane, chloroform, hydrazine, trichloroethylene, benzidine, trichloroacetic acid,
and di(2-ethylhexyl) phthalate (DEHP; a known reproductive toxicant). The results demonstrate that the PODs for cancer
incidence and altered DNA methylation are similar. Furthermore, based on the available data, the POD for DNA methylation
appeared more sensitive compared to that for cancer incidence following the administration of DEHP to rats during different
life stages. The high degree of correlation between PODs for cancer incidence and DNA methylation (for both total DNA and
individual genes) suggests that DNA methylation end points could potentially be used as a screening tool in predicting the
potential toxicity/carcinogenicity and in prioritizing large numbers of chemicals with sparse toxicity databases. The life stage
during which treatment occurs is also an important consideration when assessing the potential application of epigenetic end
points as a screening tool.
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Introduction

The human health risk assessment (HHRA) paradigm currently

relies heavily on data from traditional toxicity testing (eg,

chronic duration in vivo bioassays), which can be a time- and

resource-intensive process that requires years to complete.

Therefore, only a small fraction of commercial chemicals have

any associated HHRA information.1,2 Considering that thou-

sands of environmental chemicals are in need of evaluation for

their potential risk to human health, regulatory organizations

have recognized the need to increase the efficiency of the cur-

rent risk assessment process to include the potential use and

integration of alternative toxicity testing data.1,3 Molecular

toxicology testing is an example of an alternative data source

that could increase the efficiency of the current HHRA para-

digm. Recently, Thomas et al4,5 indicated that benchmark dose

(BMD; note 1) values for transcriptional changes may be used

to estimate points of departure (PODs; note 2) in both noncan-

cer and cancer risk assessment. This was based on an observed

high degree of correlation between transcriptional and apical

BMD values for 10 chemicals in studies using rats and mice.

Although there is an ongoing attempt to use alternative data

streams in the HHRA process, the applicability of the

epigenetics area of molecular toxicology for improving the

efficiency of HHRA is understudied.

Epigenetics refers to heritable modifications of the genome

in a cell that occur without a change in the primary DNA

sequence.6,7 The 3 most common types of epigenetic modifi-

cations are via DNA methylation, histone modification, and

noncoding RNA.8-10 DNA methylation has been a subject of

interest because of its recognized role in many disease pro-

cesses, including cancer and cardiovascular injury.11,12 Com-

pared to the extensive DNA methylation data available, limited

data exist with respect to the involvement of histone
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modification and noncoding RNA in environmental chemical-

induced disease processes. Therefore, this article focuses only

on DNA methylation epigenetic changes induced by environ-

mental chemicals. DNA methylation occurs primarily at the 50

carbon position of cytosine residues or at the 60 nitrogen posi-

tion of adenine residues in mammals.13 The pattern of DNA

methylation is finely controlled in a normal cell, whereas the

control of DNA methylation is often altered in a cancer cell.14

Total DNA, as well as the coding and promoter regions of

individual genes, are susceptible to methylation changes.

Hypermethylation of a gene is usually associated with gene

silencing, which has been demonstrated to affect numerous

tumor suppressor genes.15 Cancer genomes are characterized

by hypomethylation, which is usually associated with overex-

pression of oncogenes.16 Recent investigations have identified

a number of environmental toxicants (eg, arsenic, nickel, chro-

mium, trichloroethylene, dichloroacetic acid, and pesticides)

that cause DNA methylation alterations in genes of various

tissues (eg, liver, lung, kidney, and testes) leading to both non-

cancer and cancer effects.17-19

Few studies have reviewed the current status of the appli-

cation of epigenetics in the HHRA process. Goodman et al,20

LeBaron et al,21 and Rasoulpour et al22 provide an overview

of epigenetic mechanisms, experimental models with target

end points to evaluate epigenetic changes, and regulatory

perspectives on the potential for incorporating epigenetic data

in HHRA. Evidence of epigenetic alterations in chemical-

induced carcinogenesis and the advantage of using epigenetic

biomarkers in cancer risk assessment was presented by Kotur-

bash et al.23 Alyea et al24 compared PODs between epigenetic

and apical end points and stated that the current HHRA prac-

tice of using apical end points for deriving reference values is

also protective against epigenetic alterations and does not

warrant a change in the prevailing methodology. The objec-

tive of the present study is to provide an estimation and vali-

dation of the correlation between the PODs for cancer

incidence and DNA methylation for several environmental

chemical carcinogens.

Materials and Methods

A data mining experimental approach was used for this analysis

and is summarized in Figure 1. The US Environmental Protec-

tion Agency’s (US EPA’s) Integrated Risk Information System

(IRIS)25 database, and the National Toxicology Program

(NTP)26 database were searched for environmental chemical

carcinogens (step 1). Specifically, the US EPA’s IRIS database

(http://www.epa.gov/iris/) was searched using the term ‘‘oral

slope factor.’’ The 13th Report on Carcinogens26 was searched

for environmental toxicants designated as probable or known

human carcinogens. Both mutagenic and nonmutagenic carci-

nogens were included in this analysis because DNA methyla-

tion could influence mutagenesis27 as well as contribute to

tumorigenesis via nonmutagenic events.28 Literature searches

were then performed on these selected carcinogens in PubMed

using the search term ‘‘DNA methylation’’ in conjunction with

their chemical name or their Chemical Abstracts Service Reg-

istry Number. DNA methylation data from total DNA and indi-

vidual genes were included in this analysis. Only chemicals

with in vivo DNA methylation data in laboratory animals were

considered for further analysis. For the DNA methylation stud-

ies, no exposure duration restriction was applied, and a chem-

ical was removed from consideration if the respective study

lacked a control group (step 2). The chemicals identified in

step 2 were then mined for cancer incidence data. Because

epigenetic changes, specifically DNA methylation alterations,

do not correlate well across different strains (eg, in mice),29

different outbred lines (eg, in rats),30 and different sexes (eg, in

mice and rats), the resultant cancer studies were cross-

referenced with the DNA methylation studies identified for

each chemical in step 2 to determine which studies possessed

data on the identical species, strain, sex, target organ, and type

of oral exposure (step 3). Based on those criteria, the principal

DNA methylation and cancer studies for each chemical to be

used in further analyses were identified.

For all studies, animal doses were duration adjusted and

converted to corresponding human equivalent doses (HEDs).

The HEDs were calculated by using a BW3/4 cross-species

scaling factor approach to extrapolate toxicologically equiva-

lent doses of an orally administered dose from laboratory ani-

mals to humans. Cross-species scaling factors were

calculated31-33 as BWa
1/4 O BWh

1/4, where BWa is the average

body weight of an animal and BWh is the average body weight

of a human. Because laboratory animal body weights were not

reported in the DNA methylation studies, average default body

weights were used to calculate HEDs from these studies.34 The

default body weights of the laboratory animals were specific

for the study duration. Time-weighted average body weights

were calculated from the cancer studies to further calculate

HEDs (see Supplemental Table S3). The resulting cross-

species scaling factor was multiplied by the laboratory animal

dose to yield a HED as follows:

HED ¼ laboratory animal dose (mg/kg/d) � cross-species

scaling factor

For di(2-ethylhexyl) phthalate (DEHP), the corresponding

HEDs were based on the parental body weight for the DNA

methylation studies. The BMD modeling of cancer incidence

and DNA methylation data was performed using US EPA’s

BMD software (BMDS) version 2.2.1 (step 4). Cancer inci-

dence data (Supplemental Table S1) were modeled using a

10% benchmark response (BMR) to derive a POD with a

multistage cancer model.31 DNA methylation data were

BMD modeled as continuous data. Because no empirical data

or specific guidance exist to determine the appropriate BMR

for DNA methylation data, BMRs of both 10% and 1 standard

deviation were calculated. If the DNA methylation data could

not be BMD modeled, a no-observed-effect level (NOEL)

was identified and used as the POD for DNA methylation.

In the absence of a NOEL, a factor of 10 was applied to a

lowest-observed-effect level (LOEL) to approximate a

NOEL.35-37 The LOELs for DNA methylation were charac-

terized based on statistically significant changes from control
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values. In the absence of statistical analysis, any demonstra-

tive change in Southern blot band intensity was used to deter-

mine a LOEL. For each chemical, the resulting POD for

cancer incidence was compared with the POD for DNA

methylation changes to determine their relative correlation

(step 5). All the cancer studies investigated in this manuscript

used a statistical significance level (P value) � 0.05.

Results

Data Mining of Chemicals and Animal Studies for Cancer
Incidence and DNA Methylation Changes

Based on the criteria discussed earlier in the Methods section,

91 chemicals from the IRIS database and 84 chemicals from the

NTP database were identified in step 1 (Figure 1). From these

175 chemicals, 16 chemicals met the selection criteria listed in

step 2 (ie, in vivo DNA methylation data from laboratory ani-

mal studies). Seven chemicals were further excluded because

they did not have the appropriate cancer incidence data in the

identical species, strain, sex, target organ, and exposure type

used in the DNA methylation studies, resulting in a final total

of 9 chemicals as follows: arsenic, bromodichloromethane,

dibromochloromethane, chloroform, hydrazine, trichloroethy-

lene, benzidine, trichloroacetic acid, and DEHP.

Although laboratory animal data for cancer incidence and

DNA methylation were found in the same species (mice),

strain (C3H/HeN), sex (male), target organ (liver), and expo-

sure route (drinking water) for arsenic, there were inconsis-

tent findings with respect to cancer incidence and cancer type

following the same experimental protocol in arsenic-treated

C3H/HeN mice as reported by Waalkes et al38 and Nohara

et al.39 Specifically, Waalkes and colleagues reported a sta-

tistically significant increase in the incidence of hepatocellu-

lar carcinoma (14/23), whereas no such increase (only 1/12)

was observed by Nohara and colleagues at the same dose.

Additionally, the background rate of cancer incidence in the

control group from both studies was elevated (42%) com-

pared to the other 8 chemicals in our analysis. With respect

to the epigenetics data, hypomethylation of the promoter

region of the estrogen receptor alpha gene reported by

Waalkes et al40 could not be reproduced by Suzuki et al41

at the same dose. Similarly, Cui and colleagues measured

both cancer incidence and DNA methylation in the same

species (mice), strain (A/J), sex (male), target organ (lung),

and exposure route (drinking water) following the adminis-

tration of arsenic.42 Although statistically significant DNA

methylation changes (ie, hypermethylation of the promoter

region of the tumor suppressor Ras association domain fam-

ily member 1 isoform A [Rassf1a] gene) were observed at the

Step 1
• Environmental chemical carcinogens were identified from the U.S. EPA’s 

Integrated Risk Information System (IRIS) and the National Toxicology 
Program (NTP) databases.

Step 2

• Using PubMed, literature searches were performed on chemicals identified in 
Step 1 using the search term “DNA methylation” in conjunction with its 
chemical name or its Chemical Abstracts Service Registry Number (CASRN). 
Chemicals with in vivo DNA methylation data in laboratory animal studies 
were identified. A chemical was removed from consideration if the respective 
DNA methylation study lacked a control group. 

Step 3

• The chemicals identified in Step 2 were mined for cancer incidence data. The 
resultant cancer studies were cross-referenced with the DNA methylation 
studies identified for each chemical from Step 2 to determine which studies 
possessed data on the identical species, strain, sex, target organ, and type of oral 
exposure. Based on those criteria, the principal DNA methylation and cancer 
studies for each chemical to be used in Steps 4 and 5 were identified. 

Step 4

• In all studies, animal doses were converted to corresponding human equivalent 
doses (HEDs). Benchmark dose (BMD) modeling was performed on cancer 
incidence and DNA methylation data using the U.S. EPA's Benchmark Dose 
Software (BMDS) version 2.2.1.

Step 5
• The points of departure (PODs) for cancer incidence and DNA methylation 

changes were compared for their relative correlations.

Figure 1. Workflow for selection and analysis of environmental carcinogens associated with DNA methylation changes.
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highest dose, no significant increases in cancer incidence

were observed in this study. The background rate of cancer

incidence in the control group was also elevated (47%).

Thus, due to the discordance in experimental findings on

cancer incidence, cancer type, and DNA methylation

between different studies following oral arsenic administra-

tion, as well as a high rate of background cancer incidence

in the respective control groups, arsenic was not included in

our analysis.

The principal cancer and DNA methylation studies

selected for data mining were conducted in mice, rats, and

hamsters (Table 1). Trichloroethylene was the only chemical

that has cancer and DNA methylation studies in both sexes of

mice that also met all other step 3 criteria. Durations of the

cancer studies ranged from 526 days to over 24 months, and

durations of the DNA methylation studies ranged from 5 days

to 21 months. There were 3 chemicals (bromodichloro-

methane, trichloroethylene, and trichloroacetic acid) with

multiple time points at which DNA methylation was mea-

sured. For these chemicals, DNA methylation data from the

longest treatment duration were used (ie, 28 days for bromo-

dichloromethane in male B6C3F1 mice; 33 days for trichlor-

oethylene in female B6C3F1 mice; 5 days for trichloroacetic

acid in female B6C3F1 mice). It should be noted that there

were no differences in the magnitude of DNA methylation

across treatment durations, as well as no variations across

different methylation end points within a given study. The

most sensitive DNA methylation change (ie, the one that

occurred at the lowest dose in the principal DNA methylation

study) was identified as the POD for each chemical. Addi-

tional details on the DNA methylation studies evaluated for

each chemical are presented in Supplemental Table S2. The

types of oral exposures included both gavage and drinking

water (Table 1). The liver was determined to be the primary

target organ for both cancer incidence and DNA methylation

changes for all chemicals analyzed except for bromodichor-

omethane (kidney) and DEHP (testes; Table 2).

Benchmark Dose Analysis of Cancer Incidence and DNA
Methylation Changes

All cancer incidence data were successfully BMD modeled,

and the PODs (ie, BMD10s) for the most sensitive cancer

effects in the same target organ as the observed DNA methyla-

tion changes were identified (Table 2). However, DNA methy-

lation data were not amenable to BMD modeling for 5 of the 8

chemicals analyzed because these data either had no associated

variance or could not be quantified (eg, presented only as a

Southern blot). For the remaining 3 chemicals, BMD models

did not adequately fit the DNA methylation data. Thus, an

initial attempt was made to identify NOELs to serve as PODs

for DNA methylation changes. However, NOELs for DNA

methylation changes could not be identified for 6 of the 8

chemicals, thus a factor of 10 was applied to the LOEL to

approximate a NOEL in these cases as described earlier.

Comparison of PODs for Cancer Incidence and DNA
Methylation Changes

Because BMDs associated with BMRs of 1% to 10% have been

shown to approximate NOELs43, BMD10s for cancer incidence

and NOELs for DNA methylation changes were compared to

examine their correlation. The ratio of cancer incidence POD

values to DNA methylation POD values was within a factor of

10 for all chemicals except DEHP (Figure 2). The ratio of the

cancer BMD to the DNA methylation NOEL for female mice is

5-fold higher than for male mice following exposure to tri-

chloroethylene, but still within a factor of 10. This result sug-

gests that the PODs for cancer incidence and DNA methylation

changes are relativity similar in sensitivity across different

chemical classes. However, for DEHP, a known reproductive

toxicant, the POD for DNA methylation changes is 25-fold

more sensitive than the POD for cancer incidence. It should

be noted that DNA methylation status was measured in the

testes of male offspring (at postnatal day [PND] 60) from preg-

nant rats administered DEHP on gestation days (GDs) 14 to 19,

whereas cancer incidence in the testes was measured in adult

rats administered DEHP for 159 weeks.

Discussion

The current HHRA paradigm cannot keep up with the pace at

which new chemicals are introduced into commerce.2 Hence,

there is a need to increase the efficiency of the current HHRA

process by incorporating molecular toxicology testing data in

the evaluation of potential health effects induced by environ-

mental chemical exposures. Although molecular toxicology

studies, specifically those examining DNA methylation

changes, have contributed significantly to our current under-

standing of the cellular processes involved in chemical-induced

toxicity, the use of this information in the current HHRA para-

digm is extremely limited. In this study, the validation of the

dose-response concordance between cancer incidence and

DNA methylation changes was evaluated by comparing their

respective PODs. This type of epigenetic information could

possibly be used in health assessments of chemicals that have

little or no toxicity and/or risk assessment information. These

kinds of health assessments would highlight the significance of

using molecular toxicity testing to increase the efficiency of the

current HHRA paradigm.4,5

In a similar analysis to that described herein, Alyea et al24

compared the dose-response data for apical end points with

epigenetic end points for 1,3-butadiene, arsenic, and diethyl-

stilbesterol. DNA methylation changes were observed at a

lower (1,3-butadiene), higher (arsenic), and similar (diethylstil-

besterol) dose level compared with that for cancer incidence.

The study authors suggested that their analysis does not warrant

change in the current practice of deriving toxicity values from

apical end points because epigenetic variations mostly occur

within the dose-response curve for apical effects. In the present

study, we performed extensive data mining of selected envi-

ronmental chemical carcinogens from the US EPA and NTP
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databases. Because epigenetic changes do not correlate well

across different strains as mentioned above, it is important to

compare epigenetic changes in the same strain of animals.29

Analysis of the 3 chemicals by Alyea et al24 was not made

across the same strains of animals. Conversely, we not only

examined the same species and strains, but also examined the

Table 1. Principal DNA Methylation and Carcinogenicity Studies Resulting From a Data Mining Experimental Approach.

Chemical

Sex, strain,
species, and oral
exposure type

Human equivalent doses (HEDs)
and duration of principal studiesa Resultant end points

Cancer DNA methylation Cancer type DNA methylation

Bromodichloromethane Male, B6C3F1,
mouse, gavage

0, 2.61, or
5.20

2 years56

0, 7.29, or 14.58
5 and 28 days57

Renal tubular
cell adenoma
or carcinoma

Total DNA in kidney (from day 28)

Dibromochloromethane Female, B6C3F1,
mouse, gavage

0, 5.49, or
10.76

105 weeks58

0, 11.20, or 33.60
11 days59

Hepatocellular
adenoma or
carcinoma

Promoter region of c-myc gene in liver

Chloroform Female, B6C3F1,
mouse, gavage

0, 24.0, or
47.7

526 days60

0, 14.51, or 29.16
11 days59

Hepatocellular
carcinoma

Total DNA and promoter region of c-myc
gene in liver

Hydrazine Male, Syrian,
hamster,
drinking water

0, 3.83, 6.59,
or 7.88

2 years61

0, 3.83, 6.59, or
7.88

21 months62

Hepatocellular
carcinoma

c-Ha-ras, p53, c-jun, c-fos, c-myc, DNA
methyltransferase, and g gamma-glutamyl
transpeptidase genes in liver

Trichloroethylene Male, B6C3F1,
mouse, gavage

0, 126.6, or
253.4
90 weeks63

0, 14.58,
72.88, or 145.76
5 days49

Hepatocellular
carcinoma

Promoter region of Cdkn1a in liver

Female, B6C3F1,
mouse, gavage

0, 92.82, or
182.72

90 weeks63

0 or 97.8
5, 12, and

33 days64

Hepatocellular
carcinoma

Total DNA and promoter region of c-myc
and c-jun genes in liver (from day 33)

Benzidine Male, B6C3F1,
mouse,
drinking water

0, 1.03, 1.37,
2.04, 2.71,
or 4.05

33 months65

0 or 4.3
1 year66

Hepatocellular
adenoma or
carcinoma

Ha-ras and Ki-ras genes in liver

Trichloroacetic acid Female, B6C3F1,
mouse, gavage

0, 5.7, 19.3,
or 57.6

576 days67

0 or 68.46
5 days68

Hepatocellular
adenoma or
carcinoma

Promoter region of c-myc and c-jun genes in
liver

DEHP Male, Sprague-
Dawley, rat,
gavage

0, 8.7, 27.6,
or 87.2

159 weeks69

0, 23.23, 69.70,
116.17, 174.2,
or 220.73

Treated for GDs
14-19; examined

on PND 6050

Leydig cell
tumors in
testes

Promoter region of MR gene in testes

Abbreviations: DEHP, di(2-ethylhexyl) phthalate; GD, gestation day; MR, mineralocorticoid receptor; PND, postnatal day.
aFor all studies, animal doses were duration adjusted and converted to corresponding human equivalent doses (HEDs) and are presented in units of mg/kg/d.

Table 2. Points of Departure for Cancer Incidence (BMD10HEDs) and DNA Methylation Changes (NOELHEDs).

Chemical Target organ
Cancer

(BMD10HED)a
DNA methylation

(NOELHED)a
Ratio of cancer BMD10HED

to DNA methylation NOELHED

Bromodichloromethane Kidney 4.14 0.73 5.67
Dibromochloromethane Liver 3.60 1.12 3.21
Chloroform Liver 1.62 1.45 1.12
Hydrazine Liver 5.58 3.83 1.46
Trichloroethylene Liver (male mice) 23.9 14.6 1.64

Liver (female mice) 79.0 9.78 8.08
Benzidine Liver 0.92 0.43 2.14
Trichloroacetic acid Liver 6.73 6.85 0.98
DEHP Testes 58.4 2.32 25.2

Abbreviations: BMD10HED, benchmark dose at a 10% benchmark response expressed as a human equivalent dose; DEHP, di(2-ethyl-
hexyl) phthalate; NOELHED, no-observed-effect level expressed as a human equivalent dose.
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same sex, oral exposure route/type, and target organ. Addition-

ally, the NOEL/LOEL approach was used to identify PODs for

cancer incidence by Alyea et al.24 Because regulatory agencies,

including the US EPA, generally do not use the NOEL/LOEL

approach for identifying PODs to derive cancer slope factors

when 1 or more BMD models fit the cancer incidence data, we

used the multistage cancer BMD model to derive PODs for

cancer incidence.44

In our analysis, hypomethylation was the predominant

epigenetic change observed. Specifically, hypomethylation

of total DNA as well as the c-myc, c-jun, Ha-ras, and Ki-ras

proto-oncogenes were identified (Table 3). Genome-wide

DNA hypomethylation promotes chromosomal instability and

carcinogenesis.16 C-myc, c-jun, Ha-ras, and Ki-ras proto-

oncogenes have been shown to be associated with increased

protein expression, enhanced cell proliferation, and carcino-

genesis (eg, in liver, lung, and colon) by regulating cellular

signal transduction, cell growth, differentiation, adhesion, sur-

vival, and apoptosis.45-47 Likewise, hypermethylation of c-Ha-

ras and DNA methyltransferase as well as hypomethylation of

the p53 and Cdkn1a tumor suppressor genes, all of which have

been positively correlated with carcinogenesis48-50, was also

observed. In addition to proto-oncogenes and tumor suppressor

genes, hormonal imbalances that can induce cancer were also

observed. Loss of methylation in the mineralocorticoid recep-

tor gene leads to reduced testosterone synthesis (as observed

following DEHP exposure),51 which interferes with the nega-

tive feedback control, thereby inducing the overproduction of

follicle-stimulating and luteinizing hormones and increasing

the proliferation of Leydig cells.52,53

Increasing evidence indicates that the epigenome is partic-

ularly vulnerable for lifelong alterations during developmen-

tal periods (eg, gestation). The current analysis revealed that

for DEHP, the POD for DNA methylation changes is 25-fold

more sensitive than the POD for cancer incidence. This ratio

was substantially higher compared to that of the other chemi-

cals analyzed that had ratios ranging from approximately 1 to

8. A possible explanation for this observed difference in sen-

sitivity could be due to the administration of the chemical

during different life stages (ie, DEHP was administered to

pregnant animals in its principal DNA methylation study,

compared to all other chemicals being administered to adult

nonpregnant animals). This explanation is supported by the

observation that the epigenome is most sensitive to environ-

mentally induced changes due to an increase in DNA synth-

esis and formation of DNA methylation patterns during early

development.54 In the principal DNA methylation study for

DEHP, male rats were treated in utero from GDs 14 to 19.51

Thus, the life stage during which treatment occurs should be

taken into account when considering the potential application

of epigenetic end points as a screening tool to predict the

potential toxicity/carcinogenicity of a chemical.

In summary, our results demonstrate that DNA methyla-

tion alterations of total DNA as well as that of individual

genes are biologically plausible key events in putative modes

of carcinogenic action for the analyzed chemicals. The high

degree of correlation between PODs for cancer incidence with

those for DNA methylation suggests that measurement of

DNA methylation end points may be used as a screening tool

to assist in predicting potential toxicity/carcinogenicity and in

prioritizing large numbers of chemicals that have little or no

toxicity data and need more comprehensive toxicological
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Figure 2. Comparison of points of departure for cancer incidence
and DNA methylation.

Table 3. Specific DNA Methylation Changes Following Environmental
Chemical Exposure.

Chemical DNA methylation changes

Bromodichloromethane Hypomethylation of total DNA
Dibromochloromethane Hypomethylation of c-myc promoter
Chloroform Hypomethylation of total DNA and c-myc

promoter
Hydrazine Hypomethylation of c-jun and p53;

hypermethylation of c-Ha-ras and DNA
methyltransferase

Trichloroethylene Hypomethylation of Cdkn1a promoter; no
observed change in total DNA
methylation (male mice)

Hypomethylation of total DNA and c-myc
and c-jun promoters (female mice)

Benzidine Hypomethylation of Ha-ras and Ki-ras
Trichloroacetic acid Hypomethylation of c-myc and c-jun

promoters
DEHP Hypomethylation of MR promoter

Abbreviations: DEHP, di(2-ethylhexyl) phthalate; MR, mineralocorticoid
receptor.
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evaluation. Additionally, the DNA methylation studies com-

bined with other high-throughput in vitro screening assays

(eg, genotoxicity) may help to identify potential modes of

action of chemicals and facilitate time and cost-efficient

chemical risk assessments.

Current Research Needs and Limitations

Interest in environmental epigenetic research has increased

significantly in recent years, as exemplified by an exponential

increase in PubMed-indexed publications.55 Research funding

agencies such as the National Institute of Environmental Health

Sciences and the National Cancer Institute, among others, have

also shown tremendous support for environmental epigenetic

research. Thus, this rapidly growing field is likely to produce

more environmental epigenetic data in the future. Although the

present analysis shows that the incorporation of epigenetic data

into the current HHRA paradigm looks promising, many data

gaps need to be filled before conclusions can be drawn about

this possible integration. For example, all of the molecular

toxicology studies mentioned herein are focused on the methy-

lation status of only a few genes. Only 8 of 170 chemicals from

the IRIS and NTP databases could be included in this analysis

because appropriate studies that looked for both cancer inci-

dence and DNA methylation changes in the same species,

strain, sex, target organ, and type of oral exposure were not

available for the other chemicals. Therefore, further studies are

warranted that include (1) evaluation of additional genes and

other epigenetic end points (ie, histones and noncoding RNAs)

following chemical exposure, (2) analyses of epigenetic altera-

tions on a larger number of environmental toxicants, (3) anal-

yses using in vitro DNA methylation data from animal and/or

human cell lines in lieu of DNA methylation data from labora-

tory animals, and (4) evaluation of the causal link between

epigenetic modifications and health effects in chemical-

induced toxicities. Despite these limitations, the current work

provides an analysis of the POD concordance between cancer

incidence and DNA methylation changes for environmental

chemical carcinogens.

Conclusion

Taken together, this work shows that POD values for cancer

incidence and DNA methylation changes are highly correlated

for environmental chemical carcinogens. Another notable find-

ing is that DNA methylation changes are highly sensitive fol-

lowing exposure to a reproductive toxicant. This study also

demonstrates that the correlation between cancer incidence and

DNA methylation changes is valid across different species

(rats, mice, and hamsters), sexes, organs (liver, kidney, and

testes), and classes of chemicals. Furthermore, the exposure

durations of all the DNA methylation studies were shorter than

a typical 2-year carcinogenicity study, suggesting that DNA

methylation studies may be more time- and cost-efficient. This

work identifies the potential utility of epigenetic testing data,

particularly DNA methylation data, in the HHRA process for

environmental chemical carcinogens that currently lack health

assessment information. Furthermore, by adopting the data

mining approach used in this manuscript, one could elucidate

possible correlations of other epigenetic end points (ie, histone

modification and noncoding RNA regulation) with cancer and

noncancer end points.
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