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Abstract Recently, diesel engine exhaust (DEE) was
reclassified as a known carcinogen to humans. DNA meth-
ylation alterations in DNA damage response (DDR)-related
genes have the potential to affect DEE exposure-related
cancer risk. However, the evidence regarding the associa-
tion between DEE exposure and methylation alterations
in DDR-related genes is limited. In 117 DEE-exposed
workers and 112 non-DEE-exposed workers, we meas-
ured urinary concentrations of six mono-hydroxylated
polycyclic aromatic hydrocarbons (OH-PAHs). We also
determined the methylation levels of three DDR-related
genes (pl6, RASSF1A, and MGMT) and LINE-1 by
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bisulfite-pyrosequencing assay. We found that DEE-
exposed workers exhibited significantly lower mean pro-
moter methylation levels of p16, RASSFI1A, and MGMT
than non-DEE-exposed workers (all p < 0.001). In all study
subjects and non-smoking workers, increasing quartiles of
urinary summed OH-PAHs was associated with hypometh-
ylation of p16, RASSFI1A, and MGMT (all p < 0.05). In
non-smoking workers, methylation in pl6, RASSFIA,
and MGMT decreased by 0.36 % [95 % confidential
interval (CI): —0.60, —0.11 %], 0.46 % (95 % CI. —0.79,
—0.14 %), and 0.55 % (95 % CI: —0.95, —0.15 %), respec-
tively, in association with highest versus lowest quartile of
urinary summed OH-PAHs. In addition, p16, RASSF1A,
MGMT, and LINE-1 methylation levels showed negative
correlations with cytokinesis-block micronucleus cytome
index which was previously measured in the same workers
(all p < 0.05). In conclusion, our results clearly indicated
that DEE exposure and increased genetic damage were
associated with hypomethylation of p16, RASSF1A, and
MGMT. Future studies with larger sample size are needed
to confirm these associations.

Keywords Diesel engine exhaust - DNA methylation -
DNA damage response-related genes - Hypomethylation

Introduction

Cohort studies have consistently showed that ambient air
pollution exposure, especially fine particulate matter (par-
ticulate matter with an aerodynamic diameter <2.5 um,
PM, 5), is associated with increased lung cancer risk (Puett
et al. 2014; Raaschou-Nielsen et al. 2013). In urban set-
tings, the major contributor to PM, s is diesel engine
exhaust (DEE). DEE, which is a mixture of gases and
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elemental carbon (EC) core adsorbed with organic carci-
nogenic compounds such as polycyclic aromatic hydrocar-
bons (PAHs), has been previously suspected to cause lung
cancer (IARC 1989). Recently, the International Agency
for Research on Cancer reevaluated the carcinogenicity of
DEE and concluded that DEE was a cause of lung cancer
(Benbrahim-Tallaa et al. 2012). Therefore, considering that
DEE exposure is posing great health threat to a huge num-
ber of urban residents and occupational population who
perform routine work with diesel-powered equipments,
assessment of DEE exposure-related cancer risk is urgently
needed. Further, understanding of the potential biological
mechanisms that mediate DEE exposure-related cancer risk
is also beneficial to develop strategies to reduce relevant
cancer risk.

Genomic instability is a hallmark of cancer that accel-
erates mutation rate, thus enabling the acquisition of addi-
tional capabilities required for carcinogenesis (Pikor et al.
2013). Marker of genomic instability, such as increased
micronucleus frequency, has been found to be prospec-
tively associated with increased cancer risk (Bonassi et al.
2007). For population exposed to genotoxic substance,
such as DEE, the extent of genomic instability is deter-
mined not only by exposure-induced DNA lesions, but
also by DNA damage response (DDR). DDR is a sophis-
ticated network of signaling pathways that aims at main-
taining genomic stability (Rouse and Jackson 2002). On
the cellular level, DDR involves triggering cell-cycle arrest
and recruiting DNA damage repair protein to the damage
sites (Jackson and Bartek 2009). The expression levels of
DDR-related genes can directly indicate the extent of DDR.
Evidence is mounting that DNA methylation variation can
affect the expression levels of DDR-related genes (Shin
et al. 2013; Vo et al. 2002). These changes, in turn, have the
potential to affect the extent of genomic instability, hence
cancer risk. Previous studies have reported associations
of air pollutants exposure with either hypomethylation or
hypermethylation of DDR-related genes (Duan et al. 2013;
Hou et al. 2011). Therefore, alterations in methylation lev-
els of DDR-related genes may act as a potential mechanism
that mediates air pollutants exposure-related cancer risk.
However, no population study has yet examined whether
DEE exposure is associated with methylation alterations in
DDR-related genes.

In the present study, we recruited 117 diesel engine test-
ing workers with exclusive exposure to DEE and 112 non-
DEE-exposed workers. To characterize DEE exposure, we
determined urinary concentrations of six mono-hydroxy-
lated PAHs (OH-PAHs) as well as obtained detailed expo-
sure history. We employed a candidate gene approach
and measured promoter methylation levels of three DDR-
related genes, including cyclin-dependent kinase inhibi-
tor 2A (p16), Ras association domain family 1 isoform A
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(RASSF1A), and O%methylguanine methyltransferase
(MGMT). It is well known that both p16 and RASSF1A
play a crucial role in cell-cycle regulation by inhibiting cell
progression from G1 phase to S phase (Liggett and Sidran-
sky 1998; Shivakumar et al. 2002). MGMT is a mismatch
repair protein that removes the premutagenic lesions in
damaged DNA (Kaina et al. 2007). Besides, we also meas-
ured methylation level of long interspersed nucleotide
element 1 (LINE-1). LINE-1 accounts for approximately
20 % of human genome and is heavily methylated to pre-
vent expression. Methylation in LINE-1 can be used as a
surrogate marker of global DNA methylation (Yang et al.
2004). Aberrant methylation of p16, RASSF1A, MGMT,
and LINE-1 has been detected in DNA from lung cancer
patients (Daskalos et al. 2009; Fujiwara et al. 2005; Hsu
et al. 2007). We aimed to compare the differences in meth-
ylation levels of pl6, RASSFIA, MGMT, and LINE-1
between DEE and non-DEE-exposed workers and further
examine their associations with both urinary OH-PAHs and
DEE exposure duration. Taking advantage of the cytokine-
sis-block micronucleus (CBMN) cytome index measured
previously in the same population, we also examined the
correlations between p16, RASSF1A, MGMT, and LINE-1
methylation levels and CBMN cytome index to explore
whether epigenetic variations were related to DEE expo-
sure-related genetic damage.

Materials and methods
Study population and biological sample collection

We recruited 117 male DEE-exposed workers and 112 male
non-DEE-exposed workers as described previously (Zhang
et al. 2015). The DEE-exposed workers were diesel engine
testing workers who spent most time in close proximity to
the running diesel engines from a diesel engine manufac-
turing plant located in Luoyang, Henan, China. The non-
DEE-exposed workers were water pump management
workers from a water factory in the same city. The included
workers had to be working in the current job position for
at least 1 year and free of chronic diseases such as cancer
and acute infection. All participants provided informed
consent before enrollment. Demographic characteristics,
smoking history, alcohol consumption, occupational his-
tory of exposure, and personal medical history were deter-
mined for all participants by an occupational physician
using a structured questionnaire. At the end of work shift
(after at least four consecutive working days), each worker
provided 50 mL urine for measurement of OH-PAHs and
4 mL venous blood for analysis of complete blood count
and extraction of DNA. The protocol was approved by the
Research Ethics Committee of the National Institute for
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Occupational Health and Poison Control, Chinese Center
for Disease Control and Prevention.

Exposure assessment

To characterize the DEE exposure levels of workers, air-
borne concentrations of PM, 5, EC, and PAHs were deter-
mined from diesel engine manufacturing plant and water
factory, respectively, as described in our previous study
(Zhang et al. 2015). In brief, PM, 5 concentrations were
determined using gravimetric method. EC in collected PM
was determined according to National Institute for Occu-
pational Safety and Health method 5040 (thermal-opti-
cal analysis). A total of 16 PAHs in collected PMs were
determined based on the Occupational Safety and Health
Administration method 58 (high-performance liquid chro-
matography with a fluorescence detector).

Urinary OH-PAHs measurement

The concentrations of six OH-PAHs 1-hydroxynaphthalene
(1-OHNa), 2-hydroxynaphthalene (2-OHNa), 2-hydroxy-
fluorene (2-OHFlu), 2-hydroxyphenanthrene (2-OHPhe),
9-hydroxyphenanthrene (9-OHPhe), and 1-hydroxypyr-
ene (1-OHP) in urine were determined by HPLC-MS/MS
method as described previously (Zhang et al. 2015). Creati-
nine concentration was determined by Jaffe’s colorimetric
method to correct for urinary dilution. Measured concen-
trations below the limit of detection (LOD) were replaced
with LOD divided by the square root of 2.

DNA methylation analyses

Genomic DNA was extracted from whole blood using
TIANamp Blood DNA Kit (Tiangen Biotech, Beijing,
China) according to the manufacturers’ instructions. One
microgram of genome DNA was treated with sodium
bisulfite using the EpiTect Bisulfite Kit (Qiagen, Valen-
cia, USA) and subjected to DNA methylation analyses by
pyrosequencing. The primers of pyrosequencing for pl6,
RASSF1A, MGMT, and LINE-1 were listed (Table 1 in
Online Resource 1). Approximately 40 ng bilsulfite-treated
and purified DNA was used in a PCR along with Pyromark
PCR kit (Qiagen, Valencia, USA) and primers (forward
and biotinylated reverse). After purification of PCR prod-
ucts using Sepharose beads on PyroMark Vacuum Prep
Workstation (Qiagen, Valencia, USA), pyrosequencing was
performed using the PyroMark Q96MD System (Qiagen,
Valencia, USA). Non-CpG cytosine residues were used
to verify bisulfite conversion. The percentage of methyl-
ated and unmethylated cytosines was quantified for 7 CpG
sites in p16 promoter, 7 CpG sites in RASSF1A promoter,
9 CpG sites in MGMT promoter, and 3 sites in LINE-1,

respectively. The percentage of methylation was expressed
as the methylated cytosines over the sum of methylated and
unmethylated cytosines. We pyrosequenced each marker in
two replicates, and the average was used in the statistical
analysis. The within-sample coefficients of variation were
7.4 % for p16, 9.4 % for RASSF1A, 7.5 % for MGMT, and
1.3 % for LINE-1, respectively.

Statistical analysis

Standard descriptive statistics were calculated for general
characteristics, urinary OH-PAH concentrations, and DNA
methylation outcomes. Statistical comparisons of general
characteristics between groups were conducted using Stu-
dent ¢ test for age and body mass index (BMI) and using
Chi-square test for smoking status and alcohol use. Per-
centages of different white blood cell types and exposure
levels of PM, s, EC, and PAHs were compared between
groups by Mann—Whitney test. Urinary OH-PAH con-
centrations, which were not normally distributed and thus
natural logarithmic transformed, were compared between
groups by Student ¢ test. The differences of methylation
levels of each CpG site as well as corresponding average
across all CpG sites in the p16, RASSF1A, and MGMT
promoters and of mean methylation level of LINE-1 repet-
itive element between groups were evaluated by Mann—
Whitney test. Three separate general linear models were
used to test the associations of pl6, RASSF1A, MGMT,
and LINE-1 mean methylation levels with categorized uri-
nary summed OH-PAHs in all study subjects. In model 1,
we presented crude results. In model 2, we included age
(continuous), BMI (continuous), smoking status (cur-
rent smokers, non-current smokers), and alcohol use (yes/
no) into the model to adjust for potential confounding. In
model 3, we additionally included percentages of neutro-
phils (continuous), lymphocytes (continuous), and mono-
cytes (continuous) into the model. Covariates-adjusted
means and 95 % confidential intervals (CIs) of methyla-
tion levels of p16, RASSF1A, MGMT, and LINE-1 were
examined in model 2 and model 3. Regression coefficients
and 95 % Cls relative to the reference category were also
estimated. Because smoking was an important confound-
ing factor, we further repeated the analysis by smoking
status. Next, the associations of methylation levels of p16,
RASSFIA, MGMT, and LINE-1 with categorized urinary
summed OH-PAHs by exposure status and with catego-
rized DEE exposure duration were examined in non-smok-
ing workers using the general linear models as above men-
tioned. In addition, the correlations of pl6, RASSF1A,
MGMT, and LINE-1 methylation levels with CBMN
cytome index were determined in non-smoking workers
by Spearman correlation test. All analyses were performed
with SPSS software version 15.0 (Chicago, USA), and all
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statistical tests were two-sided with a significance level of
0.05.

Results
General characteristics and DEE exposure levels

The study population included 117 DEE-exposed workers
and 112 non-DEE-exposed workers, and their general char-
acteristics and exposure levels had been described previ-
ously (Zhang et al. 2015). In brief, the differences of age,
BMI, smoking status, and alcohol use were not significant
between DEE and non-DEE-exposed workers. The percent-
ages of neutrophils and lymphocytes were similar between
DEE and non-DEE-exposed workers (59.89 + 7.44
vs. 58.57 £ 847, p = 0.299 and 33.51 £ 7.18 vs.
34.30 + 8.25, p = 0.641), and the percentage of mono-
cytes was moderately lower in DEE-exposed workers
(4.40 £ 1.12 vs. 5.01 £ 1.72, p = 0.014). The geometric
means of PM, s, EC, and PAH exposure levels of DEE-
exposed workers were all significantly higher than those
of non-DEE-exposed workers. Likewise, the urinary con-
centration of each OH-PAH was significantly higher in
DEE-exposed workers than non-DEE-exposed workers (all
p < 0.001) (Table 2 in Online Resource 1). When the uri-
nary concentrations of six OH-PAHs were added together,
the median of urinary summed OH-PAH concentration in
the DEE-exposed workers was 2.7 times higher than that in
the non-DEE-exposed workers (12.96 vs. 4.75 ng/g creati-
nine, p < 0.001).

DDR-related genes and LINE-1 methylation
by exposure group

We compared the methylation levels of pl6, RASSF1A,
MGMT, and LINE-1 in DEE-exposed workers with those
in non-DEE-exposed workers (Table 1). Of the seven
CpG sites in the promoter region of p16, methylation lev-
els decreased significantly at CpG sites 2, 3, 4, 5, and 7
in DEE-exposed workers than those in non-DEE-exposed
workers (all p < 0.05). When the seven CpG sites were
combined, the mean promoter methylation level of p16 was
significantly lower in DEE-exposed workers than that in
non-DEE-exposed workers (2.03 % vs. 2.21 %, p < 0.001).
The promoter methylation in RASSF1A in DEE-exposed
workers showed significantly lower levels at CpG sites 2,
4,5, 6, and 7 than that in non-DEE-exposed workers (all
p < 0.05). The mean promoter methylation level of the
combined seven CpG sites was significantly lower in DEE-
exposed workers than that in non-DEE-exposed workers
(2.25 % vs. 2.48 %, p < 0.001). The methylation levels of
all CpG sites except sites 6 and 9 in the promoter of MGMT
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decreased significantly in DEE-exposed workers than those
in non-DEE-exposed workers (all p < 0.05). The mean
methylation level of all nine CpG sites evaluated in the pro-
moter of MGMT was significantly lower in DEE-exposed
workers than that in non-DEE-exposed workers (2.22 % vs.
2.57 %, p < 0.001). No significant difference in the meth-
ylation level of LINE-1 was observed between DEE and
non-DEE-exposed workers (p = 0.369). We also examined
the correlations of age, BMI, smoking status, and alcohol
use with p16, RASSFIA, MGMT, and LINE-1 mean meth-
ylation levels, and we found a negative correlation between
smoking status (current smokers vs. non-current smokers)
and MGMT methylation level (r = —0.181, p = 0.006) and
a positive correlation between alcohol use (yes vs. no) and
LINE-1 methylation level (r = 0.131, p = 0.049) (Table 2).

Associations of DDR-related genes methylation
with DEE exposure

As summed OH-PAHs could provide more comprehensive
and stable estimate of internal dose than individual OH-
PAH and most individual CpG sites in the p16, RASSFIA,
and MGMT promoters showed significant and consist-
ent alterations in DEE-exposed workers, the association
analyses including urinary summed OH-PAHs and mean
methylation of p16, RASSF1A, MGMT, and LINE-1 were
considered as the main results. Among all study subjects,
increasing quartiles of urinary summed OH-PAHs was
associated with hypomethylation of pl6, RASSF1A, and
MGMT (all pyeng < 0.05) (Table 3). Because smoking was
an important confounding factor, we further repeated the
analyses by smoking status. We found that the above asso-
ciations showed better dose—response trends in non-smok-
ing workers but became nonsignificant in smoking work-
ers, suggesting an apparent confounding effect of smoking.
To avoid such confounding effect, the following analyses
were based on non-smoking workers only. In non-smoking
workers, the methylation levels of pl6, RASSF1A, and
MGMT decreased in the highest quartile of summed OH-
PAHs compared with the lowest quartile (8 = —0.355,
SE = 0.125, p = 0.005 for p16; g = —0.464, SE = 0.162,
p = 0.005 for RASSF1A; and 8 = —0.550, SE = 0.201,
p = 0.007 for MGMT), with adjustment for age, BMI,
alcohol use, and percentages of neutrophils, lymphocytes,
and monocytes (Fig. 1 in Online Resource 2). No signifi-
cant association was observed for mean methylation level
of LINE-1. When the associations observed in non-smok-
ing workers were separately analyzed by exposure group,
no significant association was found (Table 3 in Online
Resource 1).

Furthermore, the associations of DEE exposure duration
with mean methylation levels of pl6, RASSF1A, MGMT,
and LINE-1 were examined (Table 4). The pl6, RASSFIA
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Table 1 Promoter CpG site DNA methylation of p16, RASSF1A, and MGMT and methylation of LINE-1 repetitive element measured in DEE
and non-DEE-exposed workers

CpG site Non-DEE-exposed workers DEE-exposed workers p value®
N? Mean + SD Median (IQR) N Mean + SD Median (IQR)

p16 (%5mC)
Site 1 112 1.06 +0.43 1.11 (0.85-1.35) 115 1.02 £ 0.45 1.06 (0.81-1.35) 0.592
Site 2 112 3.79 £0.84 3.68 (3.25-4.18) 115 3.46 £0.78 3.36 (2.91-3.87) 0.001
Site 3 112 1.39 £ 0.38 1.40 (1.18-1.67) 115 1.22 £ 0.45 1.26 (1.00-1.54) 0.002
Site 4 112 1.99 £ 0.41 1.99 (1.75-2.25) 115 1.85 £ 0.39 1.82 (1.61-2.06) 0.002
Site 5 112 3.19 +0.63 3.20 (2.80-3.63) 115 2.98 +0.64 2.94 (2.55-3.38) 0.002
Site 6 112 1.14 £0.44 1.19 (0.80-1.42) 115 1.01 +0.56 1.10 (0.61-1.37) 0.089
Site 7 112 291 £0.50 2.86 (2.63-3.20) 115 2.68 +0.65 2.64 (2.32-3.08) 0.002
All sites combined 112 221+041 2.20 (2.01-2.50) 115 2.03 £ 041 1.99 (1.76-2.31) <0.001

RASSFIA (%5mC)
Site 1 111 1.58 £ 0.66 1.60 (1.10-2.05) 114 1.49 £0.76 1.59 (1.05-2.00) 0.719
Site 2 111 4.34 +£0.80 4.33 (3.82-4.72) 114 4.02 +0.79 3.94 (3.40-4.57) 0.001
Site 3 111 1.12 £ 0.61 1.16 (0.68-1.48) 114 0.98 £ 0.62 1.13 (0.53-1.44) 0.188
Site 4 111 3.65 +0.68 3.47 (3.18-3.96) 114 3224055 3.14 (2.86-3.49) <0.001
Site 5 111 2.02 +0.60 1.94 (1.68-2.35) 114 1.78 £ 0.62 1.83(1.44-2.22) 0.014
Site 6 111 3.18 +0.60 3.13 (2.80-3.56) 114 3.03 £ 0.86 2.92 (2.54-3.41) 0.013
Site 7 111 1.48 £0.73 1.56 (0.90-1.94) 114 1.25+0.78 1.45 (0.76-1.76) 0.035
All sites combined 111 2.48 £0.49 2.44 (2.17-2.79) 114 2.25 £0.50 2.19 (1.97-2.58) 0.001

MGMT (%5mC)
Site 1 112 1.44 £ 0.65 1.44 (1.12-1.76) 116 1.28 £0.53 1.26 (1.04-1.51) 0.010
Site 2 112 1.13 £ 0.63 1.17 (0.69-1.50) 116 0.96 + 0.67 0.91 (0.52-1.32) 0.019
Site 3 112 5.00 +1.27 4.94 (4.20-5.97) 116 444 £1.11 4.32(3.76-4.94) <0.001
Site 4 112 3.224+0.70 3.18 (2.88-3.58) 116 2.92 +0.61 2.88 (2.56-3.26) <0.001
Site 5 112 2.63+£0.83 2.57(2.22-3.15) 116 226+0.75 2.31 (1.94-2.65) <0.001
Site 6 112 1.41+0.79 1.49 (0.92-1.96) 116 1.26 £ 0.67 1.31 (0.87-1.72) 0.091
Site 7 112 331+1.13 3.18 (2.74-3.76) 116 2.59 £0.92 2.64 (2.08-3.03) <0.001
Site 8 112 3.68 £ 0.96 3.61 (3.13-4.32) 116 3.28 £0.95 3.11 (2.79-3.64) <0.001
Site 9 112 1.29 £ 0.67 1.43 (0.76-1.68) 116 1.24 +£0.72 1.36 (0.79-1.63) 0.429
All sites combined 112 2.57 £0.63 2.46 (2.20-3.03) 116 225 +£0.57 2.22 (1.91-2.46) <0.001

LINE-1 (%5mC) 110 8571+ 1.73 85.82 (84.57-87.08) 117 85.54 £ 1.75 85.46 (84.51-86.67) 0.369

% N varies based on the success of pyrosequencing assay
> Mann—Whitney test

Table 2 Correlations between v, p1e P16 (%5mC) RASSFIA (%5mC) MGMT (%5mC)  LINE-1 (%5mC)

age, BMI, smoking status,

and alcohol use and mean r pvalue r pvalue r pvalue r p value

methylation levels of p16,

RASSFIA, MGMT, and LINE- Age 0.014  0.837 —0.022  0.738 —0.120  0.071 0.034  0.610

1 BMI 0.028  0.677 —0.073  0.273 —0.031  0.639 0.099  0.137
Smoking status ~ —0.072  0.283 —0.063  0.351 —0.181  0.006 0.056  0.404
Alcohol use —-0.021  0.753 —-0.074  0.267 —-0.029  0.662 0.131  0.049

mean promoter methylation levels were significantly or border-  exposure duration (Fig. 2 in Online Resource 2). The MGMT
line significantly lower in workers exposed to DEE for <4 and ~ mean promoter methylation level was significantly lower across
4-8 years compared with non-DEE-exposed workers, although ~ workers exposed to DEE for <4, 4-8, and >8 years and was asso-
they showed nonsignificant associations with categorized DEE  ciated with categorized DEE exposure duration (p,,q = 0.031).
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Table 3 Mean (95 % Cls) methylation levels of p16, RASSF1A, MGMT, and LINE-1 stratified by quartiles of urinary summed OH-PAHs con-
centration in all study subjects, as well as in non-smoking and smoking workers

DNA methylation (%5mC) Summed OH-PAHs (jLg/g creatinine) Dirend
0l Q2 o3 04
All study subjects
<4.53 (n =57) 4.53-8.89 (n =57) 8.89-13.90 (n = 58) >13.90 (n =57)

pl6
Model 1* 2.26 (2.15-2.37) 2.12(2.01-2.22) 2.00 (1.89-2.11) 2.11 (1.99-2.22) 0.021
Model 2° 2.30 (2.18-2.41) 2.10 (1.99-2.21) 1.99 (1.88-2.10) 2.10(1.98-2.21) 0.010
Model 3¢ 2.28 (2.16-2.40) 2.12(2.01-2.23) 1.98 (1.87-2.09) 2.10 (1.99-2.22) 0.018

RASSF1A
Model 1* 2.55 (2.43-2.68) 2.32(2.18-2.46) 2.30 (2.16-2.44) 2.29 (2.16-2.41) 0.006
Model 2° 2.58 (2.44-2.72) 2.31(2.18-2.44) 2.30(2.16-2.43) 2.28 (2.14-2.42) 0.007
Model 3¢ 2.57(2.43-2.72) 2.32(2.19-2.46) 2.29(2.16-2.42) 2.28(2.14-2.41) 0.006

MGMT
Model 1* 2.77 (2.60-2.95) 2.37(2.22-2.52) 2.22(2.09-2.36) 2.25(2.10-2.41) <0.001
Model 2° 2.77 (2.60-2.94) 2.37(2.21-2.52) 2.23(2.08-2.39) 2.26 (2.10-2.42) <0.001
Model 3¢ 2.74 (2.57-2.91) 2.38(2.23-2.54) 2.23(2.07-2.38) 2.28(2.12-2.44) <0.001

LINE-1
Model 1* 85.81 (85.33-86.29) 85.35 (84.88-85.81) 85.52 (85.06-85.98) 85.81 (85.37-86.25) 0.866
Model 2° 86.04 (85.54-86.53) 85.35 (84.89-85.80) 85.45 (85.00-85.91) 85.67 (85.21-86.14) 0.394
Model 3¢ 86.03 (85.52-86.53) 85.39 (84.93-85.85) 85.43 (84.97-85.89) 85.66 (85.19-86.13) 0.367

Non-smoking workers

<245 (n=25) 2.45-5.06 (n = 26) 5.06-10.80 (n = 27) >10.80 (n = 25)
pl6
Model 1* 2.32(2.15-2.48) 2.15(2.00-2.31) 2.15(2.02-2.28) 2.00 (1.84-2.17) 0.006
Model 2¢ 2.38 (2.22-2.55) 2.14 (1.99-2.29) 2.12(1.98-2.27) 1.98 (1.82-2.13) 0.002
Model 3° 2.34 (2.17-2.51) 2.15 (2.00-2.30) 2.14 (1.99-2.29) 1.99 (1.83-2.15) 0.009
RASSF1A
Model 1* 2.62 (2.45-2.79) 2.41 (2.20-2.63) 2.34 (2.15-2.53) 2.18 (1.99-2.37) 0.001
Model 2¢ 2.65 (2.44-2.86) 2.41 (2.22-2.60) 233(2.15-252)  2.17(1.97-2.37) 0.003
Model 3¢ 2.62 (2.40-2.84) 242 (2.22-2.61) 2.35(2.16-2.55) 2.16 (1.96-2.36) 0.006
MGMT
Model 1* 2.84 (2.63-3.06) 2.74 (2.37-3.10) 2.40 (2.24-2.57) 2.20(2.01-2.39) <0.001
Model 2¢ 2.90 (2.62-3.17) 2.72 (2.48-2.96) 2.39 (2.14-2.63) 2.18 (1.93-2.44) <0.001
Model 3¢ 2.78 (2.51-3.05) 2.72 (2.48-2.96) 2.45(2.21-2.69) 2.23(1.98-2.48) 0.004
LINE-1
Model 1* 85.82 (85.13-86.51) 85.53 (84.77-86.29) 85.42 (84.84-86.01) 85.15 (84.33-85.96) 0.181
Model 2¢ 85.91 (85.11-86.72) 85.57 (84.86-86.27) 85.36 (84.66-86.06) 85.10 (84.36-85.83) 0.158
Model 3¢ 85.86 (85.03-86.70) 85.65 (84.93-86.36) 85.35 (84.64-86.07) 85.07 (84.32-85.81) 0.173

Smoking workers

<724 (n=31) 7.24-10.85 (n = 32) 10.85-16.68 (n = 32) >16.68 (n = 31)
pl6
Model 1* 2.16 (1.97-2.35) 2.00 (1.86-2.15) 2.01 (1.87-2.15) 2.18 (2.02-2.35) 0.844
Model 2¢ 2.16 (2.00-2.32) 2.02 (1.86-2.17) 2.00 (1.84-2.16) 2.18 (2.02-2.34) 0911
Model 3° 2.16 (2.01-2.32) 2.02 (1.87-2.17) 1.98 (1.81-2.14) 2.19 (2.04-2.35) 0.894
RASSF1A
Model 1* 243 (2.22-2.64) 2.30 (2.10-2.50) 2.31(2.12-2.50) 2.34 (2.18-2.51) 0.566
Model 2¢ 242 (2.23-2.61) 229 (2.11-2.48) 235(2.16-2.54)  2.33(2.14-2.52) 0.609
Model 3¢ 243 (2.24-2.62) 2.30 (2.11-2.49) 2.32(2.13-2.52) 2.34 (2.14-2.53) 0.566
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Table 3 continued

DNA methylation (%5mC) Summed OH-PAHs (jLg/g creatinine) Dirend
Q1 Q2 Q3 04
MGMT
Model 1* 2.43(2.22-2.63) 2.14 (1.95-2.32) 2.46 (2.23-2.68) 2.14 (1.95-2.32) 0.234
Model 2¢ 243 (2.23-2.63) 2.15 (1.95-2.35) 2.45 (2.25-2.65) 2.14 (1.93-2.34) 0.200
Model 3° 242 (2.22-2.62) 2.16 (1.96-2.35) 2.43 (2.23-2.63) 2.16 (1.96-2.36) 0.263
LINE-1
Model 1* 85.95 (85.29-86.61) 85.27 (84.60-85.94) 86.13 (85.55-86.71) 85.62 (85.02-86.22) 0.925
Model 2¢ 85.96 (85.34-86.58) 85.32(84.73-85.92) 86.07 (85.45-86.68) 85.67 (85.06-86.28) 0.939
Model 3° 85.98 (85.35-86.60) 85.33 (84.73-85.93) 86.01 (85.38-86.63) 85.70 (85.08-86.32) 0.905
* Crude

b Adjusted for age, BMI, smoking status, and alcohol use
¢ Adjusted for age, BMI, smoking status, alcohol use, and percentage of neutrophils, lymphocytes, and monocytes

d Adjusted for age, BMI, and alcohol use
¢ Adjusted for age, BMI, alcohol use, and percentage of neutrophils, lymphocytes, and monocytes

Table 4 Mean (95 % Cls) methylation levels of p16, RASSF1A, MGMT, and LINE-1 stratified by DEE exposure duration in non-smoking

workers
DNA methylation (%5mC) DEE exposure duration (years) Duend
0 (n=53) 04 (n=10) 4-8 (n=14) >8 (n = 26)
pl6
Model 1* 2.26 (2.17-2.36) 1.92 (1.75-2.09) 1.95 (1.72-2.18) 2.14 (1.97-2.30) 0.250
Model 2° 2.28 (2.17-2.39) 1.91 (1.68-2.14) 1.94 (1.74-2.13) 2.11 (1.95-2.28) 0.189
Model 3¢ 2.28 (2.17-2.39) 1.94 (1.71-2.17) 1.97 (1.77-2.17) 2.09 (1.93-2.26) 0.157
RASSFIA
Model 1* 2.53 (2.42-2.65) 1.93 (1.67-2.19) 2.22 (1.91-2.53) 2.36 (2.15-2.58) 0.576
Model 2° 2.53 (2.39-2.66) 1.94 (1.64-2.23) 2.23(1.98-2.47) 2.37 (2.16-2.59) 0.726
Model 3¢ 2.53(2.39-2.67) 1.94 (1.65-2.24) 2.25(1.99-2.50) 2.35(2.13-2.57) 0.632
MGMT
Model 1* 2.80 (2.62-2.97) 2.14 (1.84-2.45) 2.27 (1.99-2.55) 2.34 (2.07-2.60) 0.015
Model 2° 2.81(2.63-2.99) 2.13 (1.74-2.51) 2.26 (1.93-2.59) 2.33 (2.05-2.60) 0.033
Model 3¢ 2.78 (2.61-2.96) 2.20 (1.83-2.57) 2.38 (2.06-2.70) 2.29 (2.02-2.56) 0.031
LINE-1
Model 1* 85.78 (85.30-86.26) 84.77 (83.23-86.31) 85.32 (84.30-86.34) 85.22 (84.60-85.84) 0.429
Model 2° 85.86 (85.34-86.39) 84.71 (83.60-85.82) 85.26 (84.32-86.20) 85.12 (84.34-85.90) 0.332
Model 3¢ 85.92 (85.38-86.45) 84.75 (83.64-85.87) 85.29 (84.34-86.25) 84.98 (84.19-85.77) 0.200
? Crude

b Adjusted for age, BMI, and alcohol use

¢ Adjusted for age, BMI, alcohol use, and percentage of neutrophils, lymphocytes, and monocytes

DDR-related genes and LINE-1 methylation
and CBMN cytome index

We previously examined the effect of DEE exposure on
CBMN cytome index in this study population and found
that DEE exposure was associated with increased CBMN

cytome index (Zhang et al. 2015). In this study, we observed
negative correlations of p16, RASSF1A, MGMT, and LINE-1
mean promoter methylation levels with CBMN cytome index
in non-smoking workers (r = —0.314, p = 0.002 for p16;
r=—0.281, p = 0.006 for RASSF1A; r = —0.346, p = 0.001
for MGMT; and r = —0.216, p = 0.034 for LINE-1) (Fig. 1).
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In this study, the DEE-exposed workers showed signifi-
cantly lower mean promoter methylation levels of pl6,
RASSFI1A, and MGMT than non-DEE-exposed workers,
and there were significant associations between increasing
quartiles of urinary summed OH-PAHs and hypomethyla-
tion of pl6, RASSFIA, and MGMT in all study subjects
and non-smoking workers. In addition, non-smoking work-
ers with hypomethylation of p16, RASSF1A, and MGMT
showed increased CBMN cytome index. To our knowledge,
this is the first study that reports the associations between
DEE exposure and alterations in methylation levels of
DDR-related genes in an occupational population who are
exclusively exposed to DEE.

Exposure to DEE has been shown to be associated with
increased lung cancer risk (Benbrahim-Tallaa et al. 2012),
as well as early health effects related to carcinogenesis,
such as chromosome damage (Zhang et al. 2015). How-
ever, the biological pathways that act as intermediates
and/or consequences of these associations remain poorly
understood. One of the commonly studied mechanisms
through which environmental exposure exerts influence
on biological pathways is DNA methylation. Neverthe-
less, there is a paucity of data on the association between
DEE exposure and DNA methylation alteration mainly
due to prevalent existence of mixed exposure (i.e., DEE
coexists with other air pollutants in the setting). Recently,
Jiang et al. (2014) investigated the association of DEE
exposure with DNA methylation in a controlled exposure
study wherein volunteers were exposed to pure DEE for
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residing in genes involved in inflammation and oxidative
stress and overlapping with LINE-1 exhibited significant
changes. In the present study, we extended the investiga-
tion to DEE-exposed workers who had been exclusively
exposed to DEE for a mean of 8 years and we found that
the DEE-exposed workers exhibited significant decrease in
mean promoter methylation levels of DDR-related genes
including p16, RASSFIA, and MGMT and nonsignifi-
cant change in LINE-1 methylation. The hypomethylation
of pl6, RASSF1A, and MGMT promoters might lead to
increased expression levels of these genes and consequent
activation of DDR. Therefore, the reason why Jiang et al.
found nonsignificant associations with methylation at sites
residing in genes involved in DDR might be that the expo-
sure duration in their study was too short to cause DDR.
As for LINE-1 methylation, two points should be consid-
ered when interpreting the differences between the studies.
First, the study population were asthmatics in their study
while were healthy subjects in our study. The asthmatics
are more susceptible to exposure-induced oxidative stress
and inflammation (Klumper et al. 2015), which have been
shown to affect DNA methylation (Fratelli et al. 2005).
Second, in their study, all study subjects are their own
control, and thus, the analyses are immune to the effects
of most confounding factors. Although we had adjusted
common confounding factors in this study, there might
be uncontrolled confounding (e.g., nutritional factors). As
LINE-1 methylation is the marker of global methylation, it
is more likely to be affected by confounding factors than
gene-specific sites.
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Considering that smoking was an important confound-
ing factor, we further compared the p16, RASSF1A, and
MGMT methylation levels between DEE-exposed and
non-DEE-exposed workers in non-smoking and smoking
workers, respectively. The results obtained in non-smok-
ing workers were in line with those in all study subjects,
thus providing more unequivocal evidence to the associa-
tions between DEE exposure and hypomethylation of p16,
RASSF1A, and MGMT. In smoking workers, however,
RASSF1A and MGMT methylation levels did not differ
significantly between DEE and non-DEE-exposed workers
(»p = 0.123, p = 0.066), which were substantiated by the
nonsignificant associations between urinary summed OH-
PAHs and p16, RASSF1A, and MGMT methylation levels.
Since we observed negative correlations of smoking status
with methylation levels of p16, RASSF1A, and MGMT, the
confounding effect of smoking could be explained by the
possibility that the effect of DEE exposure on methylation
was, to some extent, masked by that of smoking. Previous
studies also examined the associations between exposure to
air pollutants and alterations in methylation levels of DDR-
related genes. Our group reported that coke oven workers
who were exposed to higher levels of PAHs showed signifi-
cantly lower mean promoter methylation level of MGMT
than controls (Duan et al. 2013), which was in line with the
results presented herein. Because PAH is one of the major
organic components adsorbed to the elemental carbon core
of diesel exhaust particle, our results suggested a potential
role of PAHs in linking DEE exposure with MGMT hypo-
methylation. Another study by Hou et al. (2011) examined
the associations of ambient PM exposure with methylation
levels of pl6 and RASSFI1A, and their results were par-
tially concordant with ours. Although both studies found
hypomethylation of RASSF1A in exposed workers, their
study reported that ambient PM exposure was associated
with hypermethylation of pl6, while our study reported
that DEE exposure was associated with hypomethylation of
pl6. One possible explanation for the difference was that
the chemical compositions of PM differed between these
two studies. An alternative explanation was that the meth-
ylation alterations found in our study were the results of
relatively long-term exposure, not rapid exposure as was
seen in their study.

It was worth noting that the significant associations
between increasing quartiles of urinary summed OH-PAHs
and hypomethylation of pl16, RASSFI1A, and MGMT
became insignificant when confining the analyses to DEE-
exposed workers only. The narrower exposure range was
the most likely explanation for this phenomenon. It was
also possible that the limited sample size in the subgroup
did not provide us with sufficient statistical power to
detect exposure-related change in DNA methylation. On
the other hand, although the mean promoter methylation

levels of pl6 and RASSF1A were significantly lower in
workers exposed to DEE for <4 and 4-8 years, they did
not show a significant decrease in workers exposed to DEE
for >8 years when comparing to non-DEE-exposed work-
ers. Indeed, when excluding non-DEE-exposed workers,
we found that the mean promoter methylation levels of
pl6 and RASSFIA gradually increased with DEE expo-
sure duration, which was consistent with previous findings
that continuous exposure could lead to accumulation of
methylation changes (Dolinoy et al. 2007). Adjustment for
age did not alter the trend. To further take into account the
collinearity between age and DEE exposure duration, we
generated the residual by regressing DEE exposure dura-
tion on age and found that the residual was positively asso-
ciated with the mean promoter methylation levels of pl16
(» = 0.009) and RASSFI1A (p = 0.004). Based on these
data, one might expect for hypermethylation of pl6 and
RASSFI1A which were frequently observed in lung cancer
(Fujiwara et al. 2005; Hsu et al. 2007), as the cumulative
exposure level of DEE accumulated to a certain degree.
Unlike p16 and RASSF1A, the mean methylation level of
MGMT was still significantly lower in workers exposed
to DEE for >8 years, which suggested that hypermethyla-
tion of pl6 and RASSFI1A might precede that of MGMT
in DEE-induced lung carcinogenesis. Further studies that
follow up the DEE-exposed workers with longer expo-
sure duration for a couple of years or even longer and then
reevaluate the methylation levels are warranted to clarify
this problem. Finally, the different results between our
study and the study by Hou et al. might also be explained
by the fact that the DEE-exposed workers in our study had
a relatively shorter exposure duration than that of the steel
workers in their study.

Our previous study had demonstrated a significantly
higher CBMN cytome index in the same workers (Zhang
et al. 2015). Here we further explored the correlations
between CBMN cytome index and methylation levels of
pl6, RASSF1A, MGMT and found negative correlations
between the indicators. Although CBMN cytome index was
an integrated biomarker of micronucleus (MN), nucleoplas-
mic bridge (NPB), and nuclear bud (NBUD) and increased
MN, NPB, and NBUD frequencies had been shown to be
associated with increased cancer risk (Bonassi et al. 2007,
El-Zein et al. 20006), the above negative correlations did not
necessarily mean that hypomethylation of p16, RASSF1A,
and MGMT contributed to increased cancer risk. The expo-
sure duration of our exposed workers was relatively short.
Previous studies had demonstrated that DDR was acti-
vated in the early precursor lesions of cancer while was
attenuated in the cancer (Bartkova et al. 2005; Berwick and
Vineis 2000), suggesting the regulation of DDR-related
genes might be different in different stages of cancer. In
addition, hypomethylation was typically associated with
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increased transcriptional levels, which led to cell-cycle
arrest to facilitate DNA damage repair in the case of pl6
and RASSF1A and directly strengthen DNA damage repair
in the case of MGMT, thus mitigating genomic instability
required for carcinogenesis. Although we could not directly
determine the impact on RNA due to lack of RNA samples,
we found positive correlations between methylation levels
of pl6 and RASSF1A which played a role in cell-cycle
control and nuclear division index (r = 0.234, p = 0.021;
and r = 0.250, p = 0.014), a biomarker indicative of
mitogen response and cell proliferation (El-Zein et al.
2008), which suggested that hypomethylation of pl6 and
RASSF1A was associated with decreased cell proliferation.
In this context, we speculated that the hypomethylation in
the promoters of pl6, RASSF1A, and MGMT associat-
ing with CBMN cytome index might represent the meth-
ylation-associated regulation pattern of DDR-related genes
in DEE-exposed workers showing higher genetic damage,
which acted as an adaptive response to confront the per-
sistent genetic damage induced by DEE exposure, thus
attenuating rather than exacerbating the increase in cancer
risk among DEE-exposed workers with lower cumulative
exposure level. This speculation was further supported by
the results from epidemiology studies. Olsson et al. (2011)
pooled 11 case—control studies and found that compared
with never exposed workers, the odds ratios in lowest, sec-
ond, and third quartile groups of cumulative DEE exposure
only showed slight increase. Vermeulen et al. (2014) car-
ried out a meta-regression to derive an exposure—response
estimate for cumulative DEE exposure and lung cancer
mortality, and they found that the relative risk showed a
comparatively slow increase in the lower range of cumula-
tive DEE exposure. Future studies that adjust for the meth-
ylation in DDR-related genes while examining the associa-
tion between cumulative DEE exposure and lung cancer
risk are warranted to gain deeper insight of the potential
role of methylation alterations in DDR-related genes in
mediating DEE exposure-related lung cancer risk. On the
other hand, we also found a negative correlation of CBMN
cytome index with LINE-1 methylation. This observa-
tion was consistent with previous results that showed both
LINE-1 hypomethylation and increased MN, NPB, and
NBUD frequencies were markers of genomic instability
(Daskalos et al. 2009; Fenech 2006).

Although all of p16, RASSF1A, and MGMT engaged the
DDR pathway and their hypomethylation were observed in
DEE-exposed workers, whether the methylation alterations
in these genes could act together in response to DEE was
still largely unknown. To shed some light on this problem,
we conducted a preliminary analysis among non-smok-
ing workers in which we tested the possibility that DEE-
exposed worker could simultaneously exhibit hypomethyla-
tion of two or more genes of pl6, RASSF1A, and MGMT.
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Specifically, the methylation value of corresponding genes
in DEE-exposed workers was rearranged from maximum
to minimum and then was successively included into a test
group. Once a new methylation value was incorporated, we
repeated the comparison of methylation level between the
test group and the reference group (i.e., non-DEE-exposed
workers). Consequently, the cutoff methylation values that
could be used to identify hypomethylation of correspond-
ing genes at individual level were developed (1.72 for
pl6, 1.74 for RASSF1A, and 2.01 for MGMT) when the
test group began to show significant decrease in methyla-
tion levels compared with the reference group. Using the
cutoff methylation values, we indentified 4, 1, and 3 non-
DEE-exposed workers and 9, 9, and 17 DEE-exposed work-
ers who exhibited hypomethylation of pl6, RASSFIA,
and MGMT, respectively. The percentage of workers with
hypomethylation of pl6, RASSF1A, or MGMT in DEE-
exposed workers was 2.4, 10.0, and 6.1 times higher than
that in non-DEE-exposed workers, respectively. Among
the DEE-exposed workers with hypomethylation of cor-
responding gene, there were five workers with hypometh-
ylation of p16 and RASSF1A (38.5 %), seven workers with
hypomethylation of pl6 and MGMT (36.8 %), six workers
with hypomethylation of RASSFIA and MGMT (30.0 %),
and four workers with hypomethylation of p16, RASSFIA,
and MGMT (14.8 %). Taken together, these results sug-
gested that RASSF1A hypomethylation might be more
sensitive than those of pl6 and MGMT in discriminating
DEE-exposed workers from non-DEE-exposed workers,
and hypomethylation of p16 and RASSF1A was more likely
to arise together in DEE-exposed workers. A combination
of pl6 and RASSFI1A is also encouraged in future studies
investigating the association between DEE exposure and
methylation alterations in DDR-related genes.

In most exposure scenarios, exposure to DEE occurs
concurrently with other air pollutants. On the contrary, the
DEE-exposed workers in our study performed their duties
in the indoor setting and there was no other major occupa-
tional exposure source except diesel engines. Further anal-
yses confined to non-smoking workers showed consistent
results, thus minimizing the possibility that the observed
effects resulted from exposures other than DEE. In addi-
tion, we comprehensively evaluated urinary OH-PAHs,
DNA methylation in DDR-related genes, and genetic dam-
age, which linked epigenetic variation with both environ-
mental exposure and genetic variation. We also recognize
a number of limitations in this work. First, we used DNA
extracted from whole blood for methylation analysis.
Whole blood contained different white blood cell types
that displayed specific methylation patterns (Reinius et al.
2012), and we noted that the percentage of monocytes in
DEE-exposed workers was significantly lower than that in
non-DEE-exposed workers. However, the percentages of
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neutrophils, lymphocytes, and monocytes were included
into the model to account for the potential confounding
effect of DEE-induced shift in the distribution of white
blood cell types. Moreover, additional adjustment for lym-
phocyte subsets (i.e., T cell, B cell, and NK cell) resulted
in similar results (data not shown). Second, we did not
measure nutrition factors in this study. Previous studies had
shown the impact of nutrition factors on DNA methylation
(Fenech 2012). Therefore, we could not dismiss the possi-
bility that the observed effects were attributable to the dis-
crepancy of nutrition status between the two groups. Third,
the methylation changes and associations with urinary OH-
PAHs and CBMN cytome index we observed were tissue-
dependent. Whether these findings extended to the target
tissue (i.e., lung) remains to be explored in future studies.

In summary, our results provided clear evidence that DEE
exposure and increased CBMN cytome index were associ-
ated with hypomethylation of p16, RASSF1A, and MGMT,
suggesting that such methylation alterations might reflect the
changes in the regulation of pl6, RASSF1A, and MGMT
under the circumstance of DEE-induced DNA damage.
Because CBMN cytome index was an integrated biomarker
indicative of cancer risk, our findings further suggested that
the alterations in methylation levels of p16, RASSF1A, and
MGMT could serve as potential mechanism that mediated
DEE exposure-related cancer risk. Prospective studies with
a larger sample size that employ cumulative DEE exposure
and collect multiple methylation measurements of the same
individual are warranted to replicate our findings and bet-
ter understand the associations between DEE exposure and
methylation alterations in DDR-related genes.
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