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Abstract

Exposure to particulate matter (PM) has been associated with lung cancer risk in epidemiology

investigations. Elemental components of PM have been suggested to have critical roles in PM
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toxicity, but the molecular mechanisms underlying their association with cancer risks remain

poorly understood. DNA methylation has emerged as a promising biomarker for environmental-

related diseases, including lung cancer. In this study, we evaluated the effects of PM elemental

components on methylation of three tandem repeats in a highly-exposed population in Beijing,

China. The Beijing Truck Driver Air Pollution Study was conducted shortly before the 2008

Beijing Olympic Games (June 15-July 27, 2008) and included 60 truck drivers and 60 office

workers. On two days separated by 1-2 weeks, we measured blood DNA methylation of SATα,

NBL2, D4Z4, and personal exposure to eight elemental components in PM2.5, including aluminum

(Al), silicon (Si), sulfur (S), potassium (K), calcium (Ca) titanium (Ti), iron (Fe), and zinc (Zn).

We estimated the associations of individual elemental component with each tandem repeat

methylation in generalized estimating equations (GEE) models adjusted for PM2.5 mass and other

covariates. Out of the eight examined elements, NBL2 methylation was positively associated with

concentrations of Si (0.121, 95%CI: 0.030; 0.212, FDR=0.047) and Ca (0.065, 95%CI: 0.014;

0.115, FDR=0.047) in truck drivers. In office workers, SATα methylation was positively

associated with concentrations of S (0.115, 95%CI: 0.034; 0.196, FDR=0.042). PM-associated

differences in blood tandem-repeat methylation may help detect biological effects of the exposure

and identify individuals who may eventually experience higher lung cancer risk.
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Introduction

Particulate matter (PM) is a complex mixture of small particles composed of organic

chemicals, soots, acids, metals, and soil or dust particles (EPA 2013). Ambient and

occupational exposure to PM has been consistently associated with increased lung cancer

risks (Dockery et al. 1993; Vineis and Husgafvel-Pursiainen 2005; Lepeule et al. 2012).

Previous studies have observed association of increased lung cancer risk with occupational

exposure to metals and other toxic components, such as aluminum (Al), silicon (Si), sulfur

(S), and calcium (Ca) (Lee et al. 2002; Koh et al. 2011; Rachiotis et al. 2012; Tseng et al.

2012; Raaschou-Nielsen et al. 2013), indicating that such elemental components may have

critical roles in determining PM toxicity. Although the carcinogenic potential of several

toxic metals in PM has been well-recognized, the molecular mechanisms underlying their

association with cancer risk remain poorly understood.

Experimental and epidemiologic studies suggest that PM mass and metal components may

induce oxidative stress, immune deficiency, chronic inflammation, and other carcinogenesis-

related biological processes that may alter gene expression via DNA methylation mechanism

(Baccarelli and Bollati 2009). Therefore, DNA methylation, the addition of methyl groups to

cytosine to form 5-methyl-cytosine (5mC), has emerged as one of the primary epigenetic

mechanisms in the development of human cancers (Jones and Baylin 2002; Zhu et al. 2011).

There are many different types of DNA repetitive elements, including interspersed repeats,

such as long interspersed nucleotide (LINEs) and Alu repetitive elements (Alu), as well as

tandem repeats that are present as long and uninterrupted clustered sequences (i.e. SATα,
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NBL2, D4Z4) (Choi et al. 2009). In previous studies, blood DNA hypomethylation in LINE1

and Alu has been reported in individuals exposed to low-dose benzene (Bollati et al. 2007),

while blood DNA hypermethylation in Alu and LINE1 has been found in coke-oven workers

exposed to polycyclic aromatic hydrocarbon (PAH) (Pavanello et al. 2009). In elderly men

exposed to low levels of arsenic, LINE1 methylation tended to decrease, while Alu

methylation tended to increase with increasing arsenic exposure (Lambrou et al. 2012).

Based on previous findings showing blood LINE1 and Alu methylation can either decrease

or increase in relation to different potential carcinogens, methylation assays have been

widely proposed as biomarkers of environmental exposure (Choi et al. 2009).

Tandem repeats located in (peri) centromeric regions maintain centromere function and

stability of all human chromosomes (Armour 2006; Schmidt and Anderson 2006; Rando and

Verstrepen 2007). Relative to most regions of the genome, tandem repeats display a greater

propensity to mutate, and variable methylation may influence their mutagenicity rates.

Tandem repeats located in coding regions have been shown influence on expression of

genes, including cancer-related genes (Fondon and Garner 2004; Verstrepen et al. 2005;

Zhou et al. 2011; Xiang et al. 2012). Several human studies investigated tandem repeat

methylation in cancer tissues, and some reported hypomethylation in bladder and lung

cancers (Choi et al. 2009; Carvalho et al. 2012), while others reported hypermethylation in

Wilm's tumor and ovarian cancer (Nishiyama et al. 2005; Tsumagari et al. 2008; Choi et al.

2009). Global hypomethylation of DNA, such as LINE1, may lead to increase of its

transcription, as well as increased transposition of other cancer-related genomic loci, which

may ultimately result in mutational events (Choi et al. 2009). As both tandem and

interspersed DNA repeats exhibit cancer-associated methylation changes, they may

contribute together to cancer or environmental-related diseases through chromosomal

rearrangements, gene expression changes, and other cancer-related changes (Choi et al.

2009; Ehrlich 2009). However, evidence of environmental exposure and methylation in

tandem repeat element remains limited.

According to the World Bank Indicators, Beijing ranks among the 15 cities with the highest

levels of air pollution worldwide (World Bank 2011). Traffic-derived PM and its elemental

components are particularly important in Beijing due to very high population density and

burgeoning vehicular traffic (Yu et al. 2011). Transported particles from industrial sources

and windblown dust are also major sources of pollution (Yu et al. 2011). Thus, our study in

a highly exposed population may help to identify changes in DNA methylation that might

not be consistently demonstrated in populations with lower exposures.

In the present study, we investigated 60 truck drivers and 60 indoor workers from the

Beijing Truck Driver Air Pollution Study (BTDAS) to evaluate whether the concentration in

total PM2.5 mass of eight elemental components, including aluminum (Al), silicon (Si),

sulfur (S), potassium (K), calcium (Ca), titanium (Ti), iron (Fe), and zinc (Zn), is associated

with methylation levels assessed in three tandem repeats that have been linked with cancer

(Nishiyama et al. 2005; Tsumagari et al. 2008; Choi et al. 2009), i.e., satellite repeat alpha

SATα, macrosatellite repeat D4Z4 and non-satellite repeat NBL2 (Kondo et al. 2000;

Tremblay et al. 2010). Several of these components represent particles from different

sources and with different composition (EPA 2006). Al, Ca, and to some extent Fe are from
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crustal sources. They can represent road dust, which in addition to crustal elements contains

organic and other material from traffic emissions, tire wear, and brake wear. Dust from the

Gobi desert can also be high in these elements, and also in biological components. Fe can

also be emitted from fuel combustion, and K is usually a tracer for biomass burning. S is

predominantly from coal combustion. The two groups in BTDAS had both high exposure

levels and were selected to sample on different types of exposures: truck drivers are directly

exposed to traffic emissions, particularly, from diesel exhausts and road dusts; office

workers were included as a sample representative of the highly-exposed urban residential

population of Beijing. To enhance power to identify PM effects on tandem-repeat

methylation, we studied each participant on two different examination days 1-2 weeks apart,

and assessed their exposure on the days of the exam using personal measures of the eight

elemental components.

Methods

Study Population and Design

The Beijing Truck Driver Air Pollution Study (BTDAS), conducted between June 15 and

July 27, 2008, included 60 truck drivers and 60 indoor office workers. All study participants

worked and lived in the Beijing metropolitan area and had been on their current jobs for at

least two years. Truck drivers and indoor office workers were similar for their distributions

by age, sex, smoking, and education. In-person interviews using a detailed questionnaire

were conducted to collect information on demographics, lifestyle, and other exposures.

Information on time-varying factors, including tea, alcohol, and smoking, was obtained for

past usual exposure, as well as for each examination day. Because PM levels are highly

variable on a day-to-day basis, we examined all participants on two work days separated by

1-2 week periods. Individual written informed consent was obtained from all participants

prior to enrollment in the study. Institutional Review Board approval at all participating

institutions was obtained prior to study participant recruitment.

Elemental Component Measurements

Personal PM2.5 exposure was measured on both examination days using low weight

gravimetric samplers worn by the study participants during the eight hours of work, as

previously reported (Baccarelli et al. 2011). The sampler was carried in a belt pack with the

inlet clipped near the breathing zone. Each sampler setup included an Apex pump (Casella

Inc., Bedford, UK), a Triplex Sharp-Cut Cyclone (BGI Inc., Waltham, Massachusetts), and a

37-mm Teflon filter placed on top of a drain disc and inside a metal filter holder. The filters

collecting PM2.5 were taken from the gravimetric samplers, and kept under atmosphere-

controlled conditions before and after sampling. PM elemental components were measured

on the PM2.5 collected on the filters using a XRF PANanalytical Epsilon 5 Analyzer

(Almelo, Netherlands), as described previously (Chow and Watson 1998; Watson et al.

1999). For the present analysis, we selected eight elements, i.e., Al, Si, S, K, Ca, Ti, Fe, and

Zn, that showed the highest reproducibility r>0.75) in our duplicate QC samples from a

subset of 24 participants who wore two monitors at the same time (Supplementary Figure 1).
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Sample Preparations and DNA Extraction

Peripheral blood was collected form each participant on both examination days. Buffy coat

was separated within 2 hours and stored locally at -80°C. DNA was extracted from buffy

coat using the Wizard Genomic DNA purification kit (Promega, Madison, WI) following

manufacturer's instructions. Purified DNA was resuspended on the kit hydration solution,

quantified and stored at -20°C until analysis.

DNA Methylation Analysis

500ng DNA was bisulfite treated using the EZ-96 DNA Methylation-Gold Kit (Zymo

Research, Orange, CA, USA) according to the manufacturer's protocol. Final elution was

performed with 30 μl M-Elution Buffer. DNA methylation was quantified using bisulfite

polymerase chain reaction (PCR) and pyrosequencing. The detailed primers and conditions

were described previously (Choi et al. 2009). In brief, a 30 μl-PCR was carried out in 15 μl

GoTaq Hot Start Green Master Mix (Promega, Madison, WI), 10 pmol forward primer, 10

pmol reverse primer, 1 μl bisulfite-treated genomic DNA and water. Pyrosequencing was

performed using the PyroMark Q96 MD Pyrosequencing System (QIAGEN, Germantown,

MD). The percentage of methylated and unmethylated cytosines was quantified for three

CpG sites from SATα, four CpG sites from NBL2, and four CpG sites from D4Z4. The

degree of methylation was expressed as percentage of methylated cytosines divided by the

sum of methylated and unmethylated cytosines (%5mC) measured in each individual

sample.

Statistical Analysis

The characteristics of truck drivers and office workers were summarized using standard

descriptive statistics. An average of all CpG sites methylation levels at any of the tandem

repeats investigated was used as outcome. Generalized estimating equations (GEE) (Zeger et

al. 1988) were used to account for repeated measures and estimate group-specific tandem

repeat methylation means and 95% Confidence Intervals (CIs). GEE take into account

dependence between outcomes by treating repeated measures for each participant as a

cluster. We fitted unadjusted models as well as models adjusted for sex (male/female) and

age (continuous), two known factors that influence DNA methylation patterns (El-Maarri et

al. 2007; Boks et al. 2009; Liu et al. 2010), BMI (continuous), cigarettes smoked during

examination time (continuous), and usage of central heating (yes/no). We also used the GEE

method to model the associations of inhaled toxic metals with each of the tandem repeat

methylation scores, adjusted for measure day, sex, age, BMI, cigarettes smoked during

examination time, and usage of central heating. In addition, PM2.5 was adjusted in the

models as a potential confounder (Mostofsky et al. 2012). Considering the high correlations

between PM2.5 and inhaled toxic metals (Supplementary Table 1), each component exposure

was evaluated individually to minimize the effect of multi-collinearity. The Benjamini and

Hochberg (BH) procedure was applied to account for multiple tests of significance. FDR of

less than 0.05 was considered noteworthy. All analyses were performed in SAS 9.2 (SAS

Institute Inc., Cary, NC).
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Results

Characteristics of Study Participants

The characteristics of the 60 office workers and 60 truck drivers are shown in Table 1. Truck

drivers were moderately older than office workers. Truck drivers had higher BMI, higher

PM2.5 mass exposure, smoked more cigarettes during the examination time, and a higher

proportion of central heating use.

Personal Inhaled Element Component Levels

Table 2 shows the levels and distribution of personal time-weighted average exposure to

inhaled elemental components estimated during eight work hours. All the eight components

were higher in truck drivers than that in office workers.

Tandem Repeat Methylation in Truck Drivers and Office Workers

Truck drivers and office workers showed no significant differences in sites-combined

average methylation levels of D4Z4, NBL2, and SATα tandem repeats in unadjusted

analysis, as well as in analysis adjusted by measure day, age, sex, BMI, number of cigarettes

smoked during examination time and usage of central heating (Table 3). Further analysis on

tandem repeat methylation levels at individual CpG sites within each of the tandem repeat

did not show any statistically significant difference between truck drivers and office workers

(Supplementary Table 2).

Association of Tandem Repeat Methylation with Personal Elemental Component Level

We evaluated the association of elemental component exposure measures with tandem

repeat methylation by fitting models in office workers or truck drivers separately. All results

are expressed as changes in methylation of tandem repeat associated with 10% increase in

the elemental components exposure and are covariate-adjusted and considered noteworthy at

FDR<0.05. NBL2 methylation was positively associated with concentrations of Si (0.121,

95%CI: 0.030; 0.212, FDR=0.047) and Ca (0.065, 95%CI: 0.014; 0.115, FDR=0.047) in

truck drivers (Table 4). In office workers, SATα was positively associated with

concentrations of S (0.115, 95%CI: 0.034; 0.196, FDR=0.042) (Table 5). No noteworthy

association was found for D4Z4 (data not shown).

We further examined the interaction effects of group (truck drivers or office workers) or sex

with inhaled elemental components on tandem repeat methylation by introducing either an

interaction term with group or an interaction term with sex into the model, respectively. We

did not observe noteworthy interactions between metal exposures and group (Supplementary

Table 3) as well as between metal exposures and sex (Supplementary Table 4).

Discussion

In the present investigation on two groups of highly-exposed individuals in Beijing, China,

we found that NBL2 was positively associated with concentrations of Si and Ca in truck

drivers, which may represent exposure to either asphalt- or cement-paved road dusts related

with traffic emissions during driving (EPA 2011). We also found that SATα was positively
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associated with concentrations of S in office workers, which is likely to represent the

exposure to coal combustions, a typical urban air pollution source in China. In fact, the

levels of S by XRF analysis indicates predominately sulfate (SO4
2-) in particles derived

mainly from coal combustion processes. Gaseous sulfur dioxide (SO2) is the precursor of

sulfate in particles, which is also emitted also from coal combustion processes such as coal-

fired power plants. In 2011, China's coal consumption accounted for 47% of global

consumption, which is almost as much as that produced in the rest of the world combined

(EIA 2013). The growth of coal demand in China is the result of a more than 200% increase

in Chinese electric generation since 2000, fueled primarily by coal (EIA 2013).

Evidence in human subjects is rapidly mounting to establish associations of DNA

methylation changes with environmental exposures (Tarantini et al. 2009; Hou et al. 2011).

Such changes can persist over time even in the absence of the conditions that established

them and even accumulate in response to continuous exposure (Anway et al. 2005; Richards

2006; Dolinoy et al. 2007), which might be causally involved in carcinogenesis (Ehrlich

2009; Wolff et al. 2010). For example, in 63 healthy foundry workers with high levels of

metal-rich PM exposure, we observed that blood methylation in interspersed repeat elements

(Alu, LINE1) was negatively associated with PM exposure (Tarantini et al. 2009). In the

same population, we further examined DNA methylation in four tumor suppressor genes,

and found association of PM exposure with hypermethylation of p16 and APC, and

hypomethylation of RASSF1A and p53 (Hou et al. 2011). Other studies have reported

associations of air pollution with changes in gene-specific methylation in the same cohort,

such as decreased level of inducible nitric oxide synthase (iNOS) and several asthma-relate

genes (Madrigano et al. 2012; Sofer et al. 2013). We also found that Alu and LINE1 blood

methylation levels were higher in coke-oven workers at high risk of lung cancer due to PAH

exposure (Pavanello et al. 2009). Taken together, this growing body of evidence suggests

that repetitive elements show specific responses in blood DNA across different types of

exposures.

Tandem repeats are a distinct family of repetitive elements that, albeit widely represented in

the human genome and involved in cancer etiology, have yet not been studied in human

investigations of the effects of environmental carcinogens. Tandem repeats located in (peri)

centromeric regions maintain centromere function and stability of all human chromosomes

(Armour 2006; Schmidt and Anderson 2006; Rando and Verstrepen 2007). Relative to most

regions of the genome, tandem repeats display a greater propensity to mutate, and variable

methylation may influence their mutagenicity rates. Furthermore, tandem repeat elements

located in coding regions have been shown to influence expression of genes, including

cancer-related genes, such as PCA3 and PTTG1IP (Fondon and Garner 2004; Verstrepen et

al. 2005; Zhou et al. 2011; Xiang et al. 2012). Vinces et al. suggested that promoter-

associated tandem repeats may facilitate evolutionary tuning of gene expression by

mediating elevated responsiveness to changing environmental conditions (Vinces et al.

2009). Yauk et al. indicated that expanded simple tandem repeats (ETSR) could serve as a

sensitive biomarker of environmental exposure, and observed mutation and

hypermethylation of ETSR in spermatogonial stem cells from mice exposed to particulate

air pollution (Yauk et al. 2002; Yauk 2004; Yauk et al. 2008). Our study investigated a
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group of healthy individuals exposed to high levels of PM, well above the levels that are

documented to determine lung carcinogenicity (Pope et al. 2004). We showed positive

association of NBL2 and SATα with several PM elemental components in separate analyses,

but no association of D4Z4 with any of the eight elemental components in office workers,

truck driver and all subjects combined. In the same population, we have observed negative

associations of SATα and NBL2 with personal PM2.5 or ambient PM10 levels, but we did not

observe association of D4Z4 with PM exposure (data not shown). Although most previous

studies have reported decreased NBL2 methylation, Nishiyama et al. detected both increased

and decreased NBL2 in different cancer tissues, suggesting that during carcinogenesis, such

opposite epigenetic changes may share a common step to affect chromatin structure leading

to hypo- or hypermethylation of cytosine residues (Nishiyama et al. 2005). Taken together,

our findings indicate that SATα and NBL2 methylation might be more sensitive than D4Z4

methylation to the overall particle and elemental components levels.

Our results are in line with previous studies showing association of increased lung cancer

risks with exposure to several components, such as Ca, Si, and S. Cement factory workers

are exposed to a mixture of components, including Ca, Si, Al and Fe, and such occupational

exposure may cause lung cancer (Dietz et al. 2004). Several human studies have reported

decreased lung function (Al-Neaimi et al. 2001; Meo et al. 2002; Mwaiselage et al. 2004;

Zeleke et al. 2010; Nordby et al. 2011) and increased lung cancer risk (Koh et al. 2011;

Rachiotis et al. 2012) in cement factory workers. Silicon dioxide (SiO2), a ubiquitous

substance, can be inhaled and get embedded deep into the alveolar sacs to start an

inflammation reaction releasing chemokine (Deb et al. 2012). The persistent chronic

irritation caused by cement could induce repeated cycles of cell death, cell proliferation, and

other inflammatory responses, which may ultimately result in cancer (Rachiotis et al. 2012).

In addition, as noted previously, Si and Ca are markers for road dust exposure in truck

drivers, and such road dust has a wide range of organic compounds from vehicle emissions

attached, some of which are carcinogenic (EPA 2006). Although, to the best of our

knowledge, there is no study on the association of lung cancer with exposure to S, increased

lung cancer risk has been observed in the pulp and paper industry (Lee et al. 2002), and in

females in Taiwan (Tseng et al. 2012) with exposure to SO2. The reported chromosomal

aberrations (Nordenson et al. 1980; Meng and Zhang 1990), mucociliary clearance,

impairment of alveolar macrophage function and increased epithelial permeability (Beeson

et al. 1998) in humans exposed to SO2 suggest that it may exert a carcinogenic effect

through both genotoxic and non-genotoxic mechanisms. In addition, Ghio et al. has reported

that the amount of S on a particle filter is a good proxy for the amount of soluble transition

metals on the particles, which in turn was highly correlated with the ability of the particle to

generate damaging oxidant compounds (Ghio et al. 1999). This is because acidic sulfate

particles participate in the conversion of metals from insoluble oxides (Ghio et al. 1999).

Soluble transition metals can catalytically induce oxidative stress via Fenton chemistry,

resulting in substantial lung inflammation, as reported in other studies. For example, Duvall

et al. reported that cultured human airway epithelial cells, when exposed to particle collected

in different cities, showed differential responses, and IL8 generation was strongly associated

with the sulfate content of the particles (Duvall et al. 2008).
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While in the discussion above we presented the potential effects of Ca, Si and S, these

components may be tracers of specific pollution sources responsible for the observed effects.

For instance, Ca and Si are important soil components; however, in the case of truck drivers

it is most likely that they represent exposures to traffic. Ca is an element associated with

road dust or released by combustion of motor oil additives, detergent additives, or lubricant

oil (Cadle et al. 1997; Bhagwan et al. 2000; Lough et al. 2005); thus high exposures to Ca in

truck drivers indicate high exposures to road dust and exhaust emissions. Si is another soil

element but it is also found in road dust particles, because it is released from brake wear

(Lough et al. 2005). Road dust and traffic particles are toxic because they encompass many

toxic constituents (Gent et al. 2009), and also other components – such as manganese (Mn),

Chromium (Cr), Copper (Cu), Antimony (Sb), and Tin (Sn) – which were not considered in

our statistical analysis, as well as latex, soot, PAHs and other organics (Cheung et al. 2010;

Amato et al. 2011). In the case of office workers who spent most of their time indoors, S

represents the impact of outdoor particle sources which include traffic, power plants and

industries. Our previous studies indicate that indoor S is an excellent tracer of PM2.5

particles penetrating from outdoors for the following reasons (Sarnat et al. 2002): first, S

does not have significant indoor sources; second, sulfate particles have an aerodynamic size

that is representative of PM2.5 particles; third, sulfate particles are stable and have a high

penetration efficiency (indoor/outdoor infiltration efficiency); and finally, the S indoor/

outdoor ratio depends on the ventilation of the building. High indoor/outdoor ratios

correspond to leaky buildings where a large fraction of pollution penetrates. Therefore, high

indoor levels of S reflect high exposures to pollution originating outdoors.

In our study, we also found non-noteworthy (i.e., FDR>0.05) association of NBL2 with

concentrations of Al (another road dust element) in truck drivers, and non-noteworthy

association of SATα with concentrations of Ti and Zn (both are road dust elements) in office

workers. Al is one of the most benign industrial metals, and Al workers were suggested to

be prone to respiratory diseases (Abbate et al. 2003). In a mice study, Al has been suggested

to induce systemic oxidative stress and inflammatory, which may potentiate cancer

development (Mazzoli-Rocha et al. 2010). In Al-exposed workers, Elserougy et al. reported

an elevated level of CRP (Elserougy et al. 2012), an inflammation marker that has been

repeated associated with increased lung cancer risk in a human studies (Chaturvedi et al.

2010; Xu et al. 2013). Zn inhalation has been shown to induce inflammation and oxidative

stress in animal studies (Kodavanti et al. 2002; Kodavanti et al. 2003). Kodavanti et al. have

also demonstrated that leachable Zn from PM induced both pulmonary and systemic

changes in multiple in vivo toxicology experiments (Kodavanti et al. 2008). Consistent with

our discussion of pollution sources above, at least some of these associations could be traced

back to the sources of particle exposures. In particular, Ti, Al, and Zn are all enriched in

urban road dust and may represent tracers of this type of exposure in the study groups.

Our study has several strengths. We conducted technical validation of eight personal

elemental components measures and observed high reproducibility of our measurements

(r>0.75). All participants were evaluated using standardized protocols for blood collection

and storage. Blood DNA samples were randomized across plates to limit potential bias from

plate effects and laboratory personnel were blinded to exposure groups and exposure study.
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We also recognize that our study is subject to a number of limitations. Because of the

relatively small sample size, we cannot exclude false negative finding, particularly for the

lack of association between D4Z4 and the exposures, as well as chance findings. Therefore,

whether D4Z4 blood methylation is sensitive to elemental components in air particles should

be further evaluated in future investigations on larger samples of exposed individuals. The

study was conducted in a short period of time in the summer of 2008. In our previous study,

we observed differences in global DNA methylation (LINE1 and Alu) by season (Baccarelli

et al. 2009). Whether our findings can be extended to the winter season in Beijing remains to

be determined. In bladder normal tissues, Choi et al. found correlation of LINE1 and Alu

with SATα, but not with D4Z4 and NBL2, suggesting that changes in DNA methylation of

tandem DNA repeats could be different from interspersed repeats (Choi et al. 2009). A

recent epigenome-wide analysis of repeated elements showed wide differences in the inter-

individual variability of DNA methylation of repeated elements (Flanagan et al. 2006). In

particular, methylation in satellite sequences exhibited the largest differences between

individuals, although variations at different degrees were found also in all the other classes

of repeated elements in the human genome. Our results indicate that part of this inter-

individual variability might be due to environmental factors. In our study, we did not

measure copy number variation at the three loci, limiting our ability of determining its

correlations with exposure levels in relation to DNA methylation alterations, which warrants

future studies.

In summary, our results indicate that increased methylation in SATα and NBL2 can be

detected in blood leukocytes. If confirmed, this finding may help identify individuals in

human populations that suffer biologically-relevant effects from exposure to metals and

other toxic components. Future studies are warranted to determine whether PM-induced

changes in DNA methylation of tandem DNA repeats associated with future risk of lung

cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by funding from the NIEHS (R21 ES020010 and R21 ES020984-01). The XRF
laboratory at the Harvard School of Public Health (HSPH) has been supported by the Harvard EPA Center (RD
83479801) and the HSPH-NIEHS Center (ES000002).

References

Abbate C, Giorgianni C, Brecciaroli R, Tringali MA, D'Arrigo G. Spirometric function in non-
smoking workers exposed to aluminum. Am J Ind Med. 2003; 44(4):400–404. [PubMed: 14502768]

Al-Neaimi YI, Gomes J, Lloyd OL. Respiratory illnesses and ventilatory function among workers at a
cement factory in a rapidly developing country. Occup Med (Lond). 2001; 51(6):367–373.
[PubMed: 11584114]

Amato F, Viana M, Richard A, Furger M, Prevot ASH, Nava S, Lucarelli F, Bukowiecki N, Alastuey
A, Reche C, Moreno T, Pandolfi M, Pey J, Querol X. Size and time-resolved roadside enrichment of
atmospheric particulate pollutants. Atmospheric Chemistry and Physics. 2011; 11(6):2917–2931.

Hou et al. Page 10

Environ Mol Mutagen. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic transgenerational actions of endocrine
disruptors and male fertility. Science. 2005; 308(5727):1466–1469. [PubMed: 15933200]

Armour JA. Tandemly repeated DNA: why should anyone care? Mutat Res. 2006; 598(1-2):6–14.
[PubMed: 16504217]

Baccarelli A, Barretta F, Dou C, Zhang X, McCracken JP, Diaz A, Bertazzi PA, Schwartz J, Wang S,
Hou L. Effects of particulate air pollution on blood pressure in a highly exposed population in
Beijing, China: a repeated-measure study. Environ Health. 2011; 10:108. [PubMed: 22188661]

Baccarelli A, Bollati V. Epigenetics and environmental chemicals. Curr Opin Pediatr. 2009; 21(2):
243–251. [PubMed: 19663042]

Baccarelli A, Wright RO, Bollati V, Tarantini L, Litonjua AA, Suh HH, Zanobetti A, Sparrow D,
Vokonas PS, Schwartz J. Rapid DNA Methylation Changes after Exposure to Traffic Particles.
American Journal of Respiratory and Critical Care Medicine. 2009; 179(7):572–578. [PubMed:
19136372]

Beeson WL, Abbey DE, Knutsen SF. Long-term concentrations of ambient air pollutants and incident
lung cancer in California adults: Results from the AHSMOG study. Environmental Health
Perspectives. 1998; 106(12):813–822. [PubMed: 9831542]

Bhagwan DG, Steven HC, Patricia AM, Peter JG. Brake Wear Particulate Matter Emissions.
Environmental Science & Technology. 2000; 34(21):4463–4469.

Boks MP, Derks EM, Weisenberger DJ, Strengman E, Janson E, Sommer IE, Kahn RS, Ophoff RA.
The relationship of DNA methylation with age, gender and genotype in twins and healthy controls.
PLoS One. 2009; 4(8):e6767. [PubMed: 19774229]

Bollati V, Baccarelli A, Hou L, Bonzini M, Fustinoni S, Cavallo D, Byun HM, Jiang J, Marinelli B,
Pesatori AC, Bertazzi PA, Yang AS. Changes in DNA methylation patterns in subjects exposed to
low-dose benzene. Cancer Res. 2007; 67(3):876–880. [PubMed: 17283117]

Cadle SH, Mulawa PA, Ball J, Donase C, Weibel A, Sagebiel JC, Knapp KT, Snow R. Particulate
emission rates from in use high emitting vehicles recruited in Orange County, California.
Environmental Science & Technology. 1997; 31(12):3405–3412.

Carvalho RH, Haberle V, Hou J, van Gent T, Thongjuea S, van Ijcken W, Kockx C, Brouwer R,
Rijkers E, Sieuwerts A, Foekens J, van Vroonhoven M, Aerts J, Grosveld F, Lenhard B, Philipsen
S. Genome-wide DNA methylation profiling of non-small cell lung carcinomas. Epigenetics
Chromatin. 2012; 5(1):9. [PubMed: 22726460]

Chaturvedi AK, Caporaso NE, Katki HA, Wong HL, Chatterjee N, Pine SR, Chanock SJ, Goedert JJ,
Engels EA. C-reactive protein and risk of lung cancer. J Clin Oncol. 2010; 28(16):2719–2726.
[PubMed: 20421535]

Cheung KL, Ntziachristos L, Tzamkiozis T, Schauer JJ, Samaras Z, Moore KF, Sioutas C. Emissions
of Particulate Trace Elements, Metals and Organic Species from Gasoline, Diesel, and Biodiesel
Passenger Vehicles and Their Relation to Oxidative Potential. Aerosol Science and Technology.
2010; 44(7):500–513.

Choi SH, Worswick S, Byun HM, Shear T, Soussa JC, Wolff EM, Douer D, Garcia-Manero G, Liang
GN, Yang AS. Changes in DNA methylation of tandem DNA repeats are different from
interspersed repeats in cancer. International Journal of Cancer. 2009; 125(3):723–729.

Chow, JC.; Watson, JG. Research Triangle Park, NC. Desert Research Institute; Reno, NV: 1998.
Guideline on speciated particulate monitoring.

Deb U, Lomash V, Raghuvanshi S, Pant SC, Vijayaraghavan R. Effects of 28 days silicon dioxide
aerosol exposure on respiratory parameters, blood biochemical variables and lung histopathology
in rats. Environ Toxicol Pharmacol. 2012; 34(3):977–984. [PubMed: 22974794]

Dietz A, Ramroth H, Urban T, Ahrens W, Becher H. Exposure to cement dust, related occupational
groups and laryngeal cancer risk: results of a population based case-control study. International
Journal of Cancer. 2004; 108(6):907–911.

Dockery DW, Pope CA 3rd, Xu X, Spengler JD, Ware JH, Fay ME, Ferris BG Jr, Speizer FE. An
association between air pollution and mortality in six U.S. cities. N Engl J Med. 1993; 329(24):
1753–1759. [PubMed: 8179653]

Dolinoy DC, Weidman JR, Jirtle RL. Epigenetic gene regulation: linking early developmental
environment to adult disease. Reprod Toxicol. 2007; 23(3):297–307. [PubMed: 17046196]

Hou et al. Page 11

Environ Mol Mutagen. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Duvall RM, Norris GA, Dailey LA, Burke JM, McGee JK, Gilmour MI, Gordon T, Devlin RB. Source
apportionment of particulate matter in the US and associations with lung inflammatory markers.
Inhalation Toxicology. 2008; 20(7):671–683. [PubMed: 18464055]

Ehrlich M. DNA hypomethylation in cancer cells. Epigenomics. 2009; 1(2):239–259. [PubMed:
20495664]

EIA. China consumes nearly as much coal as the rest of the world combined. U.S. Energy Information
Administration. 2013. http://www.eia.gov/todayinenergy/detail.cfm?id=9751

El-Maarri O, Becker T, Junen J, Manzoor SS, Diaz-Lacava A, Schwaab R, Wienker T, Oldenburg J.
Gender specific differences in levels of DNA methylation at selected loci from human total blood:
a tendency toward higher methylation levels in males. Hum Genet. 2007; 122(5):505–514.
[PubMed: 17851693]

Elserougy S, Mahdy-Abdallah H, Hafez SF, Beshir S. Impact of aluminum exposure on lung. Toxicol
Ind Health. 2012 Dec 20. 2012.

EPA. Air Quality Criteria for Particulate Matter. In: Agency USEP. , editor. 5 Sources and Emissions
of Atmospheric Particles. Washington DC: 2006. http://www.epa.gov/ncea/pdfs/partmatt/
April1996/0671ch05.pdf

EPA. Technology Transfer Network Clearinghouse for Inventories & Emissions Factors, SPECIATE
Version 4.3. 2011. http://www.epa.gov/ttnchie1/software/speciate/

EPA. Particulate Matter (PM). 2013. http://www.epa.gov/pm/

Flanagan JM, Popendikyte V, Pozdniakovaite N, Sobolev M, Assadzadeh A, Schumacher A, Zangeneh
M, Lau L, Virtanen C, Wang SC, Petronis A. Intra- and interindividual epigenetic variation in
human germ cells. Am J Hum Genet. 2006; 79(1):67–84. [PubMed: 16773567]

Fondon JW 3rd, Garner HR. Molecular origins of rapid and continuous morphological evolution. Proc
Natl Acad Sci U S A. 2004; 101(52):18058–18063. [PubMed: 15596718]

Gent JF, Koutrakis P, Belanger K, Triche E, Holford TR, Bracken MB, Leaderer BP. Symptoms and
Medication Use in Children with Asthma and Traffic-Related Sources of Fine Particle Pollution.
Environmental Health Perspectives. 2009; 117(7):1168–1174. [PubMed: 19654929]

Ghio AJ, Stoneheurner J, McGee JK, Kinsey JS. Sulfate content correlates with iron concentrations in
ambient air pollution particles. Inhal Toxicol. 1999; 11(4):293–307. [PubMed: 10380171]

Hou L, Zhang X, Tarantini L, Nordio F, Bonzini M, Angelici L, Marinelli B, Rizzo G, Cantone L,
Apostoli P, Bertazzi PA, Baccarelli A. Ambient PM exposure and DNA methylation in tumor
suppressor genes: a cross-sectional study. Part Fibre Toxicol. 2011; 8:25. [PubMed: 21878113]

Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer. Nat Rev Genet. 2002; 3(6):
415–428. [PubMed: 12042769]

Kodavanti UP, Moyer CF, Ledbetter AD, Schladweiler MC, Costa DL, Hauser R, Christiani DC,
Nyska A. Inhaled environmental combustion particles cause myocardial injury in the Wistar Kyoto
rat. Toxicol Sci. 2003; 71(2):237–245. [PubMed: 12563109]

Kodavanti UP, Schladweiler MC, Gilmour PS, Wallenborn JG, Mandavilli BS, Ledbetter AD,
Christiani DC, Runge MS, Karoly ED, Costa DL, Peddada S, Jaskot R, Richards JH, Thomas R,
Madamanchi NR, Nyska A. The role of particulate matter-associated zinc in cardiac injury in rats.
Environ Health Perspect. 2008; 116(1):13–20. [PubMed: 18197293]

Kodavanti UP, Schladweiler MC, Ledbetter AD, Hauser R, Christiani DC, Samet JM, McGee J,
Richards JH, Costa DL. Pulmonary and systemic effects of zinc-containing emission particles in
three rat strains: multiple exposure scenarios. Toxicol Sci. 2002; 70(1):73–85. [PubMed:
12388837]

Koh DH, Kim TW, Jang SH, Ryu HW. Cancer mortality and incidence in cement industry workers in
Korea. Saf Health Work. 2011; 2(3):243–249. [PubMed: 22953208]

Kondo T, Bobek MP, Kuick R, Lamb B, Zhu X, Narayan A, Bourc'his D, Viegas-Pequignot E, Ehrlich
M, Hanash SM. Whole-genome methylation scan in ICF syndrome: hypomethylation of non-
satellite DNA repeats D4Z4 and NBL2. Hum Mol Genet. 2000; 9(4):597–604. [PubMed:
10699183]

Lambrou A, Baccarelli A, Wright RO, Weisskopf M, Bollati V, Amarasiriwardena C, Vokonas P,
Schwartz J. Arsenic Exposure and DNA Methylation Among Elderly Men. Epidemiology. 2012;
23(5):668–676. [PubMed: 22833016]

Hou et al. Page 12

Environ Mol Mutagen. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.eia.gov/todayinenergy/detail.cfm?id=9751
http://www.epa.gov/ncea/pdfs/partmatt/April1996/0671ch05.pdf
http://www.epa.gov/ncea/pdfs/partmatt/April1996/0671ch05.pdf
http://www.epa.gov/ttnchie1/software/speciate/
http://www.epa.gov/pm/


Lee WJ, Teschke K, Kauppinen T, Andersen A, Jappinen P, Szadkowska-Stanczyk I, Pearce N,
Persson B, Bergeret A, Facchini LA, Kishi R, Kielkowski D, Rix BA, Henneberger P, Sunyer J,
Colin D, Kogevinas M, Boffetta P. Mortality from lung cancer in workers exposed to sulfur
dioxide in the pulp and paper industry. Environ Health Perspect. 2002; 110(10):991–995.
[PubMed: 12361923]

Lepeule J, Laden F, Dockery D, Schwartz J. Chronic exposure to fine particles and mortality: an
extended follow-up of the Harvard Six Cities study from 1974 to 2009. Environ Health Perspect.
2012; 120(7):965–970. [PubMed: 22456598]

Liu J, Morgan M, Hutchison K, Calhoun VD. A study of the influence of sex on genome wide
methylation. PLoS One. 2010; 5(4):e10028. [PubMed: 20386599]

Lough GC, Schauer JJ, Park JS, Shafer MM, Deminter JT, Weinstein JP. Emissions of metals
associated with motor vehicle roadways. Environ Sci Technol. 2005; 39(3):826–836. [PubMed:
15757346]

Madrigano J, Baccarelli A, Mittleman MA, Sparrow D, Spiro A 3rd, Vokonas PS, Cantone L,
Kubzansky L, Schwartz J. Air pollution and DNA methylation: interaction by psychological
factors in the VA Normative Aging Study. Am J Epidemiol. 2012; 176(3):224–232. [PubMed:
22798479]

Mazzoli-Rocha F, Dos Santos AN, Fernandes S, Ferreira Normando VM, Malm O, Nascimento
Saldiva PH, Wanderley Picanco-Diniz DL, Faffe DS, Zin WA. Pulmonary function and
histological impairment in mice after acute exposure to aluminum dust. Inhal Toxicol. 2010;
22(10):861–867. [PubMed: 20545475]

Meng ZQ, Zhang LZ. Chromosomal-Aberrations and Sister-Chromatid Exchanges in Lymphocytes of
Workers Exposed to Sulfur-Dioxide. Mutation Research. 1990; 241(1):15–20. [PubMed: 2333082]

Meo SA, Azeem MA, Ghori MG, Subhan MM. Lung function and surface electromyography of
intercostal muscles in cement mill workers. Int J Occup Med Environ Health. 2002; 15(3):279–
287. [PubMed: 12462455]

Mostofsky E, Schwartz J, Coull BA, Koutrakis P, Wellenius GA, Suh HH, Gold DR, Mittleman MA.
Modeling the association between particle constituents of air pollution and health outcomes. Am J
Epidemiol. 2012; 176(4):317–326. [PubMed: 22850792]

Mwaiselage J, Bratveit M, Moen B, Mashalla Y. Cement dust exposure and ventilatory function
impairment: an exposure-response study. J Occup Environ Med. 2004; 46(7):658–667. [PubMed:
15247805]

Nishiyama R, Qi LX, Tsumagari K, Weissbecker K, Dubeau L, Charnpagnel M, Sikka S, Nagai H,
Ehrlich M. A DNA repeat, NBL-2, is hypermethylated in some cancers but hypomethylated in
others. Cancer Biology & Therapy. 2005; 4(4):440–448. [PubMed: 15846090]

Nordby KC, Fell AK, Noto H, Eduard W, Skogstad M, Thomassen Y, Bergamaschi A, Kongerud J,
Kjuus H. Exposure to thoracic dust, airway symptoms and lung function in cement production
workers. Eur Respir J. 2011; 38(6):1278–1286. [PubMed: 21659410]

Nordenson I, Beckman G, Beckman L, Rosenhall L, Stjernberg N. Is Exposure to Sulfur-Dioxide
Clastogenic - Chromosomal-Aberrations among Workers at a Sulfite Pulp Factory. Hereditas.
1980; 93(1):161–164. [PubMed: 7440236]

Pavanello S, Bollati V, Pesatori AC, Kapka L, Bolognesi C, Bertazzi PA, Baccarelli A. Global and
gene-specific promoter methylation changes are related to anti-B[a]PDE-DNA adduct levels and
influence micronuclei levels in polycyclic aromatic hydrocarbon-exposed individuals.
International Journal of Cancer. 2009; 125(7):1692–1697.

Pope CA 3rd, Burnett RT, Thurston GD, Thun MJ, Calle EE, Krewski D, Godleski JJ. Cardiovascular
mortality and long-term exposure to particulate air pollution: epidemiological evidence of general
pathophysiological pathways of disease. Circulation. 2004; 109(1):71–77. [PubMed: 14676145]

Raaschou-Nielsen O, Andersen ZJ, Beelen R, Samoli E, Stafoggia M, Weinmayr G, Hoffmann B,
Fischer P, Nieuwenhuijsen MJ, Brunekreef B, Xun WW, Katsouyanni K, Dimakopoulou K,
Sommar J, Forsberg B, Modig L, Oudin A, Oftedal B, Schwarze PE, Nafstad P, De Faire U,
Pedersen NL, Ostenson CG, Fratiglioni L, Penell J, Korek M, Pershagen G, Eriksen KT, Sorensen
M, Tjonneland A, Ellermann T, Eeftens M, Peeters PH, Meliefste K, Wang M, Bueno-de-
Mesquita B, Key TJ, de Hoogh K, Concin H, Nagel G, Vilier A, Grioni S, Krogh V, Tsai MY,
Ricceri F, Sacerdote C, Galassi C, Migliore E, Ranzi A, Cesaroni G, Badaloni C, Forastiere F,

Hou et al. Page 13

Environ Mol Mutagen. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Tamayo I, Amiano P, Dorronsoro M, Trichopoulou A, Bamia C, Vineis P, Hoek G. Air pollution
and lung cancer incidence in 17 European cohorts: prospective analyses from the European Study
of Cohorts for Air Pollution Effects (ESCAPE). Lancet Oncol. 2013

Rachiotis G, Drivas S, Kostikas K, Makropoulos V, Hadjichristodoulou C. Respiratory tract mortality
in cement workers: a proportionate mortality study. BMC Pulm Med. 2012; 12:30. [PubMed:
22738120]

Rando OJ, Verstrepen KJ. Timescales of genetic and epigenetic inheritance. Cell. 2007; 128(4):655–
668. [PubMed: 17320504]

Richards EJ. Inherited epigenetic variation--revisiting soft inheritance. Nat Rev Genet. 2006; 7(5):
395–401. [PubMed: 16534512]

Sarnat JA, Long CM, Koutrakis P, Coull BA, Schwartz J, Suh HH. Using sulfur as a tracer of outdoor
fine particulate matter. Environmental Science & Technology. 2002; 36(24):5305–5314. [PubMed:
12521154]

Schmidt AL, Anderson LM. Repetitive DNA elements as mediators of genomic change in response to
environmental cues. Biol Rev Camb Philos Soc. 2006; 81(4):531–543. [PubMed: 16893475]

Sofer T, Baccarelli A, Cantone L, Coull B, Maity A, Lin X, Schwartz J. Exposure to airborne
particulate matter is associated with methylation pattern in the asthma pathway. Epigenomics.
2013; 5(2):147–154. [PubMed: 23566092]

Tarantini L, Bonzini M, Apostoli P, Pegoraro V, Bollati V, Marinelli B, Cantone L, Rizzo G, Hou L,
Schwartz J, Bertazzi PA, Baccarelli A. Effects of particulate matter on genomic DNA methylation
content and iNOS promoter methylation. Environ Health Perspect. 2009; 117(2):217–222.
[PubMed: 19270791]

Tremblay DC, Alexander G Jr, Moseley S, Chadwick BP. Expression, tandem repeat copy number
variation and stability of four macrosatellite arrays in the human genome. BMC Genomics. 2010;
11:632. [PubMed: 21078170]

Tseng CY, Huang YC, Su SY, Huang JY, Lai CH, Lung CC, Ho CC, Liaw YP. Cell type specificity of
female lung cancer associated with sulfur dioxide from air pollutants in Taiwan: an ecological
study. BMC Public Health. 2012; 12:4. [PubMed: 22214195]

Tsumagari K, Qi L, Jackson K, Shao C, Lacey M, Sowden J, Tawil R, Vedanarayanan V, Ehrlich M.
Epigenetics of a tandem DNA repeat: chromatin DNaseI sensitivity and opposite methylation
changes in cancers. Nucleic Acids Res. 2008; 36(7):2196–2207. [PubMed: 18281700]

Verstrepen KJ, Jansen A, Lewitter F, Fink GR. Intragenic tandem repeats generate functional
variability. Nat Genet. 2005; 37(9):986–990. [PubMed: 16086015]

Vinces MD, Legendre M, Caldara M, Hagihara M, Verstrepen KJ. Unstable tandem repeats in
promoters confer transcriptional evolvability. Science. 2009; 324(5931):1213–1216. [PubMed:
19478187]

Vineis P, Husgafvel-Pursiainen K. Air pollution and cancer: biomarker studies in human populations.
Carcinogenesis. 2005; 26(11):1846–1855. [PubMed: 16123121]

Watson, GJ.; Chow, JC.; Frazier, CA. X-ray fluorescence analysis of ambient air samples. In:
Landsberger, SCM., editor. Elemental analysis of airborne particles. Amsterdam: The Netherlands
Gordon and Breach Science Publishers; 1999. p. 67-96.

Wolff EM, Byun HM, Han HF, Sharma S, Nichols PW, Siegmund KD, Yang AS, Jones PA, Liang G.
Hypomethylation of a LINE-1 promoter activates an alternate transcript of the MET oncogene in
bladders with cancer. PLoS Genet. 2010; 6(4):e1000917. [PubMed: 20421991]

World Bank. World Development Indicators. Washington, DC: 2011.

Xiang C, Gao H, Meng L, Qin Z, Ma R, Liu Y, Jiang Y, Dang C, Jin L, He F, Wang H. Functional
variable number of tandem repeats variation in the promoter of proto-oncogene PTTG1IP is
associated with risk of estrogen receptor-positive breast cancer. Cancer Sci. 2012; 103(6):1121–
1128. [PubMed: 22404099]

Xu M, Zhu M, Du Y, Yan B, Wang Q, Wang C, Zhao J. Serum C-reactive protein and risk of lung
cancer: a case-control study. Med Oncol. 2013; 30(1):319. [PubMed: 23254959]

Yauk C, Polyzos A, Rowan-Carroll A, Somers CM, Godschalk RW, Van Schooten FJ, Berndt ML,
Pogribny IP, Koturbash I, Williams A, Douglas GR, Kovalchuk O. Germ-line mutations, DNA

Hou et al. Page 14

Environ Mol Mutagen. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



damage, and global hypermethylation in mice exposed to particulate air pollution in an urban/
industrial location. Proc Natl Acad Sci U S A. 2008; 105(2):605–610. [PubMed: 18195365]

Yauk CL. Tandem repeat DNA: Applications in germline mutation analysis. Environmental and
Molecular Mutagenesis. 2004; 44(3):238–238.

Yauk CL, Dubrova YE, Grant GR, Jeffreys AJ. A novel single molecule analysis of spontaneous and
radiation-induced mutation at a mouse tandem repeat locus. Mutation Research-Fundamental and
Molecular Mechanisms of Mutagenesis. 2002; 500(1-2):147–156. [PubMed: 11890944]

Yu Y, Schleicher N, Norra S, Fricker M, Dietze V, Kaminski U, Cen K, Stuben D. Dynamics and
origin of PM2.5 during a three-year sampling period in Beijing, China. J Environ Monit. 2011;
13(2):334–346. [PubMed: 21180709]

Zeger SL, Liang KY, Albert PS. Models for longitudinal data: a generalized estimating equation
approach. Biometrics. 1988; 44(4):1049–1060. [PubMed: 3233245]

Zeleke ZK, Moen BE, Bratveit M. Cement dust exposure and acute lung function: a cross shift study.
BMC Pulm Med. 2010; 10:19. [PubMed: 20398255]

Zhou W, Chen Z, Hu W, Shen M, Zhang X, Li C, Wen Z, Wu X, Hu Y, Duan X, Han X, Tao Z.
Association of short tandem repeat polymorphism in the promoter of prostate cancer antigen 3
gene with the risk of prostate cancer. PLoS One. 2011; 6(5):e20378. [PubMed: 21655300]

Zhu ZZ, Sparrow D, Hou LF, Tarantini L, Bollati V, Litonjua AA, Zanobetti A, Vokonas P, Wright
RO, Baccarelli A, Schwartz J. Repetitive element hypomethylation in blood leukocyte DNA and
cancer incidence, prevalence, and mortality in elderly individuals: the Normative Aging Study.
Cancer Causes & Control. 2011; 22(3):437–447. [PubMed: 21188491]

Hou et al. Page 15

Environ Mol Mutagen. Author manuscript; available in PMC 2014 April 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Hou et al. Page 16

Table 1
Characteristics of the study participants

Office Workers (n=60) Truck Drivers (n=60)

Sex, n(%)

 Male 40 (66.7 40 (66.7)

 Female 20 (33.3) 20 (33.3)

Age [Years], mean ± SD 30.3 ± 8.0 33.5 ± 5.7

BMI [kg/m2], mean ± SD 22.8 ± 3.4 24.3 ± 3.2

Cigarettes smoked during Examination time, mean ± SD 0.5 ± 1.7 2.3 ± 4.2

Usage of central heating, n(%)

 Yes 6 (10.0) 16 (26.7)

 No 54 (90.0) 44 (73.3)

Personal PM2.5, mean ± SD 94.6 ± 64.9 126.8 ± 68.8
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Table 3
Mean tandem repeat methylation levels (all sites combined) in truck drivers and office
workers

Office workers (obs=120) Truck drivers (obs=120)

Mean 95% CI Mean 95% CI

Unadjusted

 D4Z4 66.81 (65.62 ; 68.01) 67.13 (65.88 ; 68.38)

 NBL2 82.06 (81.16 ; 82.97) 82.90 (82.14 ; 83.66)

 SATα 73.55 (72.17 ; 74.94) 73.23 (71.59 ; 74.87)

Adjusted a

 D4Z4 66.57 (65.13 ; 68.02) 66.84 (65.52 ; 68.16)

 NBL2 81.37 (80.28 ; 82.45) 82.70 (81.83 ; 83.58)

 SATα 72.92 (70.97 ; 74.88) 73.31 (71.56 ; 75.07)

a
Adjusted for measure day, age, sex, BMI, number of cigarettes smoked during examination time and usage of central heating
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