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Induction of PM2.5-associated lung cancer in response to EGFR-tyrosine kinase inhibitors (EGFR-TKI) remains unclear.
Polycyclic aromatic hydrocarbons (PAHs) and their polar derivatives (oxygenated PAHs: OPAHs and azaarenes: AZAs)
were characterized in fine particulates (PM2.5) emitted from indoor coal combustion. Samples were collected in Xuanwei (Yunnan Province), a region in China with a high rate of lung cancer. Human lung adenocarcinoma cells A549
(with wild-type EGFR) and HCC827 (with EGFR mutation) were exposed to the PM2.5, followed by treatment with
EGFR-TKI. Two samples showed significant and dose-dependent reduction in the cell viability in A549. EGFR-TKI further demonstrated significantly decreased in cell viability in A549 after exposure to the coal emissions. Chrysene and
triphenylene, dibenzo[a,h]anthracene, benzo[ghi]perylene, azaarenes and oxygenated polycyclic aromatic hydrocarbons
(carbonyl-OPAHs) were all associated with EGFR-TKI–dependent reduced cell viability after 72-h exposure to the PM2.5.
The findings suggest the coal emissions could influence the response of EGFR-TKI in lung cancer cells in Xuanwei.
The PM2.5 emitted from coal combustion shows association with EGFR-TKI response in vitro, which the association can
be further linked with chrysene and triphenylene, dibenzo[a,h]anthracene, benzo[ghi]perylene, azaarenes and oxygenated
PAHs.

1. Introduction
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Lung cancer is malignant tumor due to uncontrolled cell growth in
lung tissues and a leading cause of cancer mortality. Lung carcinoma
is the second most common cancer in men and women at the United
States (CDC, 2015). Cigarette smoking is identified to be the most
common etiological risk factor for lung cancer, contributing in about
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85% of patients at the United States and Europe (Dela Cruz et al.,
2011). Nonetheless, non-smoking women in Xuanwei, China exhibited unusually high lung cancer rates (Chen et al., 2015; Hosgood
et al., 2013; Mumford et al., 1995). Clinical and pathological evidences suggested risk factors for lung cancers in non-smokers were
distinctive from smoking-related lung cancers, particularly adenocarcinoma (Molina et al., 2008). Xuanwei is renowned for studying
lung cancer and environmental risk factors related research due to its
recorded highest lung cancer in women, and the majority of those are
non-smokers (Chen et al., 2015). Domestic fuel combustion, such as
indoor coal burning, was considered to be a risk factor in previous
studies (Barone-Adesi et al., 2012; Hosgood et al., 2013); however,
the actual inducing factor could be somewhat different (e.g. by-products in the coal combustion). A past study showed mutations in the
epidermal growth factor receptor (EGFR) gene were associated with
lung cancer prevalence in non-smoking women at Xuanwei (Hosgood
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weight of the stove included with the coal samples was recorded. All
biomass materials were completely removed from the stove at outdoor
prior to extinguish the fire. A pot containing 2 kg of water at room
temperature was placed above the stove. Coal lumps melted and coagulated during combustion, which could extinguish the fire. To simulate cooking practices, the fire was stroked and poked to ensure efficient air ventilation through the coal lumps in every 20 min during
combustion. More coal was added to the stove in every 20 min. Water was heated up to boiling point during the heating process. The
complete heating process required 30–60 min depending on different
types of coal. The ashes were weighed after each combustion cycle.
The combustion cycle was consistent with household coal-burning activities typically used in Xuanwei (approximately 1 h). The fire was
re-used for experiments with the same type of coal. Before switching
samples, the fire was extinguished using a water sprayer. The weight
of the coal and water was recorded in every 10 min during the experiment.

2. Materials and methods

Two mini-volume portable air samplers with program function
(Mini-vol, Airmetrics, Eugene, OR, USA) operating at uniform flow
rates of 5 L/min were used to collect particulate matter (PM) samples
(from air originating from stove) during the coal combustion cycle.
The samples were collected on 47 mm-diameter quartz microfiber filters (for chemical analyses) and Teflon membranes (for bioreactivity),
which were separately loaded in a PM less than 2.5 μm (PM2.5) inlet
cassette on the Mini-vol. The air was purged through a PM10 impactor,
and the coarse particles were filtered; subsequently, particulate matters >PM2.5 were filtered through a PM2.5 impactor and loaded on filter substrates. The filters were fully loaded in short time due to high
amount of smoke emitted during combustion.
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2.2. PM2.5 sampling
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2.1. Coal combustion
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et al., 2013). Mutations in EGFR exons 18 and 21 are recognized
to be sensitive to emissions from coal combustion (Hosgood et al.,
2013). Lung cancer patients with EGFR mutations show effective response to EGFR-tyrosine kinase inhibitors (EGFR-TKIs) (Chen et al.,
2010), whereas lung cancer patients with mutation in the Kirsten rat
sarcoma viral oncogene homolog gene (KRAS) demonstrate inferior
response to EGFR-TKI (Langer, 2011). Arrieta et al. (2008) observed
the lung cancer patients with history of exposure to biomass burning exhibited positive response to EGFR-TKIs and improved progression-free survival (Arrieta et al., 2008). Coal combustion emits polycyclic aromatic compounds (PACs), such as polycyclic aromatic hydrocarbons (PAHs), oxygenated PAHs (OPAHs) and nitrogen heterocyclic polycyclic aromatic compounds (azaarenes), which are all
considered to be toxic, mutagenic, and carcinogenic (IARC, 2010;
Simoneit et al., 2007). Pulmonary exposure to PAHs could increase
lung cancer prevalence in China by 1.6 times (Wang et al., 2012;
Zhang et al., 2009). The objectives of this study were to investigate
the effects of PM2.5 emitted from coal combustion on EGFR-TKI response in vitro and evaluate the relationships between PM2.5-bound
PACs and EGFR-TKI response.

2.3. Analyses of polycyclic aromatic compounds
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Coal combustion experiments were conducted in an un-connected,
single room located at Shangzuosuo village in Xuanwei County, Qujing, Yunnan Province, China, between November 2012 and January 2013. The room volume was approximately 42.6 m3 (5.9 m long,
3.8 m wide and 1.9 m high). The air change rate in the room was monitored continuously by measuring the first order carbon dioxide decay
using a Q-Trak™ indoor air quality monitor (model 8550; TSI Inc.,
Shoreview, MN, USA) installed in the kitchen area in the room. The
air change was set as 6.9 h−1. All doors and windows in the living
room were fastened during the experiment.
A laboratory stove (with internal diameter of 15 cm) was used to
simulate the firepits used for coal-burning activities in daily basis. The
stove mass, biomass (containing dried sugar cane and corn stock for
fire purpose), and masses of coal samples were all measured to maintain consistency throughout the experiment. The coal samples in a
range of 0.5–4 kg was used for each combustion process. Large coal
samples were harmonized to a size range of 4–8 cm in diameter in order to facilitate combustion.
Four types of coal samples (DSFZK9, DSFZK3, ZJB3, and YTB2)
were combusted, and the air particulate matter was simultaneously
collected. Four types of coal were tested for emissions. The samples were labeled A–D and were collected from different locations,
Dongshan (K9) (Latitude: 26.143951, Longitude: 104.150282) Zhaojiachong (B3) (Latitude: 26.435658, Longitude: 104.26772), Dongshan (K3) (Latitude: 26.143951, Longitude: 104.150282), and Laibin
(B2) (Latitude: 26.3153292, Longitude: 104.1591844), in Xuanwei.
The coal seams from which the samples were collected are denoted
in parentheses. Each coal sample was combusted in triplicates. Small
amount of biomass material was added with the aid of setting fire
in outdoor environment, in addition with using a blower and chimney to ensure kindling. The air was purged through the stove inlet
to supply oxygen for combustion, and the chimney was located on
top of the stove to enhance stack effect. After full kindling (approximately 5 min after the initial ignition), approximately 2 kg of coal
samples were added to the stove. Ten minutes from the initial ignition, the remaining coal samples were also added. The stove was immediately transferred to the kitchen and positioned on a balance. The

The concentrations of 29 PAHs and 17 oxygen-containing polycyclic aromatic hydrocarbons (OPAHs) and 3 azaarenes (Table S1)
were determined for each filter. Filters were cut in small pieces,
transferred in a 33 mL-accelerated solvent extractor (ASE) cell, and
spiked with 100 μL of mixture of 7 deuterated-PAHs (10 μg/mL naphthalene-D8, acenaphthene-D8, phenanthrene-D10, pyrene-D10, chrysene-D12, and benzo[ghi]perylene-D12 each), 50 μL of 2 deuterated-OPAH (20 μg/mL each of benzophenone-D5, 9,10-anthraquinone-D8), 2-naphthol-D7 (20 μg/mL), and carbazole-D8
(20 μg/mL) as the internal standard for PAHs, carbonyl-OPAHs, hydroxyl/carboxyl-OPAHs and azaarenes, respectively. The remaining
spaces within each ASE cell were filled with inert bulk solvent
(Isolute HMN, Biotage, Uppsala, Sweden). Each sample was extracted
twice by pressurized liquid extraction using an accelerated solvent
extractor (ASE 200, Dionex, and Sunnyvale, CA, USA).
Dichloromethane was used as solvent for the first extraction, and a
mixture of acetone: dichloromethane (2:1 v/v) was used for the second extraction. The instrument conditions of ASE were the same as
specified elsewhere (Bandowe and Wilcke, 2010). The two extracts
obtained from each sample were combined; 15 mL of hexane was
added and concentrated to a volume <1 mL using a TurboVap II Concentrator Workstation (Biotage, Charlotte, NC, USA) operating at a
water bath temperature of 35 °C pressurized with N2 gas at pressure
of 15 Psi. Each extract was then transferred unto a column containing 3 g (10% deactivated silica gel). Target compounds from each
column was eluted sequentially with 15 mL hexane: dichloromethane
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with the real samples. The target PACs were frequently not detected in
the blanks or when detected only at trace levels. Under detection, the
average masses were deducted from the mass of the target compound
in the real samples before calculating the concentrations. The mass of
target compound that was higher than the baseline noise by a factor of
3 (S/N = 3) is defined as the limit of detection (LOD). Masses of target compounds in extracts of samples that were below the LOD were
denoted as “non-detected (N.D.)”.
2.4. Cell culture

PR

Human lung adenocarcinoma cells A549 (with wild-type EGFR)
and HCC827 (with EGFR mutation) obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) were seeded
in surface-treated, 96-well transwells at a density of 1 × 105 cells/mL
and incubated for 24 h (BD Biosciences, Oxford, UK). The cells were
cultured in RPMI containing 10% fetal bovine serum, penicillin and
streptomycin and were incubated under 37 °C, 95% humidity, and 5%
CO2.
2.5. Experimental designs

Methanol-PM2.5 extracts were performed as described previously
using two stages sonication in methanol (Chuang et al., 2013). The extracts were dried using sterile nitrogen stream and reconstituted using
dimethyl sulphoxide (<0.01% volume) in RPMI. The samples were
stored at 4 °C and used within one week after the preparation. The
three experimental designs used in this study are shown in Fig. 1.
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(5:1 v/v), followed by 8 mL dichloromethane, and 5 mL acetone.
The eluates were collected in flasks, spiked with a few drops of
toluene (as keeper), rotary evaporated to < 1 mL volume. Each extract was then transferred into 2 mL GC-vials after spiking 50 μL of
fluoranthene-D10 (22 μg/mL as recovery standard). PACs in extracts
of samples, blanks and calibration standards were measured with a
gas chromatograph (GC: 7890 N, Agilent) coupled to a mass spectrometer (MS: 5975 C, Agilent, Santa Clara, CA, USA). PAHs, carbonyl-OPAHs/azaarenes and hydroxyl/carboxyl-OPAHs were measured in separate runs using GC-MS procedures as previously specified. Hydroxyl and carboxyl-OPAHs were first derivatized with
BSTFA: TMCS (99:1 v/v) before GC-MS measurements (Bandowe
and Wilcke, 2010; Bandowe et al., 2014). Further details of the instrumental specifications of the GC–MS system, target, and qualifier ions for each compound were the same as specified in the literature (Bandowe and Wilcke, 2010). GC–MS data were recorded and
processed using Agilent ChemStation software. The internal standard
quantification procedure was adopted to set up calibration curves and
quantified compound concentrations in all samples and blanks.
Several quality control and assurance measures were applied
throughout the PAC analyses. High purity (HPLC grade) solvents
were used for all extractions, rinsing, and preparation of standards.
Laboratory glassware, metal ware and metallic parts of the ASE extraction cells and were washed with a washing machine, and baked in
an oven 250 °C (for 24 h) before being used. Glassware was further
rinsed with high purity HPLC grade solvents immediately before use.
Blanks made of inert bulk sorbent (Isolute HMN, Biotage, Uppsala,
Sweden) were extracted and their PACs content analyzed together

3

Fig. 1. Summary of the experimental designs for determining differences in EGFR-TKI response affected by PM2.5 emitted from coal combustion. In experiment 1, the PM2.5 samples
and EGFR-TKI were added in culture medium and A549 and HCC827 were cultured for 24 h. Furthermore, A549 and HCC827 were exposed to the PM2.5 samples (25 μg/mL) and
EGFR-TKI (0.1 μM) for 0, 24, 48, and 72 h. In experiment 2, A549 were exposed to the PM2.5 samples for 72 h followed by 0.1 μM EGFR-TKI treatment. In experiment 3, A549
were exposed to the PM2.5 samples for 48 h twice, followed by 0.1 μM EGFR-TKI treatment. Each experiment was sextuplicated.
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The highest concentration is in DSFZK9 and lowest in DSEZK3.
The most abundant PAHs in the PM2.5 samples were phenanthrene,
1-methylphenanthrene,
pyrene,
benzo[a]anthracene,
benzo[b + j + k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, and
benzo[ghi]perylene. The highest concentration of the ∑hydroxyl + carboxyl-OPAHs was in YTB2 (23,943 ng/m3) and lowest in
DSFZK3 (8381 ng/m3). 2-Napthol was the most abundant hydroxyl/
carboxyl-OPAH compound in all samples. The average concentration of the ∑carbonyl-OPAHs was 53,352 ng/m3, with the highest
and lowest concentrations identified to be in YTB3 and DSFZK3 respectively. The carbonyl-OPAHs mixtures were dominated by 9-fluorenone, 9,10-anthraquinone, and 7H-benz[e]anthracene-7-one. The
concentrations of ∑azaarenes averaged in 26,494 ng/m3 with the
highest and lowest reported to be YTB3 and DSFZK3, respectively.
The most abundant component in azaarenes mixtures was carbazole.

2.6. Cell viability

The three experimental designs used in this study are shown in
Fig. 1. In the present study, A549 with wild-type EGFR and HCC827
with EGFR mutation were used. First, EGFR-TKI and PM2.5 emitted from the four types of coal samples were added in the culture
medium and cultured for 24 h (Fig. 2a). HCC827 were more sensitive to EGFR-TKI than A549, which caused 49% reduction in cell
viability at 0.1 μM EGFR-TKI. Cell viability in A549 and HCC827
showed significantly decreased dose-dependently. PM2.5 emitted from
the ZJB3 and YTB2 samples showed significantly reduced cell viability in both types of cells, specifically at ≥12.5 μg/mL (P < 0.05), compared with reduction caused by PM2.5 emitted from the DSFZK9 and
DSFZK3 samples.
The time-dependent response of cell viability after exposures to
0.1 μM EGFR-TKI and 25 μg/mL PM2.5 are shown in Fig. 2b.
EGFR-TKI substantially reduced cell viability in HCC827 after 48 h
of exposure (13.5%), whereas cell viability decreased by 49.7% in
A549 after exposure for the same duration. Cell viability significantly
reduced in the HCC827 after 24 h of exposure to PM2.5 emitted from
the ZJB3 and YTB2 samples compared with the reduction in A549 exposed for the same duration to PM2.5 emitted from the DSFZK9 and
DSFZK3 samples (P < 0.05); however, no significant difference was
observed in the reduction of cell viability after 72-h exposure to PM2.5
emitted from the four coal samples. Due to the decrease in cell viability caused by the PM2.5 in HCC827, the repeat exposure experiment
following EGFR-TKI treatment was not conducted.
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3.2. Cell viability after PM2.5 exposure (experiment 1)
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A sulforhodamine B colorimetric assay was used for determining
cell viability according to a previously established method (Vichai
and Kirtikara, 2006). Briefly, cells were fixed with 10% (w/v)
trichloroacetic acid and stained for 30 min. The protein-bound dye
was dissolved in a 10 mM Tris-base solution after removing the excess dye, and optical density (OD) was measured at 510 nm using a
microplate reader. Cell viability was presented in percentage after adjustment for the control.

F

In experiment 1, A549 and HCC827 were treated for 24 h with 200 μL
of the PM2.5 samples at 0, 6.25, 12.5, 25, 50, and 100 μg/mL and
EGFR-TKI (Iressa; Tocris Bioscience, Bristol, UK) at 0, 0.0001,
0.001, 0.01, 0.1, 1, 2, 5, and 10 μM. To evaluate the time-dependent
response, A549 and HCC827 were treated with 200 μL of the PM2.5
samples at 25 μg/mL and EGFR-TKI at 0.1 μM for 0, 24, 48, and
72 h. In experiment 2, A549 were treated with 200 μL of the PM2.5
samples at 0 (control) and 25 μg/mL for 72 h. After the cells regrew
to confluency, 0.1 μM EGFR-TKI was added to the culture medium,
and the cells were incubated for an additional 24 h. In experiment 3,
A549 was treated with 200 μL of the PM2.5 samples at 0 (control) and
25 μg/mL for 48 h. After the cells regrew to confluency, 48-h exposures of 0 (control) and 25 μg/mL PM2.5 samples were repeated. After
the cells regrew to confluency, 0.1 μM EGFR-TKI was added to the
culture medium, and the cells were incubated for an additional 24 h.
Each experiment was sextuplicated. Concentrations of PM2.5 that produced 50% cell death were chosen.

2.7. Statistical analyses

RE

Statistical analyses were performed using GraphPad Version 5 for
Windows. The Shapiro-Wilk test was used to test for normality. For
comparing multiple values, one-way analysis of variance (ANOVA)
and the Tukey post hoc test was used. Spearman correlation coefficient was applied for examining the correlation of cell viability after
72-h and two 48-h exposures to chemical levels (ng PACs/μg PM).
P < 0.05 was considered significant.
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3. Results
3.1. Characterization of PACs in emitted PM2.5

Table 1 summarizes the concentration of 29 PAHs, 4 hydroxylor carboxyl-OPAHs, 13 carbonyl-OPAHs, and 3 azaarenes bound to
PM2.5 emitted from the combustion of 4 types of coal samples (DSFZK9, DSFZK3, ZJB3, and YTB3). Further details of these chemical
compounds are listed in the supplementary materials Table S2.
The average concentration of the ∑PAHs in PM2.5 emitted from
the 4 types of coal was 282,003 ng/m3 (range: 153,730–375,722).

3.3. Cell viability after 72 h exposure to emissions from the PM2.5
samples in response to EGFR-TKI (experiment 2)
To investigate the effects of PM2.5 exposure on the EGFR-TKI
treated cells, A549 were incubated for 72 h with the four PM2.5 sam

Table 1
Concentration [ng m−3] of polycyclic aromatic compounds bound to PM2.5 emitted from the four types of coal that are commonly used in Xuanwei, China.
Sum of PAC group

∑29 PAHs
∑Hydroxyl + Carboxyl-OPAHs
∑Carbonyl-OPAHs
∑Azaarenes
ND: non-detected.

DSFZK9

DSFZK3

ZJB3

YTB2

375,722 ± 150132
17,732 ± 11151
64,439 ± 31014
34,201 ± 18019

153,730 ± 39828
8381 ± 9273
25,281 ± 8279
13,060 ± 5062

236,463 ± 99275
10,061 ± 3258
36,860 ± 17604
18,451 ± 8765

362,095 ± 59473
23,943 ± 10000
86,826 ± 12958
40,263 ± 11610
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Fig. 2. Effects of PM2.5 emitted from the four coal samples and EGFR-TKI response on cell viability. (a) To determine the dose-dependent effect, 200 μL of the PM2.5 samples at 0,
6.25, 12.5, 25, 50, and 100 μg/mL and EGFR-TKI at 0, 0.0001, 0.001, 0.01, 0.1, 1, 2, 5, and 10 μM were added in the culture medium and A549 and HCC827 were cultured for 24 h.
(b) To determine the time-dependent effect, 200 μL of the PM2.5 samples at 25 μg/mL and EGFR-TKI at 0.1 μM were added in the culture medium and A549 and HCC827 were
cultured for 0, 24, 48, and 72 h.

incubated with PM2.5 emitted from the four samples at a concentration of 25 μg/mL for 48 h following 24-h incubation with 0.1 μM
EGFR-TKI. PM2.5 emitted from all DSFZK9, DSFZK3, ZJB3, and
YTB2 samples significantly (P < 0.05) reduced cell viability after
EGFR-TKI treatment, which were 47% ± 9%, 40% ± 4%,
46% ± 5%, and 44% ± 6%, respectively (Fig. 3b).
3.5. Associations between PAHs, hydroxyl- or carboxyl-OPAHs,
azaarenes, and carbony-OPAHs and cell viability
Associations between PAHs, hydroxyl- or carboxyl-OPAHs,
azaarenes, and carbonyl-OPAHs and cell viability in cells exposed to
PM2.5 emitted from the 4 coal samples for 72 h and repeated 48 h are
shown in Fig. 4. Firstly, the probable human carcinogens indicated by
the USEPA (shown in Table S2) were correlated to the cell viability
after 72-h and twice 48-h exposure (Fig. 4a). Chrysene and tripheny

RE

ples at a concentration of 25 μg/mL following 24-h incubation with
0.1 μM EGFR-TKI; the cell viability data are presented in Fig. 3a.
We observed that the decrease in cell viability after EGFR-TKI treatment in the cells exposed to PM2.5 emitted from the DSFZK9 sample
was significantly less (38% ± 6%; P < 0.05), whereas the EGFR-TKI
treated cells exposed to PM2.5 emitted from the ZJB3 sample
(114% ± 10%; P < 0.05) was significantly high. Exposures of PM2.5
emitted from the DSFZK3 (88% ± 6%) and YTB2 (85% ± 17%) samples for 72 h had no significant effects on cell viability after
EGFR-TKI treatment.
3.4. Cell viability after two 48-h exposures to PM2.5 in response to
EGFR-TKI (experiment 3)

UN
CO
R

To determine the effect of repeated exposure to PM2.5 emitted
from the four coal samples on EGFR-TKI treated cells, A549 were

Fig. 3. Effects of PM2.5 emitted from the four coal samples on cell viability in EGFR-TKI treated cells. (a) A549 were exposed to 200 μL of the PM2.5 samples at 0 (control) and
25 μg/mL for 72 h. After cells regrew to confluency, 0.1 μM EGFR-TKI was added in the culture medium and the cells were cultured for additional 24 h. A549 showed improved
response to EGFR-TKI after the exposure to PM2.5 emitted from the DSFZK9 sample. (b) A549 was exposed to 200 μL of the PM2.5 samples at 0 (control) and 25 μg/mL for 48 h
twice. After cells regrew to confluency, 0.1 μM EGFR-TKI was added to the culture medium and the cells were cultured for additional 24 h; A549 were sensitive to EGFR-TKI after
this treatment.
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4. Discussion

cant amounts of combustion-derived PAHs, hydroxyl- or carboxyl-OPAHs, azaarenes, and carbonyl-OPAHs bound to PM2.5 emitted from the four coal samples. PAHs emitted from coal combustion
have been previously characterized (Downward et al., 2014; Wang et
al., 2015). Limited information is however available on the concentrations and profiles of OPAHs and azaarenes in emissions from combustion of coal and in indoor environments. Azaarenes are considered as chemical markers for coal combustion, while OPAHs are additionally produced from the photochemical, thermochemical and microbial/enzymatic transformation of emitted PAHs (Bandowe et al.,
2014). The largest percentage of particulate matter bound-PACs emitted into the atmosphere of indoor and outdoor environments are bound
to the potent PM2.5 fraction (Albinet et al., 2008; Ringuet et al., 2012).
Previous studies reported that higher acute toxicity, carcinogenicity
and mutagenicity of polar extracts (containing OPAHs and azarenes)
from combustion emissions/environmental matrices and some of polar PACs (azarenes and OPAHs) compared to non-polar fractions and
individual PAHs (Bandowe et al., 2014; Walgraeve et al., 2010). In
addition, oxidative stress induced by OPAHs could be possibly associated with particle toxicity (Benbrahim-Tallaa et al., 2012). Earlier studies on emissions from coal combustion at Xuanwei detected
higher mutagenicity (Ames test) in the polar fractions and also demonstrated higher concentrations of dibenz[a,j]acridine (an azaarene) and
alkyl-PAHs in smoky coal emissions (Mumford et al., 1987). These
studies suggested that polar PACs and alkyl-PAHs could play important roles in the mutagenicity of smoky coals combustion emissions in the region, but to the best of our knowledge most subsequent
studies have only continued to focus on the unsubstituted PAHs or
benzo[a]pyrene (Tian et al., 2009). Therefore, investigating the role of
polar-PAHs and their toxicity in the emissions is essential to understand the causes of lung cancer in Xuanwei.
An epidemiological study showed that coal combustion is associated with development of lung cancer in the Xuanwei region in
China, particularly causing EGFR and KRAS mutations in women
(Hosgood et al., 2013). To understand the role of EGFR-TKI response in cells exposed to PM2.5 emitted through coal combustion,
A549 with wild-type EGFR and HCC827 with EGFR mutation, both
of which are commonly used for EGFR-associated lung cancer studies, were used in this study (Fujii et al., 2015; Lee et al., 2013).
The effects of four PM2.5 samples on cell viability in A549 and HCC827 were investigated. The dose- and time-dependent experiments
showed that A549 were more sensitive than the HCC827 to PM2.5
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lene, dibenzo[a,h]anthracene and benzo[ghi]perylene were negatively
correlated to cell viability after 72-h exposure (P < 0.05), but not in
twice 48-h exposure. The ∑azaarenes and ∑carbonyl-OPAHs were
also negatively correlated to cell viability after 72-h exposure (Fig.
4b; correlation coefficient of −0.57; P < 0.05 for both). Total PAHs
and hydroxyl- or carboxyl-OPAHs were not correlated with cell viability after 72-h exposure. In addition, PAHs, hydroxyl- or carboxyl-OPAHs, azaarenes, and carbonyl-OPAHs were not correlated to
cell viability after two 48-h exposures.

PR

Fig. 4. Associations between polycyclic aromatic compounds and cell viability. Associations between (a) benzo[a]anthracene, chrysene and triphenylene, benzo[b + j + k]fluoranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene, benzo[ghi]perylene, (b) PAHs, hydroxyl- or carboxyl-OPAHs, azaarenes, and carbonyl-OPAHs and cell
viability after 72-h and two 48-h exposures to emissions from the PM2.5 samples. Chrysene and triphenylene, dibenzo[a,h]anthracene, benzo[ghi]perylene, azaarenes and carbonyl-OPAHs were negatively correlated to cell viability after 72-h exposure.
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Mutations in EGFR are linked to pulmonary exposure to PM2.5
emitted from coal combustion; however, biological evidence identifying relevant environmental factors for lung cancer are scarce. In this
study, we propose that PM2.5 emitted from coal combustion was associated with EGFR-TKI response in vitro. Three major findings are
reported in the present study: (1) PM2.5 emitted from two types of coal
significantly and dose-dependently reduced cell viability in A549, (2)
cell viability in A549 exposed to four PM2.5 samples significantly decreased and (3) Chrysene and triphenylene, dibenzo[a,h]anthracene,
benzo[ghi]perylene, azaarenes and carbonyl-OPAHs were associated
with a decrease in cell viability after 72-h exposure to the PM2.5 samples followed by EGFR-TKI treatment.
Coal is commonly used as fuel for domestic purposes worldwide;
however, coal combustion increases levels of PM2.5 in indoor environment. Shao et al. (2016) have demonstrated that raw coal compositions had good correlation with the biological effects of coal burnt
particles (Shao et al., 2016). Previous studies showed that PM emitted from coal combustion contained significant amount of known carcinogens and mutagens, such as PAHs, OPAHs and azaarenes (Bi et
al., 2008; Liu et al., 2015). Notably, Lan et al. (2008) have shown
that the lung cancer risks in Xuanwei were associated with the use
of bituminous coal (as opposed to anthracite coal), suggesting the
types of coal samples (such as bituminous coal) might result in geographical variation in lung cancer incidence (Lan et al., 2008; Shao
et al., 2013). The four types of coals samples (DSFZK9, DSFZK3,
ZJB3, and YTB2) obtained from difference areas are commonly used
in Xuanwei, China, where lung cancer prevalence is high (Chen et al.,
2015). The combustion of these four types of coal samples were performed in an experimental room by using a laboratory stove as described by previous report (Tian et al., 2008). We observed signifi

Environmental Pollution xxx (2016) xxx-xxx

5. Conclusions

PR

OO

F

inducing peripheral tumors and promoting adenocarcinoma (Devesa
et al., 1991). PAH-induced DNA adducts have also been observed in
bronchoalveolar lavage sampled from residents in Xuanwei (Mumford
et al., 1993). Hosgood et al. (2013) suggested that tumors in tissues other than lungs were induced by coal combustion by-products,
such as PAHs, could potentially lead to unique mutational patterns
(Hosgood et al., 2013). Mutations in TP53 observed in non-smoking
women in Xuanwei were consistent with those induced by PAHs and
different from those observed in smoking-related lung cancer tumors
(DeMarini et al., 2001). Therefore, the PM2.5-bound azaarenes and
carbonyl-OPAHs could be crucial types of chemical compounds in response to EGFR-TKI.
The limitations and future works of this study are to: (1) characterize raw coal samples in order to understand the formation of carcinogens during the coal combustion; (2) investigate the associations
between the coal samples and lung cancer risk, in particular the EGFR
mutation; (3) conduct animal and cohort studies in order to examine
the induction of EGFR mutations after exposure to PM2.5 in coal combustion emissions.

In conclusion, PM2.5 emitted through coal combustion is possibly
associated with response to EGFR-TKI in lung cancer cells. The response is linked to the polycyclic aromatic compounds, specifically
for those such as chrysene and triphenylene, dibenzo[a,h]anthracene,
benzo[ghi]perylene, azaarenes and carbonyl-OPAHs. The outcome is
consistent with a previous study that the highest mutagenic activity
is identified in the polar fractions of coal emissions (Mumford et al.,
1987). Our findings are to give more evidences about clinical and epidemiological associations between PM2.5 emitted from coal combustion and EGFR-TKI response in lung cancer area of Xuanwei. The results are to further demonstrate the PM2.5 associations with lung cancer under coal combustion conditions at Xuanwei.
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emitted from the ZJB3 and YTB2 samples, suggesting that PM2.5
emitted from combustion of certain types of coal samples were more
toxic for A549 than for HCC827. This could be attributed to the presence of wild-type or mutated EGFR and specific chemical components. In this study, the EGFR-TKI response was further investigated
under two experimental conditions, 72-h and two 48-h exposures,
which mimicked single and repeated exposures of the coal PM2.5. Single and repeated exposures (with an interval of cell re-growth) were
used for generating >50% and approximately 50% reduction in cell
viability, respectively. Notably, A549 were sensitive to EGFR-TKI
after 72-h exposure to PM2.5 emitted from the DSFZK9 sample and
were sensitive to EGFR-TKI after two 24-h exposure to PM2.5 emitted from the four types of coal samples. The change in EGFR-TKI
response from insensitive to sensitive in A549 was associated with
byproduct PM2.5 emitted from coal combustion can be postulated in
here, which confirmed the geographical difference in lung cancer incidence and the use of coal types by Lan and colleagues (Lan et al.,
2008). Also, the results are consistent with a previous finding that exposure to wood smoke was associated with response to EGFR-TKIs in
lung cancer patients (Arrieta et al., 2012). In another study, biomass
burning was an independent factor for increased EGFR mutation frequency and decreased KRAS mutation frequency (Arrieta et al., 2012),
which can be a possible explanation about the reduction in cell viability observed in this study. Driver mutations occur in genes that encode signaling proteins that are essential for cell death regulation and
proliferation (Pao and Girard, 2011). Lung cancer patients with EGFR
mutation show positive response to EGFR-TKI (Chung et al., 2012).
EGFR mutations are associated with lung cancer in women in Xuanwei (Hosgood et al., 2013); our results re-affirm the association between EGFR-TKI response and PM2.5 emitted through coal combustion in Xuanwei. Additional experiments will be required to confirm
the induction of EGFR mutations in A549 after exposure to PM2.5 in
coal combustion emissions.
Polycyclic aromatic compounds are considered as risk factors for
carcinogenesis and have demonstrated to be associated with reduction
in cell viability in A549, as shown in this study. A previous study indicated that the coal sample YTB2 contained highest PAHs concentrations and also collected a commune with highest lung cancer rate
(Chen et al., 2015; Mumford et al., 1995), whereas the PAHs concentrations produced from DSFZK3 was not from the highest lung
cancer rate commune but also from the higher cancer rate commune
in Xuanwei. Chrysene and triphenylene, dibenzo[a,h]anthracene,
benzo[ghi]perylene, azaarenes and carbonyl-OPAHs were correlated
to EGFR-TKI regulated cell viability after 72-h exposure to PM2.5
emitted from the combustion of coal samples; however, the association was not observed in A549 exposed twice for 48 h. The difference in these results could have been caused by induction of EGFR
mutations after 72-h exposure to polycyclic aromatic compounds,
whereas exposing A549 twice for 48 h to all PM2.5 samples increased
cell response to EGFR-TKI. Three probable human carcinogens indicated by the USEPA (Chrysene and triphenylene, dibenzo[a,h]anthracene and benzo[ghi]perylene) were associated with regulation of
cell viability in A549 after 72-h exposure. The underlying mechanisms of EGFR mutations caused by PM2.5 emitted from coal combustion are unclear; however, high amounts of DNA adducts in lung tissue were observed in Chinese women who used coal for cooking purpose (Arrieta et al., 2012). The chemical composition of smoke from
coal combustion includes PAHs, which can activate cell proliferation
by regulating EGFR-related pathways and thymoma viral oncogene
homolog serine/threonine protein kinase (Burdick et al., 2003). PAHs
and their derivatives can possibly penetrate deep into the lung tissue,
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