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Abstract

Exposure to ambient air pollution has been associated with adverse health effects including lung

cancer. A recent epidemiology study has established that each 10 μg/m3 elevation in long term

exposure to average PM2.5 ambient concentration was associated with approximately 8% of lung

cancer mortality. The underlying mechanisms of how PM contributes to lung carcinogenesis,

however, remain to be elucidated. We have recently found that transition metals such as nickel and

chromium and oxidative stress induced lipid peroxidation metabolites such as aldehydes can

greatly inhibit nucleotide excision repair (NER) and enhance carcinogen-induced mutations.

Because PM is rich in metal and aldehyde content and can induce oxidative stress, we tested the

effect of PM on DNA repair capacity in cultured human lung cells using in vitro DNA repair

synthesis and host cell reactivation assays. We found that PM greatly inhibits NER for ultraviolet

(UV) light and benzo(a)pyrene diol epoxide (BPDE) induced DNA damage in human lung cells.

We further demonstrated that PM exposure can significantly increase both spontaneous and UV-

induced mutagenesis. These results together suggest that the carcinogenicity of PM may act

through its combined effect on suppression of DNA repair and enhancement of DNA replication

errors.
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Introduction

Epidemiological studies have long recognized increased mortality and morbidity in

susceptible populations during high air pollution episodes [1,2]. This finding suggests a

strong relationship between particulate matter (PM) and impairment of cardiopulmonary

function [3]. Airborne PM is a complex mixture of particles that varies not only in size and

morphology, but also in their chemical, physical, and biological characteristics. PM is
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usually described in terms of aerodynamic size as ≤ 10μm (PM10) or ≤ 2.5μm (PM2.5).

PM2.5 is dominated by products of combustion and secondary aerosols, while PM2.5–10

consists mainly of crustal, biological and mechanically-derived particle fraction components

[4]. PM of different aerodynamic sizes have a varying ability to penetrate the respiratory

system; i.e., fine particles reach the deeper regions of the lungs, whereas coarse PM may be

deposited in upper regions of the airways [5].

A recent epidemiology study has established that each 10 mg/m3 increment in long-term

exposure to ambient PM2.5 is associated with approximately 8% of lung cancer mortality

[6]. The underlying mechanisms of how PM contributes to lung carcinogenesis, however,

remain to be understood. Since many carcinogens and co-carcinogens found in tobacco

smoke (TS), such as polycyclic aromatic hydrocarbons (PAHs), transition metals, fatty

acids, and aldehydes, are present in PM2.5, which also contains ultra-fine fraction of PM

(smaller than ~0.1 μm) that originates largely from combustion and secondary atmospheric

chemistry processes, it is reasonable to hypothesize that these components contribute to PM-

related lung carcinogenesis, as they do in TS-induced lung carcinogenesis [7]. Metabolically

activated PAHs are able to damage DNA, induce mutations and initiate carcinogenesis [8–

10]. Transition metals, although poor mutagens and carcinogens by themselves, can enhance

the mutagenicity and carcinogenicity of other carcinogens such as PAHs [11]. It has been

shown that PM exposure generates not only reactive oxygen species (ROS), but also

oxidative DNA damage such as 8-oxo-deoxyguanine (8-oxo-dG) [12]. A recent study has

shown that 8-oxo-dG are the most abundant DNA adducts induced by PM [13]. These

results strongly suggest that PM causes a significant increase in oxidative stress in cells.

This elevated oxidative stress has been attributed to the transition metals in PM that may

facilitate Fenton reactions and generate ROS as well as the metabolism of aryl hydrocarbons

by detoxification enzymes that also generate ROS [13]. It has also been demonstrated that

the components in PM can induce bulky DNA adducts and oxidative bases that may induce

mutations. Indeed, ample evidence has demonstrated that ambient pollutants are able to

induce DNA adducts, mutations and tumors in animal models [14,15]. Although the half-life

of ROS is extremely short, ROS can react with different cellular components, particularly

fatty acids, generating various products including aldehydes in reaction called lipid

peroxidation (LPO). Aldehydes have longer half-lives than ROS and are very reactive with

thiol-containing proteins in cells [16]. Moreover, it is likely that the function of aldehyde-

adducted proteins will be impaired.

We have recently found that both heavy metals and aldehydes can greatly inhibit nucleotide

excision repair (NER) and consequently enhance the mutagenicity of various carcinogens

[17,18]. NER is the major DNA repair pathway in human cells and repairs most bulky DNA

adducts induced endogenously as well as by exogenous sources. It has been well established

that individuals with genetic defects in repair genes, such as xeroderma pigmentosum (XP),

suffer a 80 to 90% reduction in NER and have a 2000-fold increased incidence of skin

cancer and 10 to 20-fold increased incidence of cancer of internal organs [19,20]. These

findings led us to hypothesize that the reduction of DNA repair capacity is an important

mechanism for carcinogens and cocarcinogens to cause mutations and subsequently cancer.

Since PM contains transition metals (https://srmors.nist.gov/view_detail.cfm?srm=1649A)

and aldehydes [21,22] that we have shown can inhibit NER, it is possible that PM may
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inhibit DNA repair and this effect may contribute to lung carcinogenesis. In this study, we

tested the effect of PM on DNA repair capacity in cultured human cells using in vitro DNA

repair synthesis and host cell reactivation (HCR) assays [18]. We used size fractionated PM

(SRM 1649a) collected from Washington D.C. area by National Institute of Technology

(NIST). We found that this PM greatly inhibits NER for ultraviolet (UV) light and

benzo(a)pyrene diol epoxide (BPDE) induced DNA damage in human lung cells. We further

demonstrated that PM exposure could significantly increase both spontaneous and UV-

induced mutagenesis. These results together suggest that the carcinogenicity of PM may act

through its effect on suppression of DNA repair and enhancement of DNA replication

errors.

Materials and Methods

Preparation of fine/ultra-fine (F/U) particles

Fine/ultra-fine (F/U) particles were prepared from urban dust 1649a purchased from

National Institute of Standards and Technology (NIST), Gaithersburg, MD, using a Micro-

orifice uniform deposit impactor (MOUDI) model no. 100 (rotating) (MSP corporation,

Minneapolis, MN) operated at 30 L/min; the method was the same as previously described

[23]. The reason for choosing this dust for this study was that its composition has been

thoroughly determined. Particles were collected in discrete size ranges by passing the

aerosol through a number of stages in series, with each subsequent stage collecting particles

smaller than the one before it. The F/U fraction was collected on the after-filter, which is a

PTFE (polytetrafluoroethylene) membrane with a PMP (polymehtylpentene) ring (Pall

Corporation, East Hills, NY) with a cut-off size of 0.18 μm. The amount of PM collected on

the PTFE filters were determined by weighing the filters before and after particle collection

in a temperature and humidity controlled weighing room.

Preparation of PM suspension

The membrane part of filter was removed by cutting out the plastic rim using sterile forceps

and scissors. PM suspension was then prepared by sonicating the serum free medium

containing the filter using a Branson Sonifier 450 (20 pulses at #3 output control and 30%

duty cycle). The total suspended particles (TSP), the original non-size fractionated 1649a,

suspension was prepared by mixing the weighed amount of TSP with serum free medium.

Cells culture and cell viability assay

Human lung adenocarcinoma cells (A549) (American Type Culture Collection, Manassas,

VA) were grown in DMEM medium supplemented with 10% fetal bovine serum.

Logarithmically growing A549 cells were subjected to treatment with various concentrations

of the TSP or the F/U fraction of PM (0.18 μm and lower) in DMEM (Dulbecco's modified

eagle's medium) for 24 h at 37°C. Cell toxicity was examined in two ways. First, treated

cells were rinsed with PBS (phosphate buffered saline, 137 mM NaCl, 2.7 mM KCl, 8.1 mM

Na2HPO4, 1.47 mM KH2PO4, pH 7.4), immediately trypsinized and treated with trypan blue

dye, and examined under light microscope as previously described [18]. Second, to

determine colony-forming ability, the trypsinized cells were seeded (400 cells/dish) in fresh

complete culture medium. After 10 days of incubation, colonies were fixed with methanol,
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stained with crystal violet and counted [17]. Colony formation ability was calculated based

on the plating efficiency of treated cells versus the plating efficiency of untreated control

cells.

Host cell reactivation (HCR) assay

The pGL3-luciferase plasmid (Promega) was irradiated with UV light (germicidal lamp,

>95% emission at 254 nm) at 1500 J/m2 or modified with BPDE (15 mM) for 30 min as

previously described [24]. A549 cells were plated in triplicate in 60 mm dishes at a density

of 3 × 105 cells/dish and exposed to DMEM media alone or various concentrations of PM in

DMEM medium at 37 °C for 24 h. After treatment, cells were rinsed with PBS, and then

transfected with pGL3-luciferase reporter plasmid irradiated with UV or modified with

BPDE. The transfection was performed for 16 h using Fugene 6. The untreated pSV-β -

galactosidase control vector, a β-galactosidase-expressing plasmid, was co-transfected into

cells to normalize transfection efficiency. Cells were further incubated with PM at pre-

treatment concentration in complete growth medium for 24 h and then lysed with reporter

lysis buffer (Promega). Transient expression of luciferase and β-galactosidase was

determined as described [11]. Values of luciferase expression were normalized to the β-

galactosidase and averaged over the triplicates. Since the reporter gene is not expressed

unless DNA damage induced by UV or BPDE is repaired by cells, this assay can be used to

detect the repair capacity of cells. The relative luciferase activity from UV- or BPDE-treated

pGL3-lucifearse reporter plasmids was expressed as a percentage of luciferase activity from

untreated pGL3-luciferase reporter plasmids and used to represent the repair capacity of

cells. The relative repair capacity of cells was calculated as the percentage of the relative

luciferase activity of the plasmids transfected into PM treated cells as compared to untreated

cells.

Preparation of cell extract for DNA repair synthesis

Logarithmically growing cells were treated with various concentrations of F/U PM in

DMEM medium for 24 h at 37 °C. Cells were rinsed with PBS and harvested immediately

after treatment. Whole cell extracts were prepared according to the methods of Wood RD et.

al. [25] with the exception that the concentration of DTT in all DTT-containing buffers used

for the preparation of cell extracts was 0.1 mM. The resultant cell extracts were quick-frozen

in small aliquots and stored at −80°C. The protein content was determined by the Bio-Rad

protein assay kit (Bio-Rad).

In vitro DNA repair synthesis assay

The pUC18 plasmid DNA was purified by CsCl density gradient centrifugation. The

supercoiled plasmid DNA was further purified by 5 to 20% sucrose gradient centrifugation

[25,26]. The supercoiled pUC18 plasmid DNA was then irradiated with 1500 J/m2 UV.

After modification, the supercoiled pUC18 plasmid DNA was purified again by 5 to 20%

sucrose gradient centrifugation. The in vitro DNA repair synthesis assay was performed in

50 μl reaction mixtures containing 0.3 μg supercoiled untreated or UV treated pUC18 DNA,

45 mM HEPES-KOH (pH 7.8), 70 mM KCl, 50 μM DTT, 0.4 mM EDTA, 2 mM ATP, 20

μM each of dGTP, dCTP and TTP, 2μCi [α-32 P]dATP (3000 Ci/mmol), 40 mM
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phosphocreatine, 2.5 μg creatine phosphokinase (Type 1, Sigma), 3.4 % glycerol, 18 μg

bovine serum albumin and 80 μg of extract protein [25,26]. Reactions were carried out at 30

°C for 3 h and stopped by adding EDTA (final concentration 20 mM). The reaction mixtures

were treated with 80 μg/ml RNAase A for 10 min at 37 °C and followed by 0.5 % sodium

dodecyl sulfate and 0.2 mg/ml proteinase K treatment for 30 min at 37°C. Proteins in the

reaction mixtures were removed by phenol/chloroform extractions and the plasmid DNA

was ethanol precipitated, dissolved in TE buffer (Tris buffer 10 mM, PH, 7.5, and 1 mM

EDTA) and then linearized by Hind III digestion. The linearized DNA was then separated

by electrophoresis on a 1% agarose gel containing 0.5 μg/ml ethidium bromide. The gel was

first photographed, dried and exposed to a Cyclone Phosphor screen (Packard). The amount

of radioactive nucleotide incorporation in the DNA was quantified and then normalized with

the DNA content measured by Bioimager. The amount of DNA repair synthesis was

expressed as incorporation of [α-32P]dATP per unit DNA.

SupF mutagenesis assay

A549 cells were grown to 70% confluence in 150 mm tissue-culture dishes, treated with

different concentrations of F/U PM (0, 50, 100 and 200 μg/ml) at 37 °C for 24 h in the

culture medium. Particles were then removed and the pSP189 plasmids with and without

UV (1500 J/m2) modifications were transfected into the cells as described previously[11].

After transfection, medium containing the transfection mixture was removed and cells were

cultured in fresh medium in the presence of PM at the pre-treatment concentrations for

another 60 h. The transfected plasmids were then rescued from the human cells by the

alkaline lysis method [27]. DNA was then extracted with phenol and chloroform,

precipitated with ethanol, resuspended in TE and then treated with the DpnI restriction

enzyme (New England Biolabs, Beverly, MA) to remove the unreplicated plasmids, which

bear the bacterial adenine methylation pattern. The replicated plasmids were then

electroporated into indicator MBM7070 bacteria, which carry a lacZ gene with an amber

mutation [28]. The transformed bacteria were plated on LB plates containing ampicillin (50

μg/ml), isopropyl β-D-thiogalactoside (IPTG) (190 μg/ml), and 5-bromo-4-chloro-3-indolyl

β-D-galactoside (X-Gal) (0.8 mg/ml). After overnight incubation at 37°C, white and light

blue mutant colonies were picked from the background of blue wild-type colonies and

restreaked plasmids were then extracted and purified using the QIApre-spin plasmid kit

(Qiagen, Valencia, CA). The sequences of the supF gene of mutant plasmids were

determined with the primer 5'-GGC GAC ACG GAA ATG TTG AA-3'.

Results

PM is cytotoxic

Since PM contains numerous substances which are potentially genotoxic and cytotoxic in

nature, we wished to determine the PM toxicity to human cells. Cultured human lung cells

A549 were exposed to different concentrations of PM for 24 h and the viability of these cells

was determined by both Trypan Blue dye exclusion assay and colony-forming ability assay.

Results in Figure 1 show that PM is cytotoxic demonstrated by both assays, and that colony-

forming assay is much more sensitive than the dye exclusion assay to detect PM

cytotoxicity. The reduction of colony forming ability of PM exposed cells was proportional

Mehta et al. Page 5

Mutat Res. 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



to PM concentration. Exposure to 50 μg/ml PM caused a 10 % reduction of colony forming

ability.

PM exposure causes an inhibitory effect on repair of UV- and BPDE-induced DNA damage
in cultured human lung cells

Previously we have found that heavy metals, such as nickel and chromium, and aldehydes

such as acrolein, malondialdehyde, and 4-hydroxy-2-nenonal can cause an inhibitory effect

on human lung cells (7,11,17,18,31). Urban dust 1649a is rich in Ni and Cr content.

Although the aldehydescontent in this dust was not analyzed, it has been found that dust

collected from urban area of New York City, Los Angeles, and Elizabeth city New Jersey

are rich in aldehydes [21,22]. These results raise the possibilities that urban dust can cause

an inhibitory effect on DNA repair and this effect may contribute to lung carcinogenesis. To

test this possibility we determined the effect of PM treatment on DNA repair capacity using

HCR and DNA damage-dependent repair synthesis assays. In the HCR assay, plasmid

containing a luciferase reporter gene was irradiated with UV or modified with BPDE and

then transfected into cells pretreated with different concentrations of PM (0, 50, 100, 200,

and 400 μg/ml, 24 h at 37 °C). Because the reporter gene will not be expressed unless UV-

induced cyclobutane pyrimidine dimers or BPDE-DNA adducts in this gene are repaired by

cells, the luciferase activity therefore represents the extent of repair which in turn reflects the

cellular DNA repair capacity. The results in Figure 2 show that cells treated with total

suspended particles (TSP) or F/U PM have reduced HCR capacity and this reduction of

HCR is PM dose dependent. Furthermore, compared to TSP, F/U PM showed a greater

inhibitory effect on HCR.

The slope of relative repair capacity for BPDE-DNA damage versus PM dose for TSP is

−0.0776 and for F/U is −0.1663; the difference between these two slopes is statistically

significant (t-ratio=10.98 with 26 degrees of freedom, p<0.0001). The slope of relative

repair capacity for UV-DNA damage versus PM dose for TSP is −0.0868 and for F/U is

−0.1410; the difference between these two slopes is also statistically significant (t-ratio=6.68

with 26 degrees of freedom p<0.0001). It should be noted that both UV- and BPDE-induced

DNA damage is repaired by the same NER mechanism in human cells [32]; these results

indicate that both TSP and F/U PM affect the same NER mechanism.

To further demonstrate the inhibitory effect on DNA repair by PM, using in vitro DNA

damage-dependent repair synthesis assay we determined NER repair capacity in cell extracts

prepared from A549 cells treated with F/U PM. Results in Figure 3 show that repair

synthesis capacity was reduced in cells exposed to PM and this reduction in repair synthesis

is also proportional to the PM concentration.

PM treatment enhances both spontaneous and UV-induced mutagenesis

PM treatment causes an inhibitory effect on NER; this effect may lead to enhancement of

bulky DNA damage-induced mutagenesis since NER is the major pathway for repair of

bulky DNA lesions in cells. To test this possibility we chose to use a shuttle vector

containing supF to determine the effect of PM treatment on UV irradiation-induced

mutagenesis in cultured lung cells. Shuttle vectors with and without UV irradiation were

Mehta et al. Page 6

Mutat Res. 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



transfected into cells pretreated with different concentrations of PM. After 60 h of

incubation the replicated shuttle vectors were isolated and the number of mutations in supF

was determined and the sequence changes in the mutated supF were also determined. The

results in Figure 4 show that PM treatment significantly enhances UV-induced mutations.

The majority of mutation sites in UV-irradiated supF are in sequences that have contiguous

pyrimidines in one of the DNA strands (Fig. 5). Since the major UV-induced DNA damage

are cyclobutane pyrimidine dimers and pyrimidine<6–4>pyrimidones, this result indicates

that PM treatment enhances DNA damage-induced mutagenesis (target mutagenesis). Since

PM treatment reduces NER capacity, we conclude that the enhancement of UV mutagenesis

in PM treated cells is mainly due to inefficient repair of UV lesions in these cells. PM

treatment also induces mutation frequency in undamaged supF; this effect could be

originated from PM-induced inhibition on DNA repair of spontaneous DNA damage and/or

reduction of DNA replication fidelity.

Discussion

There is an increasing body of evidence linking PM with elevated risk of lung cancer [1]. An

epidemiological study demonstrated a strong link between fine particulate air pollution and

elevated lung cancer mortality [29]. Because PM contains numerous direct and indirect

DNA damaging agents such as PAHs, Cr and aldehydes, and ROS inducing metals such as

Cr, Ni and arsenic, DNA damage induced by these agents in PM potentially contributes to

lung carcinogenesis. These agents have also been found to inhibit cellular repair capacity

and enhance mutagenesis [11,17]. It is well established that cells from individuals carrying

genetic defects in DNA repair have a high spontaneous and DNA damaging agent-induced

mutation frequency and these individuals suffer high cancer incidence [30]. This finding led

us to hypothesize that reduction of DNA repair capacity, due to exogenous agents or

endogenous metabolites, can enhance mutagenesis and therefore, carcinogenesis [7,17,31].

In this study, we have found that urban dust can indeed inhibit NER and enhance both

spontaneous and UV-induced mutagenesis. We, therefore, propose that a PM-induced

reduction of DNA repair contributes to PM-related lung cancer.

We found that human cells exposed to 100 μg/ml of the urban PM preparation (SRM 1649a)

collected over a 12 month period in Washington D.C. area for 24 h has only a 10 %

reduction in viability, but a 35 % reduction in repair capacity, and a 5-fold increase in

mutation frequency. Safe limit standards set by the EPA for a 24 h exposure for fine

particles and PM10 are 35 and 150 μg/m3, respectively. This translates to a daily dose of 420

μg per day and 1800 μg per day fine PM and PM10, respectively (based on a 12 m3/day

inhaled volume estimate). If this translation is correct then it is possible that some ill effects

may be resulted from long term exposing to this safe limit.

Our results show that F/U PM has a more profound effect on DNA repair than TSP. The

process of collecting F/U PM involves sampling the resuspended TSP with the MOUDI

impactor with the F/U PM being collected at the last filter stage. Typically we start with

about 250 mg of TSP and the amount collected on the MOUDI after-filter is about 2.5 mg.

Assuming the recovery for F/U PM by this process is 100% then concentration of F/U PM in

TSP is about 1 %. Our results show that 400 μg/ml of TSP causes about 30 % decrease in
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DNA repair capacity; if we assume DNA repair inhibition solely results from F/U PM then

only a 10 % drop in DNA repair capacity is expected. It is thus evident from Figure 2 that

major effect of TSP on repair capacity comes from particles other than F/U particles. This

effect, we suspect, is derived from dissolved metals and aldehydes of TSP.

How do metals and aldehydes in PM inhibit DNA repair? The initial step of NER events is

the recognition of DNA lesions, which is accomplished by preferential binding of multiple

proteins to the damaged DNA [32]. It has been reported that Ni and cadmium can reduce

repair protein-DNA damage complex formation [33,34]. Aldehydes, Cr, and Ni are known

to have a high affinity towards thiol groups and histidines and, therefore, their potential

targets could be zinc finger structures in DNA binding motifs. Zinc finger proteins are a

family of proteins in which zinc is complexed through four invariant cysteine and/or

histidine residues forming a zinc finger domain, which is predominantly involved in DNA

binding as well as with protein-protein interactions [35]. Human and E. coli NER protein

XPA and UvrA both contain a single zinc finger although the function of this zinc finger is

not clear [36,37]. It is possible that the replacement of zinc with other metals such as Ni (II)

or adduction of cysteine/histidine by aldehydes at the zinc finger could dramatically affect

the function and stability of these proteins. If PM inhibitory effect on NER is through these

direct metal- and aldehydes-repair protein interactions then the levels of repair proteins in

cells will determine the PM effect on cellular susceptibility repair capacity.

It should be noted a human lung adenocarcinoma cell line (A549) is used in this study. It is

possible that PM may have different level of inhibitory effect on NER in normal human

epithelial cells if the levels of repair proteins in these cells are different from lung tumor

cells.

We have shown that PM reduces NER efficiency and, as expected, that PM enhances UV-

induced mutagenesis. However, PM also enhances spontaneous mutation frequency. This

enhancement could be due to inhibition of repair for spontaneous DNA damage or induced

by PM treatment. It is worth noting that there were two significant different features of UV-

induced mutation spectrum in cells treated with PM from cells without PM treatment: PM

enhanced single base substitutions and greatly increased tandem mutations (Table 1). These

results suggest that besides inhibiting DNA repair, PM may increase error in translesion

synthesis. Previously, we have shown that Ni treatment enhances UV and BPDE-induced

mutagenesis but does not change the mutation spectrum, and furthermore, Ni treatment does

not enhance spontaneous mutation frequency [11]. These results together suggest that PM

components that increase error in translesion synthesis do not include Ni.

In summary, we have found that PM inhibits NER and enhances both spontaneous and DNA

damage-induced mutagenesis. We propose that these effects are derived from three

mechanisms: 1) PM components such as heavy metals and aldehyde directly modify repair

proteins and DNA, 2) ROS and secondary products of ROS produced by heavy metal-

induced Fenton reaction modify repair protein and DNA, and 3) direct modifications of

DNA replication proteins by heavy metals and aldehydes reduce the fidelity of DNA

replication. We further propose that these effects contribute to lung carcinogenesis.
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Abbreviations

PM particulate matter

BPDE benzo(a)pyrene diol epoxide

PAH polycyclic aromatic hydrocarbon

NER nucleotide excision repair

HCR host cells reactivation

DTT dithiothreitol

UV ultraviolet

BPDE benzo(a)pyrene diol epoxide

ROS reactive oxygen species

TS tobacco smoke

8-oxo-dG 8-oxo-deoxygunaine

LPO lipid peroxidation

XP xeroderma pigmentosum

NIST National Institute of Standards and Technology

TSP total suspended particles

F/U fine/ultrafine

DMEM Dulbecco's modified eagle's medium

PBS phosphate buffered saline

MOUDI micro-orifice uniform deposit impactor

TE tris-EDTA buffer

HCR host cell reactivation
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Figure 1. Effect of fine/ultra-fine PM on cell viability
Logarithmically growing A549 cells were treated with F/U PM for 24 h, trypsinized, and the viability of treated cells was

detected by Trypan Blue dye exclusion assay or by colony forming ability assay. The data represents three independent

experiments. The bar represents range of the experimental results and the position of the symbol represents the average value.

TSP treatment induced a similar effect on cell viability (Trypan Blue dye exclusion assay, data not shown).
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Figure 2. Effects of PM on repair of bulky DNA damage determined by host cell reactivation (HCR) assay
Logarithmically growing A549 cells were treated with different concentrations of PM (0–400 μg/ml) for 24 h. PM was removed

and the cells were transfected with UV or BPDE modified-irradiated pGL3-luciferase and unmodified pSV-β-galactosidase

plasmids using Fugene 6 for 16 h. The cells were further incubated with the same concentrations of PM in growth medium for

24 h. Cell lysates were then prepared and the luciferase and β-galactosidase activity was measured. The relative repair capacity

of cells was calculated as the percentage of the relative luciferase activity of the plasmids transfected into PM treated cells as

compared to untreated cells. The bar represents range of the experimental results and the position of the symbol represents the

average value.
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Figure 3. Effects of fine/ultra-fine PM treatment on the cell capacity in mediating DNA-damage induced repair synthesis
Logarithmically growing A549 cells were treated with different concentrations of PM (0–400 μg/ml) for 24 h. Cell lysates were

prepared immediately after F/U PM treatment and used to mediate repair synthesis in UV-damaged pUC18 plasmid and

undamaged control pUC18 plasmid in the presence of α-32P dATP. Plasmid DNAs were then purified, digested with HindIII,

and separated in a 1 % agarose gel by electrophoresis. A) The upper panel is a typical photograph of ethidium bromide-stained

gel and the lower panel is an autoradiograph of the same gel. B) The relative repair capacity was calculated based on the ratio of

amount of repair synthesis over the amount of substrate DNA. The data represent three independent experiments. The bar

represents range of the experimental results and the position of the symbol represents the average value.
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Figure 4. PM exposure enhances both spontaneous and UV-induced mutagenesis
Methods for F/U PM exposure, transfection and supF gene mutation detection are described in Materials and Methods. The

mutant plasmids were purified and the mutations in supF gene in these plasmids were confirmed by DNA sequencing. Mutation

frequency was calculated based on the ratio of the number of white colony over the total colony number. The bar represents

range of the experimental results and the position of the symbol represents the average value.
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Figure 5. Effect of fine/ultra-fine PM exposure on UV-induced mutational spectrum in the supF gene in pSP189 plasmids replicated in
human lung cells (A549) with (lower panel) or without (upper panel) PM exposure

Methods for F/U PM exposure, transfection and supF gene mutation detection are described in Materials and Methods. The

mutant plasmids were purified (86 mutant plasmids from PM exposed cells and 37 mutants plasmids from cells without PM

exposure) and the supF gene in these plasmids was sequenced. The types of single base substitutions are shown above and

below the supF sequence. The other symbols denoted are as follows: X, single base deletions; #, &, ^, ¥, §, ▶ and €, multiple

mutations (more than one mutation occurring in the same plasmid); N-N, tandem mutations (mutations occur at two adjacent

bases).
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Table I

Types of mutations in the supF gene in UV-damaged pSP189 plasmid replicated in A549 cells treated with

fine/ultra-fine PM.

Type of Mutation Control Treated

Single base substitution 35 (94.6%) 64 (74.4%)

Single base deletion 0 (0%) 1 (1.1%)

Tandem mutation 0 (0%) 16 (18.6%)

Double mutation 2 (5.4%) 5 (5.8%)
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