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ABSTRACT

Exposure to ambient particulate matter (PM) has been associated with adverse health effects, including pulmonary and
cardiovascular disease. Studies indicate that ambient PM originated from different sources may cause distinct biological
effects. In this study, we sought to investigate the potential of various types of PM to cause epigenetic alterations in the
in vitro system. RAW264.7 murine macrophages were exposed for 24 and 72 h to 5- and 50-lg/ml doses of the water soluble
extract of 6 types of PM: soil dust, road dust, agricultural dust, traffic exhausts, biomass burning, and pollen, collected in
January–April of 2014 in the area of Little Rock, Arkansas. Cytotoxicity, oxidative potential, epigenetic endpoints, and
chromosomal aberrations were addressed. Exposure to 6 types of PM resulted in induction of cytotoxicity and oxidative
stress in a type-, time-, and dose-dependent manner. Epigenetic alterations were characterized by type-, time-, and dose-
dependent decreases of DNA methylation/demethylation machinery, increased DNA methyltransferases enzymatic activity
and protein levels, and transcriptional activation and subsequent silencing of transposable elements LINE-1, SINE B1/B2.
The most pronounced changes were observed after exposure to soil dust that were also characterized by hypomethylation
and reactivation of satellite DNA and structural chromosomal aberrations in the exposed cells. The results of our study
indicate that the water-soluble fractions of the various types of PM have differential potential to target the cellular
epigenome.
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Recent epidemiological studies examining the effects of particu-
late matter (PM2.5) on human health demonstrated that, despite
a decrease in PM2.5 concentrations over the period 1998–2000,
the magnitude of cardiovascular and respiratory effects persist
at current ambient levels in the United States (Crouse et al.,
2012; Dominici et al., 2007). The observed effects include respira-
tory infections, asthma, and ischemic heart disease
among others (Dominici et al., 2006; Rückerl et al., 2011).
The pathogenesis of PM-associated diseases has been attributed

to its potential to cause cytotoxicity, oxidative stress,
and inflammatory responses, to name a few (van Berlo et al.,
2012).

PM originates from many anthropogenic and natural sour-
ces, including formation of secondary inorganic and organic
particles with variable physical, chemical, and morphological
characteristics. Therefore, PM may elicit various effects and,
thus, may affect the degree of proinflammatory response and
oxidative potential due to exposure (Kroll et al., 2013; Michael
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et al., 2013; Shi et al., 2006). Studies performed to
evaluate the in vitro toxicity of PM collected at different urban
areas (ie, RAPTES and PAMCHAR projects) have clearly demon-
strated that chemical composition and oxidative potential
are determinants of PM-induced toxicity (Happo et al., 2010;
Janssen et al., 2014; Steenhof et al., 2011). Carbonaceous particles
(elemental and organic carbon) released primarily
from fossil fuel and fresh biomass combustion demonstrated
oxidative stress and inflammatory potential (Biswas et al., 2009).
Similar effects were also observed for coarse dust
particles (Halatek et al., 2011; Happo et al., 2010). The
complexity and diversification of particle size, chemical
composition, and types, as well as the concurrent
activation of multiple biological pathways and synergistic
effects, limit the ability to differentiate the components and
types that may be better associated with a specific health
outcome.

Although coding genes comprise 1%–2% of mammalian
genomes, repetitive sequences account for their largest portion,
with some estimates suggesting 66%–69% of mammalian
genomes to be repetitive or repetitive elements derived (de
Koning et al., 2011). The majority of them are the retro-
transposons—repeated and mobile DNA sequences capable of
moving and invading genomes and immobile centromeric/peri-
centromeric satellite DNA and tandem repeats. Their activity is
regulated by epigenetic mechanisms, where methylation of
DNA plays a key role. The loss of epigenetic control over repeti-
tive elements, exhibited as loss of DNA methylation and decon-
densation of the chromatin structure, may result in their
transcriptional activation, insertional mutagenesis, and chro-
mosomal aberrations and has been reported in numerous
human diseases, including cancer (reviewed in Miousse et al.,
2015).

Accumulating evidence clearly demonstrates that exposure
to ambient PM and its contributors may affect the methylation
status of transposable elements and satellite DNA in the blood
of exposed humans (Baccarelli et al., 2009; Byun et al., 2013; Guo
et al., 2014; Hou et al., 2014; Jiang et al., 2014; Madrigano et al.,
2011). Recently, we reported dose-dependent decreases in
mRNA levels of DNA methyltransferases (DNMTs), redistribu-
tion of methylation patterns between the repetitive elements
and their transcriptional activation in response to the short-
term exposure to ambient PM composed of biomass burning,
traffic exhausts in the fine and ultrafine particle size range, and
mineral dust and pollen in the coarse size range (Chalbot and
Kavouras, 2014; Chalbot et al., 2013a; Miousse et al., 2014a). The
purpose of this study was to investigate the potential of various
types of PM to cause differential epigenetic alterations in the
in vitro system. Specifically, we sought to investigate the effects
of the 6 types of particles contributing to atmospheric PM,
namely: soil dust, road dust, agricultural dust, traffic exhausts,
biomass burning, and pollen on the cellular epigenome and
whether these effects were persistent. Using RAW264.7 macro-
phages, the same experimental system utilized in large-scale
international particle toxicological studies (Happo et al., 2010;
Steenhof et al., 2011), we report that exposure to various PM
types, aside from the effects associated with cytotoxicity and
oxidative stress, also targeted the cellular epigenome. The latter
effects were exhibited as downregulation of DNA methylation
machinery in a dose- and particle type-dependent manner as
well as altered methylation and expression of retrotransposons
LINE-1 (L1) and SINE B1/B2. Furthermore, we showed that the
most pronounced and persistent effects were observed in
response to soil dust exposure characterized by

hypomethylation and accumulation of satellite DNA transcripts
and chromosomal aberrations in RAW264.7 macrophages.

MATERIALS AND METHODS

Sample collection. All dust samples were collected in January–
April of 2014. Sampling methods were adopted from Rogge et al.
(1993a,b, 1998) previously used to determine the chemical con-
tent of organic aerosol. Soil dust (SD) and road dust (RD) sam-
ples were collected by sweeping undisturbed soil textures in
state parks and several residential streets, respectively, in Little
Rock, Arkansas. Agricultural dust (AD) was collected from sev-
eral farm sites located in rural Arkansas. Pollen (P) from impor-
tant plant species growing in the South such as pine (Pinus), oak
(Quercus), and hickory (Carya) were obtained in state parks dur-
ing the pollination season and placed in a Teflon bag (March–
April, 2014) (Chalbot et al., 2013c). The harvesting effort was
done shortly after a rain event to reduce the amount of anthro-
pogenic particles due to their possible deposition. The dust and
pollen samples were sieved with a 38-lm brass frame stainless
sieve (Humboldt Scientific, Inc, Raleigh, North Carolina) to
remove debris and large particles, transferred to clean Teflon
bags (Welch Fluorocarbon Inc, Dover, New Hampshire), and agi-
tated (ie, induce continuous disturbance) to resuspend the PM
(Rogge et al., 1993a,b). Aerosol samples were collected on
prefired (550�C for 4 h) quartz filters using a PM10 Harvard
Impactor (HI) sampler (Air Diagnostics and Engineering, Inc,
Harrison, Maine) (Marple et al., 1987). Traffic exhausts (TE) were
collected at the lowest level of an underground multilevel park-
ing lot at the University of Arkansas for Medical Sciences (Little
Rock, Arkansas) from 6 AM to 6 PM during weekdays on a
20.3� 25.4 cm prefired quartz filter mounted on a high volume
sampler (Tisch Environmental, Ohio). Biomass burning (BB)
aerosol samples were obtained in a traditional brick fireplace
using commercially available wood types weighing from 0.5 to
2 kg (Rogge et al., 1998). The collection started shortly after the
complete consumption of fire starters. Burning wood logs were
stirred and new logs were added as needed. Samples were col-
lected using the PM10 HI. Particle size distribution was measured
using an optical particle counter (AeroTrak Model 8220, TSI Inc).
The particle number median aerodynamic diameter (NMAD)
was computed as previously described (Chalbot and Kavouras,
2014; Van Vaeck and Van Cauwenberghe, 1985).

Morphological characterization of dust and atmospheric particles. The
morphology of the generated dust and atmospheric particles
was obtained using scanning electron microscopy (SEM, Zeiss
SUPRA 55, Mainz, Germany). The samples were all dispersed in
deionized water at 10 lg/ml. A drop of solution was placed on
the silicon wafer chip (5� 5 mm, Ted Pella Inc, Redding,
California) and left to dry overnight. Then, the chip was
mounted on a double-sided sticky carbon tape placed on the Pin
stub mounts (Ted Pella Inc). The SEM image of the samples was
detected after drying on the silicon wafer chip.

Sample preparation and chemical analysis. The water-soluble frac-
tion of aerosol samples was extracted by sonication of the filters
in H2O for 1 h. The aqueous extract was filtered on 0.45-lm poly-
propylene filter (Target2, Thermo Scientific, Waltham,
Massachusetts), transferred to a preweighed vial, dried using
the SpeedVac apparatus, and weighed to determine the mass of
extracted particles. Aliquots of the extracts were analyzed for
elements (Fe, Al, K, Mg, Ca, Cu, Cr, Ni, Co, Ba, P and V) by induc-
tively coupled plasma mass spectrometry (ICP-MS) at the
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University of Arkansas at Fayetteville Stable Isotope Laboratory.
In addition, nuclear magnetic resonance spectroscopy (1H-NMR)
spectra were obtained on a Bruker 500 MHz at 298K with 3600
scans, using a spin-lock, acquisition time of 3.2 s, relaxation
delay of 1 s, and 1 Hz exponential line broadening and presatu-
ration to the H2O resonance (Chalbot and Kavouras, 2014). The
NMR resonance signals were integrated as follows: (1) H-C
(d 0.6–d 1.8 ppm); (2) H-C-C¼ (d 1.8–d 3.2 ppm); (3) H-C-O (d 3.2–d

4.4 ppm); (4) O-CH-O and H-C¼ (d 5.0–d 6.4 ppm); and (5) H-Ar
(d 6.5–d 8.3 ppm) (Chalbot and Kavouras, 2014; Decesari et al.,
2007).

Cell culture and exposures. RAW264.7 murine macrophages were
purchased from American Type Culture Collection (ATCC,
Rockville, Maryland). Cells were plated at a density of 2� 106

cells per 60 cm2 plates and allowed to attach. The cells were cul-
tured in high glucose DMEM media (DMEM GlutaMAX, Life
Technologies, Carlsbad, California) containing 5% FBS, penicil-
lin, and streptomycin. After 24 h, the media was removed and
replaced with 10 ml of fresh media. Cells were treated with 0, 5,
or 50 mg/ml of PM water soluble extract. The lower dose corre-
sponds to 2.94 mg/cm2, while the high dose corresponds to
29.9 mg/cm2 exposure levels (Steenhof et al., 2011). In our pre-
vious study (Miousse et al., 2014a), the higher dose was shown
to cause epigenetic responses without induction of cytotoxicity.
The lower dose in this study was twice lower than the lowest
dose in the previous study to investigate the exposures to very
low doses of PM on cellular epigenome. Cells were harvested
after 24 h with trypsin, scraped, and divided in 3 aliquots before
freezing. For the 72-h exposure experiment, cells were plated at
a density of 0.75� 106 cells per 60 cm2, and cells were harvested
72 h after the addition of PM. All experiments were performed
using the cells between the passage 3 and 5.

Cell viability analysis. RAW264.7 were seeded at 1.25� 104 per
well in a 96-well plate, allowed to fully attach for 24 h and then
exposed to soil, road, and agricultural dusts, biomass burning,
traffic exhausts, or pollen for 24 h at 5 and 50 lg/ml. The
CytoTox-One Homogeneous Membrane Integrity Assay
(Promega, Madison, Wisconsin) was used to estimate the num-
ber of nonviable cells present after the exposure to these par-
ticles by measuring the amount of lactate dehydrogenase (LDH)
leaked from the cells based on our previous study (Lu et al.,
2015). Briefly, the Lysis Solution was used as a positive control,
which was included in CytoTox-One Homogeneous Membrane
Integrity Assay to generate maximum LDH release.
Fluorescence intensity was detected by SoftMax Pro 6 GxP
Microplate Data Acquisition and Analysis System (Molecular
Devices, Sunnyvale, California) with an excitation/emission
wavelength of 560/590 nm. To ensure that the particles did
not interfere with the assay results, particle- and media-only
control groups were used. The particle-only controls were par-
ticles in media at 5- or 50-lg/ml concentrations (without cells),
and media-only controls were only media in the absence
of cells. Results indicated that autofluorescence effects
were only detected in the particle-only control groups of soil
and agricultural dusts and pollen in RAW264.7 media at both
5- and 50-lg/ml doses. Thus, the signals for the
aforementioned particle exposures were corrected to take into
the account the autofluorescence effects of particle-only con-
trols. Percent cytotoxicity was calculated as following:
100� (Experimental�Culture Medium Background or Particle-
only Background)/(Maximum LDH Release�Culture Medium
Background).

Estimation of intracellular superoxide levels using dihydroethidium
oxidation. Dihydroethidium (DHE) is a fluorescent probe used to
evaluate the increase in steady state levels in cells after expo-
sure to these particles. Fifteen percent hydrogen peroxide (15%
H2O2, 4.9 mol/l) was used as a positive control for 30 min at the
end of 24-h exposure. Then, cells were incubated with 5 lM DHE
at 37�C for 30 min. The fluorescence intensity was detected by
SoftMax Pro 6 GxP Microplate Data Acquisition and Analysis
System (Molecular Devices) with an excitation/emission wave-
length of 518/605 nm. Particle-only control experiments were
also included in this assay and compared with a media-only
control group. Results indicated that autofluorescence effects
were detected in the particle-only control groups of soil and
agricultural dusts, biomass burning, and pollen in RAW264.7
media at both 5- and 50-lg/ml doses and road dust at 50-lg/ml
dose. Thus, the signals for the aforementioned particle expo-
sures were corrected to take into the account the autofluores-
cence effects of particle-only controls.

Measurement of mitochondrial function using the XF96-extracellular
flux analyzer. Oxygen consumption rate (OCR) was measured at
37�C using an XF96-extracellular analyzer (Seahorse Bioscience,
North Billerica, Massachusetts) as previously described (Pathak
et al., 2014). RAW264.7 cells were plated in 60-mm dishes at con-
ditions described earlier. The next day, they were treated with
soil and road dusts particles at 5- and 50-lg/ml doses and pollen
at 50-lg/ml dose for 24 h. The cells were then trypsinized and 50
000 RAW cells/well and plated in XF96 cell culture plates. They
were allowed to attach and recover for 4 h at 37�C. The media in
the wells were changed to unbuffered DMEM supplemented
with 4 mM Glutamate and incubated in a non-CO2 incubator for
1 h at 37�C. Three baseline measurements were acquired before
injection of mitochondrial inhibitors or uncouplers. Readings
were taken after sequential addition of oligomycin (10 lM), car-
bonylcyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP,
10 lM), and rotenone/antimycin A (10 lM). OCRs were calculated
by the Wave 2.2 software for Seahorse XF and represent an aver-
age of 3 measurements on 8 different wells. The rate of meas-
ured oxygen consumption was reported as pmol O2 consumed
per minute per 50 000 cells.

Nucleic acids extraction. RNA and DNA were extracted simultane-
ously from flash-frozen cells using the AllPrep Mini Kit (Qiagen,
Valencia, California) according to the manufacturer’s protocol.
DNA concentrations were analyzed by the Nanodrop 2000
(Thermo Scientific), and DNA integrity was evaluated on 1%
agarose gel.

Quantitative analysis of gene and transposable elements expression
levels. Complementary DNA (cDNA) was synthesized from 1-mg
RNA using random primers and a High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, California)
according to the manufacturer’s protocol. Quantitative real-
time PCR (qRT-PCR) to determine the levels of gene transcripts
was performed using 10 ng of cDNA per reaction and the
TaqMan Universal PCR Master Mix, no AmpErase UNG (Life
Technologies) on a ViiA 7 instrument (Life Technologies). Assay
IDs and primers used in the study are provided in
Supplementary Table 1. Each plate contained 1 experimental
gene and a housekeeping gene. The cycle threshold (Ct) for each
sample was determined from the linear region of the amplifica-
tion plot. The DCt values for all genes were determined relative
to the control gene Gapdh and to Rps13 for TEs (Life
Technologies). The DDCt were calculated using each exposed
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group means relative to control group means as described pre-
viously (Schmittgen and Livak, 2008). The fold change data were
calculated from the DDCt values. All qRT-PCR reactions were
conducted in duplicate.

Western blot. Nuclear proteins were extracted from cell using the
EpiQuik Nuclear Extraction Kit (Epigentek) according to the
manufacturer’s protocol. A total of 2 mg of nuclear extract was
loaded on a 7.5% SDS-PAGE gel and transferred on a PVDF mem-
brane. The membrane was blotted with primary antibodies
against Dnmt1 and the nuclear loading control YY1 (Abcam,
Cambridge, Massachusetts), fluorescent secondary antibodies
(LI-COR, Lincoln, Nebraska), and visualized with an Odyssey Fc
imaging system (LI-COR). Analysis was performed with the
Image Studio software (LI-COR)

Analysis of methylation status of retrotransposons. Methylation of
LINE-1 (L1) and SINE B1/B2 elements was assessed by methyla-
tion-sensitive qRT-PCR. First, 1 mg of genomic DNA was digested
with 1 U of SmaI enzyme in 1�CutSmart buffer at 25�C for 2 h.
This was followed by a 16-h digestion at 37�C in the presence of
1 U of the enzymes HpaII, HhaI, and AciI in 1�CutSmart buffer.
The digestion was finalized by adding 0.5 U of BstUI enzyme in
1�CutSmart buffer for 4 h at 60�C. All enzymes were purchased
from New England Biolabs (Ipswich, Massachusetts). Digested
DNA was then analyzed by qRT-PCR on a ViiA 7 RT-PCR System
(Applied Biosystems). DNA samples not digested with the
restriction enzyme mix served as positive control, while sam-
ples (1) lacking the specific primers for DNA amplification and/
or DNA template and (2) RAW264.7-derived DNA pretreated
with 5-azacytidine, a potent demethylating agent, served as
negative controls. The threshold cycle (Ct) was defined as the
fractional cycle number that passes the fixed threshold. The Ct

values were converted into the absolute amount of input DNA
using the absolute standard curve method and further normal-
ized toward rDNA readings. Assays for determination of L1 and
SINE methylation are provided in Supplementary Table 1.

Methyltransferase activity. Nuclear proteins were extracted from
1� 106 fresh cells using the EpiQuik Nuclear Extraction Kit
(Epigentek, Farmingdale, New York). The nuclear extracts were
then analyzed for methyltransferase activity by fluorometry
using the EpiQuik DNMT Activity/Inhibition Assay Kit
(Epigentek) according to the manufacturer’s protocol.

Analysis of the methylation status of satellite DNA. Methylation sta-
tus of major and minor satellites was determined by methyla-
tion-sensitive McrBC-qRT-PCR assay as previously described
(Martens et al., 2005). Primer sequences can be found in the
Supplementary Table 1.

Chromosomal aberrations. RAW264.7 cells in log phase were
exposed to different concentrations of PM and allowed to incu-
bate for 72 h. Fresh media with colcemid (5 ml/ml of media, stock
concentration 10 mg/ml; Invitrogen, Cat No. 15210-040) was
added, and cells were further allowed to incubate for 2 h before
harvest.

Chromosome preparation was made according to the stand-
ard air drying procedure. The cells were harvested by trypsini-
zation, washed with prewarmed PBS twice, hypotonically
treated (0.56% KCl, 20 min at 37�C), and subsequently fixed in
freshly prepared acetic acid-methanol (1:3). At least 3 changes
were given in fixative before the cell suspension was dropped
on to a precleaned chilled microscopic glass slide and dried at

room temperature at least for 1 day before staining. Giemsa
staining method was applied to determine the structural aber-
rations in different treatment groups. Structural aberrations like
chromatid-type break (CTB), chromatid-type exchange (CTE),
acentric fragments, dicentric and ring chromosomes, and
Robertsonian translocation were scored under� 63 magnifica-
tion. At least 100 metaphase spreads were scored for each of the
treatment group.

Statistical analysis. The significance between experimental treat-
ments was determined by 1-way ANOVA, followed by Dunnett’s
test using Graphpad Prism 6.02 software. A P value� 0.05 was
considered to be significant. Statistical considerations for the
analysis of chromosomal aberrations are provided in the
Supplementary Table 2.

RESULTS

Chemical and Morphological Characterization of Particle Types
This section presents the size distribution of resuspended PM10

particles from grab samples for soil, agricultural and road dusts,
and pollen as well as airborne particles collected in an under-
ground parking building (ie, traffic exhausts) and over a fire-
place (ie, biomass burning).

The normalized particle number concentration-based size
distributions (dN/Ctdlogdp) and particle morphology by SEM of
soil dust, road dust, agricultural dust, traffic exhausts, biomass
burning, and pollen are presented in Figure 1A. Note that par-
ticle size distribution refers to the resuspended PM10 samples.
Larger than 10-lm particles were not collected in this study
(removed by the size selective inlet of the sampler). Comparable
mono-modal particle size distributions in the coarse size range
were measured for soil, road, and agricultural dust with the
highest number concentrations measured for particles with
diameter from 3.0 to 10 lm. The NMADs were 2.06, 3.17, and
4.05 lm for road, agricultural, and soil dust, respectively.
Biomass burning and traffic exhausts also followed a mono-
modal distribution with maxima for particles of 0.3<dp< 0.5 mm
corresponding to a NMAD of 0.42 lm. For pollen, a bimodal dis-
tribution was observed with 2 local maxima in the fine (0.3–
0.5 lm) and coarse (3.0–5.0 lm) size ranges corresponding to
NMAD of 0.45 lm. The morphology of these particles was differ-
ent from each other and was consistent with the particle num-
ber size distribution. Fine and ultrafine particles were observed
in biomass burning, traffic exhausts, and pollen and larger par-
ticles in dust samples.

Table 1 shows the elemental and organic composition of the
samples. Aluminum (Al), iron (Fe), and potassium (K) were the
dominant elements in soil and agricultural dust. Traces of chro-
mium (Cr), nickel (Ni), and magnesium (Mg) were also detected.
The road dust sample was composed of the elements found in
soil dust (Al, Fe, K, and barium [Ba]) and high quantities of Cr
and Ni. The predominant elements in traffic exhausts were Fe,
copper (Cu), Cr, and Ni. Comparable elemental composition was
measured for biomass burning and pollen with larger quantities
of Fe, Cr, Ni, and phosphorous (P). The highest nonexchangeable
organic hydrogen concentration measured by proton NMR (1H-
NMR) was computed for pollen 128.5 mmol g�1 of particles fol-
lowed by road dust (35.9 mmol g�1) and biomass burning
(21.3 mmol g�1). Supplementary Figure 1 shows the 1D 1H-NMR
spectra of the 6 PM types. The aliphatic region (H-C and H-C-C¼)
of agricultural, road, and soil dust 1H-spectra was dominated by
broad convoluted resonances at dH 0.88, 1.32, 1.59, 2.18, 2.28, and
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3.72 ppm consistent with humic and fulvic acids typically found
in soil organic matter. Humic-like substances have also been
identified in traffic exhausts (Havers et al., 1998). The resonance
at 2.14 ppm was tentatively attributed to the methoxy (O-CH3)
in N-acetyl-2-aminoglucosan (Graham et al., 2002). Resonances
of amino acids and functionalized carboxylic acids were
observed for aerosol of biological origin and wood burning emis-
sion (Chalbot and Kavouras, 2014; Chalbot et al., 2013b,c). The
carbohydrate region (H-C-O) was dominated by sugars and
anhydrides, with glucose, fructose, sucrose, and trehalose
present in pollen and biomass burning. Tracers of sucrose were
also identified in traffic exhausts, while none of the sugars were
observed in dust samples. Levoglucosan was only observed in
biomass burning. Well-resolved and intense signals between
3.83 and 3.98 were attributed to Ar-O-CH3 resonances plant-
derived material freshly emitted during wood burning (Alves
et al., 2012; Graham et al., 2002). The vinylic (H-C¼) and aromatic
(H-Ar) regions of traffic exhausts and road dust were dominated

by phthalic and terephthalic acids (2 broad signals at 7.38 and
7.30 ppm). Tracers of these compounds were also observed in
road dust. Acetate (at 1.92 ppm) and formate (at 8.49 ppm) were
observed in soil, agricultural, road dust, and biomass burning
(Chalbot et al., 2013c). Assuming molar H/C ratios of 2, 2, 1.1, and
0.4 for H-C, H-C-C¼, H-C-O, and H-Ar, respectively (Chalbot and
Kavouras, 2014), the water soluble organic carbon for the 6 types
of particles accounted from 1% of particle mass for agricultural
dust and traffic exhausts, 5% for soil dust, 8% for road dust, 13%
for wood burning, and 42% for pollen.

Figure 1B provides indicative SEM images for the PM types
used in this study. It is worth noting that the actual size of the
PM in these images is in good agreement with the size from the
real-time instruments presented earlier.

Selective Cytotoxicity in Response to Various Types of Ambient PM
To evaluate the potential impact of various types of PM types on
cell viability, RAW 264.7 murine macrophages were exposed to

FIG. 1. (A) Particle size distribution and (B) representative scanning electron microscopy images of road dust, agricultural dust, soil dust, traffic exhausts,

biomass burning, and pollen particles.
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soil, road, and agricultural dusts, traffic exhausts, biomass
burning, pollen, and mild steel welding fume (MS-WF) at 5 (low
dose) and 50 lg/ml (high dose) for 24 h. LDH analysis provides
evidence that soil and agricultural dusts, as well as pollen, had
significant effects on cell viability, with the percentage cytotox-
icity over 100% at high dose compared with positive control (ie,
maximum LDH release). At the same time, the results of road
dust, biomass burning, and traffic exhausts exposures indicated
that these particles didn’t have a significant effect on LDH
release at these 2 doses in RAW264.7 cells, except the high dose
of biomass burning (Figure 2A).

Exposure to Road and Soil Dusts Is Characterized by Significant
Oxidative Potential
Twenty-four hours exposure to PM led to upregulation of Cat and
Hmox1 genes, enzymes responsive to oxidative stress. This
upregulation was observed in cells treated with high doses of soil
and agricultural dusts and biomass burning, as well as in cells
exposed to both doses of road dust (Figure 2, Panel B). The effect
was still present after 72 h in cells exposed to high doses of soil
dust and biomass burning (for both genes) and both doses of road
dust (for Hmox1) (Figure 2, Panel C). Similar trends were observed
in the expression patterns of another molecular indicator of alter-
ations in redox homeostasis, Sod2 (Supplementary Figure 2A).

Levels of DHE oxidation were only increased in soil and agri-
cultural dust-treated RAW264.7 cells, suggesting an increase in
steady state levels of superoxide (Figure 2D). Although slight
increases were observed, no significant difference was evident
in total DHE fluorescence between cells exposed to other par-
ticles and untreated cells.

To further investigate the oxidative potential of different
types of PM, we have performed the analysis of the cellular
mitochondrial function in cells exposed to both doses of soil
dust (exhibited high cytotoxic and oxidative potentials), road
dust (exhibited no cytotoxic but high oxidative potential), as
well as pollen (exhibited high cytotoxic potential but no evi-
dence of oxidative stress). Initially, 3 measurements were taken

to determine the “basal respiration” of the cells. Treatment with
low dose of soil dust slightly but significantly (P< .05) increased
the mitochondrial respiration compared with control, whereas
there was a significant decrease in the mitochondrial respiration
when low-dose road dust exposure was performed (P< .001)
(Figure 2, Panel E). Next, by injecting oligomycin, an inhibitor of
mitochondrial ATP synthase, a decrease in OCR was obtained. In
both low-dose treatments, ATP-linked respiration was signifi-
cantly decreased (P< .001) compared with control group, suggest-
ing a possible obstruction of electron flow through damaged
mitochondrial electron transport chain, decreasing the oxygen
consumption. Furthermore, cells exposed to low doses of soil
dust were characterized by increased proton leak compared with
control (P< .001), supporting the possibility of damaged electron
flow. In the road dust low-dose exposure group, the proton leak
was significantly less than in the control cells (P< .01).

To determine the maximal respiration potential of the cells,
FCCP (an uncoupler) was used. In both treatments, maximum
respiration was decreased, and the cells were left with no spare
respiratory capacity following treatment with low doses of
either soil or road dust, indicating significantly damaged mito-
chondrial integrity.

The amount of nonmitochondrial oxygen-consumption was
determined by inhibiting the respiratory chain activity via an
antimycin A and rotenone cocktail. There were no significant
decreases in nonmitochondrial OCR in any of the treatment
groups with low-dose exposure.

Exposure to soil and road dusts at high doses completely
obliterated cellular respiration. No significant alterations in cel-
lular respiration were observed after exposure to high dose of
pollen (Figure 2, Panel E).

Exposure to PM Affects DNA Methylation Machinery
Next, we sought to analyze the effects exerted by PM on DNA
methylation machinery. The 24-h exposure to soil, road, and
agricultural dusts resulted in substantial and dose-dependent
decreases in mRNA levels of all 3 DNMTs—Dnmt1, Dnmt3a, and

TABLE 1. Elemental and Organic Functional Composition of the Different Types of Particles by ICP-MS and Nuclear Magnetic Resonance,
Respectively

Chemical Component Particle Type

Soil Dust Road Dust Agricultural Dust Traffic Exhausts Biomass Burning Pollen

Fe (mg g�1) 36.8 118.2 47.2 143.5 43.0 51.1
Al (mg g�1) 21.8 29.3 24.8 1.1 1.2 0.1
K (mg g�1) 7.3 20.0 16.8 13.4 8.5 18.0
Mg (mg g�1) 1.9 3.8 2.1 3.3 1.7 2.6
Ca (mg g�1) 0.5 4.7 0.7 6.4 2.7 1.6
Cu (mg g�1) 0.2 0.5 0.2 38.4 1.4 0.1
Cr (mg g�1) 4.3 20.0 7.0 20.0 8.0 7.9
Ni (mg g�1) 2.7 13.5 4.7 13.5 7.0 4.9
Co (mg g�1) > 0.1 0.2 > 0.1 0.2 0.1 > 0.1
Ba (mg g�1) 0.3 0.6 0.5 0.6 > 0.1 > 0.1
P (mg g�1) 0.5 1.0 0.5 1.4 1.3 2.4
V (mg g�1) > 0.1 0.2 > 0.1 0.2 > 0.1 > 0.1
Organic H (mol g�1) 8.9 35.9 2.2 6.7 21.3 128.5
% R-H 22.5 36.5 31.8 34.0 17.1 17.9
% H-C¼C 33.5 22.5 26.7 22.2 21.9 19.0
% H-C-O 38.8 36.7 36.9 40.6 47.9 59.9
% O-CH-O 2.2 1.5 2.3 1.6 4.9 1.0
% Ar-H 2.9 2.8 2.3 1.8 8.1 2.1
% H-C¼O n.d. n.d. n.d. n.d. 0.2 0.1

n.d.: not detected.
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Dnmt3b (Figure 3, Panel A). Subtle downregulation of DNMTs
was also observed in response to traffic exhaust and biomass
burning. At a later time-point (72 h), only exposure to soil and
road dusts was associated with the loss of expression of DNA
methylation machinery, while the effects of agricultural dust

were not persistent. Dnmt1 and Dnmt3b were also slightly
downregulated after exposure to the high dose of biomass burn-
ing (Figure 3, Panel B). At the same time, opposite to mRNA lev-
els, exposure to soil and road dusts has led to increased nuclear
methyltransferase enzymatic activity at 24 h (2- to 2.8-fold), and

FIG. 2. Analysis of cytotoxicity and oxidative potential of six types of ambient PM. A, Cytotoxicity was analyzed by calculation of the number of nonviable cells present

after the exposure to ambient PM particles measuring the amount of lactate dehydrogenase leaked from the cells. B and C, The differential expression of Cat and

Hmox1 was determined by quantitative real-time PCR (qRT-PCR). The fold change data were calculated from the DDCt values. All qRT-PCR reactions were conducted in

triplicate and repeated twice. D, Induction of reactive oxygen species was analyzed by measuring a superoxide indicator DHE. Fifteen percent hydrogen peroxide (15%

H2O2, 4.9 mol/l) was used as a positive control for 30 min at the end of 24-h exposure. E, Cellular bioenergetics was analyzed by measuring the mitochondrial function.

Readings were taken after sequential addition of oligomycin (10 lM), carbonylcyanide 4-(trifluoromethoxy)phenylhydrazone (10 lM) and rotenone/antimycin A (10 lM).

Oxygen consumption rates were calculated by the Seahorse XF96 software and represent an average of 3 measurements on 8 different wells. Asterisks (*)

denotes significant (P< .05), (**) denotes significant (P< .01), and (***) denotes significant (P< .001) difference from control.
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an increase, albeit insignificant, was still observed in road dust
exposure groups at the 72-h time-point (Figs. 3, Panels C and D).
These results were confirmed by Western blot analysis, where
the elevated protein levels of Dnmt1, although insignificant,
were observed (Supplementary Figure 3).

Effects of PM exposure on methylcytosine dioxygenases
were less pronounced and consistent. An almost 2-fold
downregulation of Tet2 was observed after high-dose agricul-
tural dust exposure at an earlier time-point (P< .001) followed
by a 1.5-fold upregulation (P< .001) at a later time-point.
Expression of Tet3 was decreased at both 24 and 72 h after expo-
sure to soil and road dusts and after exposure to high-dose agri-
cultural dust at 24 h only (Supplementary Figure 2B).

Effects of PM Exposure on Methylation of Transposable Elements
Taking into account the observed alterations in DNA methyla-
tion/demethylation machinery and the results of previous stud-
ies indicating alterations in the methylation status of
transposable elements in response to PM exposure (Baccarelli
et al., 2009; Byun et al., 2013; Guo et al., 2014; Hou et al., 2014;
Jiang et al., 2014; Madrigano et al., 2011; Miousse et al., 2014a), we
hypothesized that exposure to various types of PM may differ-
entially affect the methylation status of the most abundant
mammalian transposable elements L1 and SINE B1/B2.

Certain discrepancies exist between studies reporting altera-
tions in DNA methylation within transposable elements in
response to environmental stressors, PM in particular. One of
the reasons for this is inconsistency in the functional units of

L1, in which DNA methylation analysis are performed.
Therefore, to systematically analyze the methylation of L1, we
addressed its methylation in all 4 functional units—50- and 30-
untranslated regions (UTRs), as well as in both open reading
frames—ORF1 and ORF2. Both short- and long-term exposures
did not substantially affect methylation of L1 in any of the eval-
uated units and only exposure to road dust led to weak hypo-
methylation at 72 h in 50-UTR and both ORFs (Figs. 4, Panels A
and C; Supplementary Figs. 2C–D). Somewhat more pronounced
alterations in the methylation status of SINE elements were
observed, where weak hypomethylation after exposure to soil
dust, traffic exhaust, and biomass burning was detected at the
24-h time-point and was followed by hypermethylation at the
72-h time-point in cells exposed to a high-dose road dust and
both doses of biomass burning.

Expression of Transposable Elements Is Affected by Exposure to PM
At 24 h, no major changes in the expression of either L1 ORF1 or
ORF2 were observed, except for the 1.95-fold reactivation in the
high-dose biomass burning group (P< .01) (Figure 4, Panel B;
Supplementary Figs. 2C and 2D). At 72 h, transcriptional silenc-
ing of both ORFs was observed in soil, road, and agricultural
dusts, which was more evident after exposure to lower doses of
PM (Figure 4, Panel D and Supplementary Figs. 2C–D).

More pronounced effects were observed in the expression of
SINE elements. A significant upregulation of SINE B2 was
observed in cells exposed for 24 h to soil, road, and agricultural
dusts and biomass burning (Figure 4, Panel B), and was followed

FIG. 3. Effects of ambient PM exposure on DNA methylation machinery. A and B, The differential expression of Dnmt1, Dnmt3a, and Dnmt3b was determined by qRT-

PCR. The fold change data were calculated from the DDCt values. All qRT-PCR reactions were conducted in triplicate and repeated twice. C and D, Nuclear DNA methyl-

transferase (DNMT) enzymatic activity was analyzed by fluorometry using the EpiQuik DNMT Activity/Inhibition Assay Kit (Epigentek). Asterisks (*) denotes significant

(P< .05), (**) denotes significant (P< .01), and (***) denotes significant (P< .001) difference from control.
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FIG. 4. Transposable elements in response to ambient PM exposure. A and C, DNA methylation in LINE-1 (L1) and SINE B1/B2 transposable elements was measured by

methylation-sensitive qPCR assay. B and D, The differential expression of LINE-1 and SINE B1/B2 in murine macrophages was determined by qRT-PCR. The fold change

data were calculated from the DDCt values. All qRT-PCR reactions were conducted in triplicate and repeated twice. Asterisks (*) denotes significant (P< .05), (**) denotes

significant (P< .01), and (***) denotes significant (P< .001) difference from control.
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by a downregulation of both SINE B1 and B2 at 72 h (Figure 4,
Panel D).

Effects of PM Exposure on Satellite DNA
Expression of major and minor satellites was mostly and signifi-
cantly affected in response to high doses of soil, road, and agri-
cultural dusts at 24 h after exposure (Figure 5, Panel A). At the
72-h time-point, elevated levels of satellite DNA were detected
after exposure to higher doses of soil (although, insignificantly)
and road dust (Figure 5, Panel D). DNA methylation, one of the
primary mechanisms in satellite DNA silencing, was increased
after 24-h exposure to soil and road dusts in major satellites
(Figure 5, Panel B). At 72 h, loss in major satellites methylation
was observed after exposure to both doses of soil and agricul-
tural dusts and the high dose of traffic exhaust. At the same
time, exposure to the high dose of road dust has led to hyper-
methylation of both major and minor satellites (Figure 5,
Panel E).

Uhrf1 is a key protein for the maintenance of normal DNA
methylation (Ehrlich and Lacey, 2013). However, it is also an
important regulator of the pericentromeric heterochromatin

replication and silencer of satellite DNA (Papait et al., 2007).
Exposure to PM has led to alterations in the Uhrf1 mRNA levels
that were inversely correlated with the expression status of
major satellites at both time-points (Figs. 5, Panels C and F;
Supplementary Figure 2E).

Furthermore, we have identified decreased mRNA levels of
Suv39h1, a histone methyltransferase needed for trimethylation
of lysine 9 on histone 3—an epigenetic mark responsible for the
heterochromatic status of centromeric and pericentromeric
regions. Patterns of Suv39h1 downregulation mirrored those of
Uhrf1 with a clear dose-dependent response (Figs. 5, Panels C
and F).

Exposure to Soil Dust Results in Chromosomal Aberrations in
RAW264.7 Cells
Increased mRNA transcripts of satellite DNA can disturb the
normal centromeric and pericentromeric heterochromatin and
lead to chromosomal aberrations (Bouzinba-Segard et al., 2006).
Therefore, as a final step of this study, we sought to determine
whether or not alterations in DNA methylation and

FIG. 5. Satellite DNA is affected by exposure to ambient PM. A and D, The differential expression of major and minor satellites in murine macrophages was determined

by qRT-PCR. B and E, DNA methylation major and minor satellites was measured by methylation-sensitive qRT-PCR assay. C and F, The differential expression of Uhrf1

and Suv39h1 was determined by qRT-PCR. The fold change data were calculated from the DDCt values. All qRT-PCR reactions were conducted in triplicate and repeated

twice. Asterisks (*) denotes significant (P< .05), (**) denotes significant (P< .01), and (***) denotes significant (P< .001) difference from control.
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accumulation of satellite DNA mRNA transcripts may lead to
structural chromosomal aberrations.

Metaphase spreads with representative structural aberration
are shown in Figure 6. We observed a significant (P< .01; Z value
5.68; Supplementary Table 2) increase in structural chromoso-
mal aberrations after exposure to the high dose of soil dust for
72 h (24.76% vs 3.45% in control, Table 2). At the same time, 72 h
treatment with the high dose of road dust caused no significant
(P> .05; Z value 1.37) increase in structural aberration (7.53% vs
3.45% in control). Increase in structural chromosomal aberra-
tions was also not observed after exposure to the high dose of

pollen (5.83% vs 3.45% in control, Table 2). These data clearly
indicate that soil dust has a substantial effect on chromosome
damage in comparison to other PM investigated in this study.
Among different types of structural aberrations scored, CTBs
were most prevalent, while CTEs were completely absent in dif-
ferent treatment groups (Table 2).

DISCUSSION

In this study, we demonstrate that exposure to 6 common types
of PM—soil dust, road dust, agricultural dust, traffic exhausts,

FIG. 6. Exposure to soil dust leads to chromosomal aberrations in RAW264.7 cells. Photomicrograph showing different structural aberrations induced in RAW cells after

treating with different concentrations of particulate matter. The aberrations were indicated by arrows. A, normal metaphase spread with 40 chromosomes, (B) karyo-

type of the normal metaphase showing all acrocentric chromosomes, (C) acentric fragment (acentrics), (D) chromatid-type breaks (CTB), (E) dicentric chromosome

(Dic), and (F) Robertsonian translocation (RbT).

TABLE 2. Chromosomal Aberrations in RAW264.7 Cells After Exposure to Ambient Particular Matter

Treatment Normal Aberrant Total
Scored

CTB CTE Acentrics Dic plus r RbT Total

Control 96.55 6 9.12 3.45 6 1.72 116 0.86 6 0.86 0.0 6 0.0 1.72 6 1.22 0.0 6 0.0 0.86 6 0.86 3.45 6 1.72
(112) (4) (1) (0) (2) (0) (1) (4)

Soil dust 95.83 6 8.94 4.17 6 1.86 120 3.33 6 1.67 0.0 6 0.0 1.67 6 1.18 0.0 6 0.0 0.83 6 0.83 5.83 6 2.20
5 mg/ml (115) (5) (4) (0) (2) (0) (1) (7)
Soil dust 50 mg/ml 75.24 6 8.46 24.76 6 4.86 105 28.57 6 5.22 0.0 6 0.0 7.62 6 2.69 0.95 6 0.95 0.0 6 0.0 37.14* 6 5.95

(79) (26) (30) (0) (7) (1) (0) (38)
Road dust 5 mg/ml 93.33 6 8.31 6.67 6 2.22 135 2.96 6 1.48 0.0 6 0.0 0.74 6 0.74 1.48 6 1.05 1.48 6 1.05 6.67 6 2.22

(126) (9) (4) (0) (1) (2) (2) (9)
Road dust 50 mg/ml 92.47 6 7.96 7.53 6 2.27 146 4.11 6 1.68 0.0 6 0.0 2.05 6 1.19 0.68 6 0.68 0.68 6 0.68 7.53 6 2.27

(135) (11) (6) (0) (3) (1) (1) (11)
Pollen 94.17 6 8.86 5.83 6 2.20 120 4.17 6 1.86 0.0 6 0.0 0.83 6 0.83 0.83 6 0.83 0.0 6 0.0 5.83 6 2.20
50 mg/ml (113) (7) (5) (0) (1) (1) (0) (7)

Aberration percentage 6 SE (total number aberration observed) detected in RAW cells after 72 h of exposure to different concentrations of PM. Standard errors on the

aberration percentage were calculated by Ha/A, where “a” is the number under consideration, and “A” is the total number of cells analyzed (Lee et al., 2005). The

abbreviations used for chromosomal aberrations are according to international nomenclature (ISCN, 1978). CTB, chromatid-type break; CTE, chromosome-type

exchange; Dic plus r, dicentric chromosomes plus ring chromosomes; RbT, Robertsonian translocation. Asterisks (*) denotes significant (P< .001) difference from

control.
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biomass burning, and pollen—can exhibit differential
biological effects in an in vitro experimental system. These
effects were characterized by the differences in PM’s abilities
to induce cytotoxicity and oxidative damage to DNA, as
well as changes in DNA methylation and expression of
transposable elements and satellite DNA and DNA methylation
machinery.

Fe was a major component in all PM types, and the carbohy-
drate compounds dominated the organic PM fraction. Al contri-
bution to PM was high in soil, road, and agricultural dust but
only traces were measured in the other four PM types.
Furthermore, soil dust particles had a higher content in com-
pounds with unsaturated aliphatic functional groups that can
be oxidized in the presence of free radicals. Metals, such as Cu,
Fe, and Al, present in particles can lead to inflammatory
responses, oxidative stress, and may also affect the methylation
and expression of repetitive elements (Jalava et al., 2009;
Miousse et al., 2015).

Exposure to six types of PM was characterized by different
extents of oxidative potential. Soil dust caused the highest
effects exhibited as a significant and persistent overexpression
of genes, indicative of cellular response to oxidative stress,
induction of ROS, and obliterated cellular respiration. Effects of
exposure to road dust were less persistent and did not result in
the induction of ROS. At the same time, exposure to a high dose
of biomass burning has led to persistently increased gene
expression but did not result in accumulation of ROS. Pollen did
not cause gene expression alterations, induction of reactive
oxygen species, or changes in cellular mitochondrial
respiration.

Presence of metals and their high oxidative potential may
affect DNA methylation machinery (Fragou et al., 2011). We
report that exposure to soil and road dust results in persistent
dose-dependent decrease in DNMTs expression, in agreement
with the recent study reporting dose-dependent loss of DNMTs
in RAW264.7 cells after exposure to ambient PM (Miousse et al.,
2014a).

At the same time, increased nuclear methyltransferase
enzymatic activity was observed in the exposed cells and these
results were confirmed by increased protein levels of Dnmt1.
One of the possible explanations of this may be the initiation of
transcription from alternative transcription start sites which
was not detectable using the current assays. This may also
explain the lack of substantial alterations in DNA methylation
within the retrotransposons. Furthermore, Tet2 and Tet3 meth-
ylcytosine deoxygenases were downregulated by exposure to
PM, suggesting a possible decline in the 5-methylcytosine to 5-
hydroxymethylcytosine conversion rates. The observed altera-
tions in DNA methylation were not uniform, resembling both
hypo- and hypermethylation patterns. Similarly, the most
recent studies report nonuniform responses to in vitro exposure
to PM (Miousse et al., 2014a) as well as in human studies (Jiang
et al., 2014).

Transcriptional activation of SINE elements in response to
environmental exposure has been documented (Miousse et al.,
2014b; Rudin and Thompson, 2001). Similar to these reports, we
observed increases in mRNA levels of SINE B2 elements 24 h
after exposure. However, analysis of their expression at 72 h
revealed the transcriptional silencing of both SINE elements in
almost all groups of treatment. Likewise, decreased expression
of L1 ORF1 and ORF2 was observed at 72 h. These findings sug-
gest that activation of retrotransposons is rather an early and
not necessarily a persistent event that may be followed by their
transcriptional silencing.

Satellite DNA, represented as major and minor satellites in
mice, are the centromeric- and pericentromeric-specific
sequences and the major components of heterochromatin that
act as a centromere-building element (Ugarkovic, 2005). Here,
we report hypomethylation of major and minor satellites in
cells exposed to soil dust at 72 h paralleled by persistent overex-
pression of both satellite repeats. Furthermore, we identified
decreased mRNA levels of Uhrf1, the protein needed for the
maintenance of normal patterns of DNA methylation and tran-
scriptionally silent status of major satellites (Ehrlich and Lacey,
2013; Ugarkovic, 2005) as well as decreased levels of Dnmt3b,
required for stabilization of pericentromeric satellite repeats
(Okano et al., 1999; Xu et al., 1999). Additionally, we report
decreased mRNA levels of Suv39h1, a key methyltransferase for
trimethylation of lysine 9 on histone H3 associated with silenc-
ing of pericentromeric heterochromatin (Guenatri et al., 2004).

Overexpression of pericentromeric satellite repeats has been
documented in cancer (Ting et al., 2011) and noncancerous dis-
ease (Haider et al., 2012). Accumulation of satellite DNA mRNA
transcripts, paralleled by their hypomethylation, was also
observed in vitro after exposure to ambient PM (Miousse et al.,
2014a) and in murine tissues after inhalational exposure to 1,3-
butadiene (Koturbash et al., 2011). As centromeric and pericen-
tromeric RNAs serve as key players for heterochromatin forma-
tion, the observed alterations in methylation and expression of
satellite DNA may significantly affect normal chromatin assem-
bly and result in chromosomal aberrations (Bouzinba-Segard
et al., 2006; Ehrlich et al., 2003; Tsuda et al., 2002). Indeed, we
identified that exposure to 50 mg/ml of soil dust had led to an
increase in chromosomal aberrations, 9.5-fold higher than the
background aberration percentage. Although expression of
major and minor satellites after exposure to road dust was
higher than after exposure to soil dust, and expression of Uhrf1,
Dnmt3b, and Suv39h1 was diminished, both satellite repeats
were heavily methylated in response to exposure to road dust,
while exposure to soil dust led to satellite DNA hypomethyla-
tion. These findings suggest that loss of satellite DNA methyla-
tion in concert with loss of Uhrf1, Dnmt3b, and Suv39h1 and
subsequent reactivation of the satellite repeats may lead to
altered centromeric heterochromatin status and chromosomal
aberrations. Exposure to pollen, despite the exhibited high cyto-
toxicity at both doses, led to subtle epigenetic alterations and
did not result in chromosomal aberrations in vitro.

Conceptually, in vitro toxicological assessments are limited
by the type of used cell lines, exposure magnitude, and concen-
trations. We used a well-characterized cell line extensively used
in PM in vitro toxicity studies (Jalava et al., 2007, 2008, 2009; Lu
et al., 2015; Michael et al., 2013; Steenhof et al., 2011). This
allowed us to corroborate the experimental conditions and find-
ings of previously published research as well as perform a
detailed evaluation of the effects on the cellular epigenome of
different PM types. Exposure concentrations were also consis-
tent with those previously used for this cell line (Loxham et al.,
2015; Miousse et al., 2014a; Steenhof et al., 2011). These results,
however, have to be taken with caution, because this study was
not designed specifically to evaluate the content of each type in
the ambient PM and, therefore, do not necessarily represent
real-life exposures and their outcomes. Additional limitations
are associated with the representativeness of the different types
of PM samples. A certain degree of misrepresentation of traffic
exhausts and biomass burning emissions may be due to the col-
lection of samples immediately after the release, thus, eliminat-
ing atmospheric oxidation and aging. However, the possible
effect of atmospheric aging and secondary organic aerosol
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formation is highly variable and inconsistent because of its rela-
tion to the overall atmospheric oxidative burden and distance/
time between the source and the receptor site. Also, while the
study was performed in murine cells, our recent study on the
effects of engineered nanomaterials showed congruent epige-
netic responses between the RAW264.7 and human THP-1 cells
(Lu et al., 2015).

In this study, we used the water soluble extract, as did pre-
vious in vitro PM toxicity studies of different PM types, for which
the potential effect of water-insoluble species may not be
accounted. Although the effect of particle size was not eval-
uated, particle size distribution measurements showed distinct
differences for the six PM types. Previous studies showed that
endotoxins may also contribute to the inflammatory responses
due to exposures to PM. We did not directly measure endotoxin
levels in this study; thus, their overall effect cannot be deter-
mined. However, proton resonances in the carbohydrate region
of the NMR spectra may provide information on the presence of
functional groups of O-antigen, lipid A and oligosaccharide of
endotoxins (Wu et al., 2013). The three types of soil samples had
the lowest content in carbohydrate proton as compared with
traffic exhausts, biomass burning, and pollen particles (Table 1).
The possible effect of other biological material such as (1-3)-b-
D-glucan, a glucose polymer associated with endotoxins, may
be reduced during the extraction and sample preparation and
exposure processes involving sonication. Overall, the limita-
tions of this study are associated with technical limits in par-
ticle collection and in vitro toxicity; however, they were
comparable for all particle types and to those in previous
studies.

In summary, we show that in vitro exposure to various types
of PM may cause distinct cellular, molecular, genetic, and epige-
netic alterations. The observed epigenetic changes are type-
and dose-dependent and may be persistent in nature. Finally,
we show that the most pronounced and persistent effects were
observed in response to soil dust exposure and were character-
ized by hypomethylation and accumulation of centromeric and
pericentromeric satellite DNA transcripts that led to chromoso-
mal aberrations in exposed cells.
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