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a b s t r a c t

Glutathione S-transferases (GSTs) are a family of inducible enzymes that are important in carcinogen
detoxification. GST-Mu class is showing the high activity towards most polycyclic aromatic hydrocarbon
(PAH) epoxide. Our objective is to clarify the expression of GST-M2 in non-small-cell lung carcinoma
(NSCLC) patients and to determine the role of GST-M2 in protecting against DNA damage. We detected
changes in GST-M2 expression at mRNA levels with a panel of lung cell lines and clinical samples of
malignant and paired adjacent non-malignant tissues from 50 patients with stage I or II non-small-
cell lung carcinoma using real-time RT-PCR. Comet assay and �-H2AX were used to clarify whether DNA
damaged was protected by GST-M2. Our data demonstrate that the expression of GST-M2 in tumor tissues
PDE-DNA adduct
[a]P
NA methylation

is significantly lower than in paired adjacent non-malignant tissues (p = 0.016). Loss of GST-M2 is closely
associated with age, gender, T value, N value and cell differentiation (p < 0.05) in early stage I/II patients.
Downregulation of GST-M2 is mediated through aberrant hypermethylation in lung cancer cell lines.
Protection against B[a]P-induced DNA damage by GST-M2 in lung cancer cells was detected by Comet
assay and �-H2AX. In conclusion, DNA hypermethylation altered and reduced GST-M2 expression that

benz
esis.
resulted in susceptible to
occurs prior to tumorigen

. Introduction

Susceptibility to lung cancer is associated with several environ-
ental factors and xenobiotics, which may be metabolized and

etoxified by phase II enzymes, glutathione S-transferases (GSTs).
hrough exposure to tobacco carcinogenic metabolites, including
olycyclic aromatic hydrocarbons (PAHs), the lung is constantly
hallenged by latent harmful compounds (Kelley et al., 2005).
enzo(a)pyrene (B[a]P), the most extensively studied of the PAHs,

s a carcinogen found in cigarette smoke and is considered a cause
f lung cancer (Alexandrov et al., 2002), specifically inducing DNA

amage (Orlow et al., 2008). B[a]P can be activated to a highly
eactive species, benzo(a)pyrene-7,8-diol-9,10-epoxide (BPDE), by
ytochrome P450 enzyme (phase I enzyme). Through highly muta-
enic attack with the N2 position of guanine residues in DNA-BPDE

∗ Corresponding authors at: Institute of Medical and Molecular Toxicology, Chung
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o[a]pyrene (B[a]P) induced DNA damage. It implies that GST-M2 reduction

© 2009 Elsevier Ireland Ltd. All rights reserved.

can form a stable BPDE-N2-deoxyguanosine (BPDE-dG) adduct,
which plays a critical role in tumorigenesis (Alexandrov et al.,
2006). The presence of BPDE-DNA adducts in human bronchial cells
points to their involvement in induction of mutation in p53, and
initiation of human lung cancer (Rojas et al., 2004).

The expression levels of the different GSTs are tissue specific
(Konig-Greger et al., 2004). Within each of the GST isoforms there
are significant differences in substrate specificity (Kearns et al.,
2003). GST isoforms have also been found to possess different activ-
ities in tissues such as muscle, testis, brain, heart, blood, liver and
upper areodigestive mucosa (Hayes and Pulford, 1995; Matthias
et al., 1999; Tsuchida et al., 1990). In adult human liver, 80% of
the total GST proteins are GST-Alpha members, while the Pi-class
enzyme is present in essentially all tissues except the liver (Castro
et al., 1990; Mannervik et al., 1987; Shea et al., 1988). In Chinese
hamster lung fibroblastoid cell line, the Mu class shows the high-

est activity towards most PAH epoxides, followed by GST-Pi and
GST-Alpha (Sundberg et al., 2002).

GST-M2, a muscle-specific isozyme, occurs only minimally in
the epithelium of the terminal airway of malignant tumorous lung
lesions (Anttila et al., 1993). Furthermore, a recent cohort study

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:cliff@vghtc.gov.tw
mailto:jlko@csmu.edu.tw
dx.doi.org/10.1016/j.toxlet.2009.11.003


S.-C. Tang et al. / Toxicology Letters 192 (2010) 316–323 317

Table 1
Primer sequences specific for GST-Mu, Pi and Alpha.

Primer Sequence 5′ → 3′ Position (bp) Accession no.

GST-Mu-1,2,4,5-sense 5′-ATGCCCATGACACTGGGGTACTG-3′ 48–70 NM 000848
GST-M1-antisense 5′-GCATATGGTTGTCCATGGTCTGG-3′ 360–382 NM 000561
GST-M2-antisense 5′-GCATACGGCTGTCCATAAACTGG-3′ 353–375 NM 000848
GST-M4-antisense 5′-GATTGGAGACGTCCATAGCCTGG-3′ 615–637 NM 000850
GST-M5-antisense 5′-CCATGTGGTTATCCATAACCTGG-3′ 376–398 NM 000851
GST-Pi-sense 5′-ATGCCGCCCTACACCGTGGTCTA-3′ 30–52 NM 000852
GST-Pi-antisense 5′-ATTTGCAGCGGAGGTCCTCCACG-3′ 317–339 NM 000852
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GST-Alpha-sense 5 -ATGGCAGAGAAGCCCAAGCTC
GST-Alpha-antisense 5′-TCATTTCACCCAAATCTGCTAT
Beta-actin-sense 5′-TCATCACCATTGGCAATGAG-3
Beta-actin-antisense 5′-CACTGTGTTGGCGTACAGGT-3

ndicated that the children of mothers who smoked during preg-
ancy had worse lung function than the children of mothers who
id not smoke during pregnancy, and these children showed two
lleles at multiple loci transmitted together on the same chromo-
ome (haplotypes) of GST-M2 (Breton et al., 2009). Some reports
ave indicated that BPDE is a poor substrate for GST-Alph1/Alph2,
ut a relatively good substrate for GST-M2 (Robertson et al., 1986).
ST-M2 expression may associate with lung cancer and expo-
ure to smoke. In addition, our recent study demonstrated that
he overexpression of GST-M2 transfectant cells results in reduced
PDE-induced DNA adducts by competitive ELISA and nested-PCR
Weng et al., 2005). The results indicated a role for GST-M2 activ-
ty in the prevention of DNA damage. However, the expression
f GST-M2 remains undefined in non-small-cell lung carcinomas
NSCLCs).

Aberrant DNA hypermethylation of gene promoter DNA is an
mportant epigenetic mechanism leading to downregulation and
ilencing of several tumor suppressor genes such as p16, APC and
GM (Peng et al., 2009; Schulmann et al., 2005). It can trigger

he carcinogenic cascade and lead to cancer progression. In this
tudy, our objective is to clarify the expression of GST-M2 in NSCLC
atients and to determine the role of GST-M2 in protecting against
NA damage. Specifically, the aims of this study are (I) to under-

tand the mRNA expression of GST-M2 in lung normal cell and lung
ancer cell lines; (II) to analyze the mRNA expression of GST-M2
n association with clinical outcomes of early stage I and II NSCLC
atients; (III) to determine the cause of the association of gene
xpression regulation of GST-M2 with hypermethylation or other
rocesses and (IV) to understand the alleviation of B[a]P-induced
NA damage in NSCLCs.

. Materials and methods

.1. Study subjects and follow-up

Between January 2003 and August 2004, we collected lung cancer tissue spec-
mens including cancerous tumor and adjacent normal tissues from 50 stage I and
tage II NSCLC cases that underwent surgical resection in this prospective study.
one of the patients received pre-operative chemotherapy or radiotherapy. Tumor

taging was performed according to AJCC (6th edition) criteria (Greene, 2002). The
tudy was conducted after human experimentation review by the IRB committee of
aichung Veterans General Hospital, and informed consent was obtained for every
xamined specimen. All of the patients were followed up to April 1, 2008. Tumor
amples were acquired from the solid part of the mass, avoiding grossly necrotic
reas. The non-tumor bearing paired tissues were acquired from the lobar edge of
he resected lung with a distance of at least 5 cm from the gross tumor margin. The
issues were transferred to a fresh tube, shock frozen in liquid nitrogen and stored
t −70 ◦C.

.2. Cell lines and culture
Human lung cancer cells and lung cells from the American Type Culture Collec-
ion were studied. Lung cancer cell lines (adenocarcinoma cell lines A549, H1299,
1355, H23 and H460; squamous cell carcinoma cell lines CH27 and Calu-1) were
ultured on Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO, Rockville, MD).
L1-0 and its sublines CL1-5 (human lung carcinoma cell lines with different inva-
106–128 NM 000846
407–429 NM 000846
813–832 NM 001101
948–967 NM 001101

sive and metastatic capabilities) were obtained from Dr. Pan-Chyr Yang (Chu et al.,
1997). The lung normal cell lines (fibroblast cell lines MRC-5 and WI-38) were cul-
tured on Basal medium Eagle (BME) (Sigma, Saint Louis, MI). The human bronchial
epithelial cell line BEAS-2B was cultured on LHC-9 medium (GIBCO, Rockville, MD).
All lung cancer cell lines were maintained at 37 ◦C in a 5% CO2-humidified atmo-
sphere on medium containing 10% fetal bovine serum (FBS; Life Technologies, Inc.,
Rockville, MD) and 100 ng/ml each of penicillin and streptomycin (Life Technologies,
Inc.).

2.3. Isolation of RNA, RT-PCR and real-time RT-PCR analysis

DNA methylation has a long-standing relationship with gene inactivity and has
been implicated in enhancement of transcriptional silencing; consistent epigenetic
changes in human cancers (Jones and Baylin, 2002). H1355 cells were seeded in
low density (1 × 106) 16 h before treatment. Cells were treated with de-methylation
reagent 5-Aza-deoxycytidine (A3656, Sigma–Aldrich) at a final concentration of 1
and 10 �M for 96 h (Niu et al., 2009). To test the histone acetylation affect spe-
cific effect to lung cancer cell lines, we expanded the investigation to assess the
effect of TSA. Cells were treated with histone deacetylase (HDAC) inhibitor, TSA
(Cayman Chemical Company, Cat. No. 89730), at 0.5 �M for 24 h (Stoehlmacher et
al., 2002; Xiong et al., 2005). Cells were mock-treated by adding into the medium
with the same volume of DMSO alone. Total RNA was isolated using Trizol reagent
(Life Technologies, Grand Island, NY), according to the manufacturer’s instructions.
Then, cDNA was reverse-transcribed from 2 �g total RNA used random hexamer
primers and MMLV-RTase (Promega, Madison, WI). The PCR primers for cDNA are
listed in Table 1. For real-time RT-PCR expression, profiling was performed using ABI
PRISM 7000 real-time RT-PCR System and TaqMan gene expression probe (Applied
Biosystems, Foster City, CA). A 100× dilution of resulting cDNA was used for real-
time RT-PCR reactions of 40 cycles. Probes were 5′ end FAM labeled and 3′ end
TAMRA labeled. Concentrations of synthesized primers and probes were optimized
for each assay then real-time RT-PCR was performed in triplicate (Applied Biosys-
tems: assays-on-gene expression products, GST-M2 probe: Hs00265266 g1; GAPDH
probe: Hs99999905 m1) in a 25 �l reaction volume. GST-M2 gene expression was
calculated as the ratio of signal for target gene to signal for GAPDH. Quantification
was carried out using the comparative threshold cycle (Ct) method and autoclaved
distilled water was used as the negative control. An optimal threshold was chosen
on the basis of the 50 ng cDNA of MRC-5 signal of the same batch that was across the
different plates. The relative expression levels of the target gene were calculated by
2−�Ct , where Ct = Ct target gene − Ct GAPDH.

2.4. Comet assay analysis, chromatin isolation and Western blotting

Cells were plated onto multi-well systems at a density of 5 × 105 cells/ml culture
medium. After seeding for 18 h, cells were treated with or without (8-anilino-1-
naphthalene sulfonate; ANS) (200 �M) for 1 h, then exposed to B[a]P 0.2 �M for
the indicated number of hours. After incubation, harvested cells were analyzed by
comet assay. Suspended cells were mixed with 50 �l of low melting point agarose
(0.75% concentration in PBS), distributed on slides pre-coated with low melting point
agarose (0.30% concentration in PBS), and left to set on an ice tray. The slides were
then immersed in ice-cold lysing solution (2.5 M NaCl, 0.1 M EDTA, 0.01 M Tris, pH
10, 1% N-laurylsarcosine, 1% Triton X-100, and 10% DMSO). After lyses, the slides
were transferred to the electrophoresis tank in electrophoresis buffer (0.3 M NaOH,
1 mM EDTA) and kept in the dark until electrophoresis was started (20 V/cm and
150 mA for 20 min). Next, the slides were neutralized using 0.4 M Tris pH 7.5 and
fixed in methanol. Subsequently, the DNA was stained with ethidium bromide for
5 min and examined under a fluorescence microscope (Nikon, E400) connected to a
computerized image analysis system (Comet Assay III, Perceptive Instruments, UK).

The percent DNA in tail was used as the measure of damage. At least 50 cells per
experimental condition were counted from at least two experiments made in tripli-
cate. Slides were analyzed in the absence of electrophoresis for the frequency of cells
with low molecular weight (LMW) DNA. Measurements of comet parameters % DNA
in the tail, tail length and tail moment were obtained. The comet percentage values
of exposed cells were compared with those of unexposed cells at each experimental
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Fig. 1. GST-M2 mRNA expression in lung normal and lung tumor cell lines. (A) Rep-
resentative GST-M1, GST-M2, GST-M4, GST-M5, GST-Alpha and GST-PI expressions
in lung normal and lung tumor cell lines. Expression was analyzed by RT-PCR of total
18 S.-C. Tang et al. / Toxicolo

oint. For chromatin isolation, H1355, pcDNA/H1355 and GST-M2/H1355 transfec-
ant cells were grown to 80% prior to exposure to B[a]P 0.2 �M for 48 h. Cells were
arvested in IPB-7 buffer (triethanolamine–HCl, 20 mM, pH 7.8; NaCl, 0.7 M; NP-40,
.5%; sodium deoxycholate 0.2%; phenylmethylsulfonyl fluoride, 1 mM; leupeptin,
mg/ml; pepsatin, 1 mg/ml; NaF, 1 mM; NaVO3, 1 mM; trypsin inhibitor 0.1 mg/ml;
protinin, 1 mg/ml) extraction chromatin protein. The pellet was washed three times
ith IPB-7 buffer, homogenized in IPB-7 by sonication and thereafter subjected to

DS-PAGE and Western blots (Al Rashid et al., 2005; Malmlof et al., 2008). For West-
rn blot assay, equal amounts of chromatin protein from each sample were loaded
nto a 15% SDS-PAGE gel and electrophoresis. Blots were probed with phospho-
istone H2AX (Ser-139) antibody (Upstate Cell Signaling 05636) or total histone 3
Abcam; ab1791). Equal loading of proteins was confirmed by staining of the blots
ith ECL.

.5. Plasmids, transient transfection and reporter gene assay

The GST-M2 promoter was amplified by PCR with Taq polymerase (Ex
aq, Takara) using genomic DNA from MRC-5, H1355, A549 and H1299
ell lines (50 ng) as a template, with GST-M2 promoter KpnI primer 5′-
CGGTACCGTTTTAGAGAGAGCCTTTCTTTC-3′ and GST-M2 promoter Hind III primer
′-TTAAGCTTCACCCCGCACGCCCAGCCACACG-3′ . The PCR reaction included 5-min
enaturation (95 ◦C) followed by 35 cycles, each consisting of denaturation (95 ◦C,
min), annealing (55 ◦C, 1 min) and extension (72 ◦C, 2 min) with a final exten-

ion phase (10 min). Then, digestion was carried out with KpnI and Hind III with
loning upstream of the firefly luciferase reporter in the pGL3-Basic vector (Promega
orp.). For luciferase assay, H1355 cells (2 × 106) were seeded onto 35-mm wells.
fter 18 h, they were transfected with the plasmids described above (0.25 �g/�l)
nd �-gal (0.25 �g/�l) with Opti-MEM reduced serum medium (Invitrogen, Cat.
o. 31985). After 20 min incubation, combined diluted DNA and diluted lipofec-

amine reagent were mixed gently and incubated at room temperature for 30 min.
hen, for each transfection, the diluted complex solution was gently overlaid onto
he rinsed cells. The cells were incubated with the complexes for 5 h at 37 ◦C. The

edium was replaced with fresh, complete medium at 18 h. After carefully removing
rom the medium, cells were collected and transcriptional activity was assayed with
uciferase assay system according to the described protocol (Promega). A plasmid
xpressing the bacterial �-galactosidase gene was co-transfected in each experi-
ent to serve as internal control of transfection efficiency.

.6. Statistical analysis

Statistical analysis was performed using the SPSS statistical software program
version 15.0, SPSS, Inc.). The relative express level of target gene in our interested
ariables was also classified as high or low expression groups by their median level
hich was calculate by 2−�Ct . The �2 test (two tailed), Mann–Whitney test, and
ilcoxon signed-rank test were used for nonparametric pair analysis. The �2 test
as used to determine the relationships between GST-M2 expression and various

linic pathologic characteristics including adenocarcinoma (AD) or squamous cell
arcinoma (SCC), grade of cell differentiation (well, moderate or poor differentia-
ion).

. Results

.1. Downregulation of GST-M2 mRNA in lung cancer cells

To identify the mRNA expression of GSTs, we analyzed the
xpression of six GST molecules including GST-M1, GST-M2, GST-
4, GST-M5, GST-Alpha and GST-Pi The mRNA expression profile

nalysis was carried out for nine lung cancer cell lines and three
ormal lung cell lines using RT-PCR. In Fig. 1A, among the 12
creened cell lines, GST-Alpha and GST-M5 were not detectable in
ny lung cells. GST-Pi was abundantly expressed in all cell lines,
xcept in H1355 cells. GST-M1 was only expressed in some of the
ung cell lines (Fig. 1A). Interestingly, we find that GST-M2 mRNA

as higher expression in normal lung cell lines (MRC-5, WI-38 and

EAS-2B) than in lung cancer cell lines. GST-M2 mRNA expression
as confirmed by means of real-time RT-PCR experiments (Fig. 1B).

here was a more than seven-fold difference in the expression of
ST-M2 transcript in normal cells and lung cancer cells. There is
ST-M2 genomic expression in DNA of the lung cell lines. GST-M2
NA was highly expressed in lung cancer and normal lung cell lines

data not shown), but its transcript was silenced in lung cancer cell
ines (Fig. 1).
RNA (2 �g) amplified by RT-PCR. Equal amounts of DNA were loaded, as confirmed
by the intensity of �-actin after ethidium bromide staining. (B) Real-time PCR quan-
tification of GST-M2 by TaqMan analysis. All values have been normalized to the
level of GAPDH and are the averages of three independent readings.

3.2. Association of GST-M2 expression with clinical pathology

We investigated the biological and clinic pathologic significance
of GST-M2 in NSCLCs. We carried out real-time RT-PCR on lung
tissue specimens of 50 NSCLC patients that underwent curative
surgical resection. On the basis of the American Society of Anes-
thesiologists Physical Status Classification System, case patients
were found to be equally fit for surgery. GST-M2 was detected
with ABI 7000 specific to TagMan probe. Among the 50 NSCLC
patients examined, the median of GST-M2 mRNA expression was
strongly significant high in adjacent non-malignant lung tissues
(2−�Ct expression median levels = 3.73) and weakly significant low
in tumor tissues (2−�Ct expression median levels = 1.33); (p = 0.016,
Wilcoxon signed-rank test) (Fig. 2). Our data show that loss of
mRNA expression of GST-M2 in lung tumor tissues was in agree-
ment with the pattern in lung tumor cell lines (Fig. 1A). There were
significant associations between clinical pathological factors and
the median of mRNA expression in GST-M2 (p < 0.05, Wilcoxon
signed-rank test) such as patients age (�67 years), male gender,
T value 1,2, N0, poor cell differentiation (Table 2). These results
indicate that the mRNA expression of GST-M2 signature is depen-
dent on these clinical parameters in lung cancer. Then, we classified
cases into GST-M2 high and low expression groups. The cutoff value
for patient stratification was determined by the median of total
mRNA expression of all tumor tissues. For example, a case was clas-
sified as high if the mRNA expression of GST-M2 coefficient was

�3.73 (n = 25); otherwise, it was classified as low (mRNA expres-
sion levels <3.73; n = 25). We applied the correlation of the high and
low expressions of GST-M2 to the overall survival times of NSCLC
patients. Most of the variables were not significantly associated
with high expression of GST-M2, except for gender (male), cell dif-
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Table 2
Characteristics of patients with NSCLC in relation to expression of the GST M2 gene.

Characteristics n (%) GST-M2 median (min–max)

Adjacent non-malignant lung tissues Tumor tissues p-value

Age (yeara)
<67 24 (48) 4.81 (0.04–49.77) 4.64 (0.04–79.55) 0.54
�67 26 (52) 2.61 (0.30–95.61) 0.95 (0.06–73.48) 0.01**

Gender
Male 37 (74) 2.63 (0.04–95.61) 1.55 (0.04–75.99) 0.04*

Female 13 (26) 6.52 (0.30–49.77) 0.97 (0.12–71.77) 0.27

Histology
AD 31 (62) 4.02 (0.04–95.61) 1.11 (0.04–79.55) 0.07
SQ 19 (38) 2.63 (0.55–95.61) 2.36 (0.04–38.97) 0.17

Stage
I 33 (66) 4.02 (0.04–95.61) 1.11 (0.04–79.55) 0.08
II 17 (34) 2.90 (0.42–49.77) 1.55 (0.12–38.97) 0.14

T value
1, 2 40 (80) 3.98 (0.04–95.61) 1.74 (0.04–79.55) 0.04*

3 10 (20) 2.59 (0.42–49.77) 1.32 (0.12–38.97) 0.34

N value
0 43 (86) 3.95 (0.04–95.61) 1.11 (0.04–79.55) 0.03*

1 7 (14) 3.50 (1.39–33.14) 2.36 (0.27–9.95) 0.45

Cell differentiation
Well and moderate 26 (52) 3.49 (0.30–95.61) 2.58 (0.06–79.55) 0.56
Poor 24 (48) 4.13 (0.04–49.77) 0.95 (0.04–38.97) 0.007**
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D, adenocarcinoma; SCC, squamous cell carcinoma. Wilcoxon signed-rank test.
a The median age of the 50 patients is 67 years.
* p < 0.05.

** p < 0.01.

erentiation (poor) on Kaplan–Meier analysis (data not shown). Our
ndings are important as they provide clues to the trends underly-

ng that loss the mRNA expression in GST-M2 in tumor tissues and
umor cell lines relationship.
.3. DNA hypermethylation of GST-M2 promoter correlated with
educed mRNA expression

As shown in Fig. 1A, there is GST-M2 mRNA expression loss in
ung cancer cell line. We thought that if different base in promoter

ig. 2. Comparison of the GST-M2 mRNA expression levels in lung tumor part and
djacent normal part. GST-M2 expression level for the total 50 NSCLC patients pri-
ary tumor part was compared with its paired adjacent normal part. The mRNA

xpression of GST-M2 level was quantitated by semiquantitative real-time PCR.
uantitative ratio is defined as the ratio of the fluorescence emission intensity values

or the PCR products of the GST-M2 gene to those of PCR products. The GST-M2 mRNA
xpression levels were analyzed using the Wilcoxon rank sum test to determine the
tatistical significance. A p value of �0.05 was considered statistically significant.
region of GST-M2 could affect the expression between high and low
GST-M2 expression cells. In order to determine the cause of this
GST-M2 mRNA expression loss, we first clarified the occurrence of
genomic DNA sequence changes in the promoter region of GST-M2.
Analysis of the promoter regions of GST-M2 gene indicated −387
to +244 bp relative to the transcription start site. We identified one
base mutation at +128, downstream of the GST-M2 gene transcrip-
tion start code (Fig. 3A). Lung cancer cell lines (H1355, H1299 and
A549) have point mutation T base substitution at +128 (mutant
type) in contrast to lung normal cell line that has C base (wild type).
To identify the core promoter at different base at +128 bp essential
for transcriptional activation, 5′ mutation type of the fragments was
prepared and tested by luciferase assay. Transcriptional activity in
H1355 cell line with wild type or mutant type exhibited the same
activity (Fig. 3B). Moreover, the transcriptional activity increased
with more DNA transfection (0.25 and 0.5 �g). Our findings suggest
that these sequences change at +128 bp do not affect the activity of
the promoter of GST-M2. The point mutation at +128 GGC (Gly) to
GGT (Gly) was silent mutation. Therefore, downregulated GST-M2
expression was not due to the mutation in promoter region.

Next, we examined the expression of GST-M2 after treat-
ment with de-methylation reagent 5-Aza in NSCLC cell line. Our
data show that GST-M2 mRNA expression is dependent on 5-Aza
(10 �M) treatment and is restored in the H1355 cells (Fig. 4A).
We confirmed the mean of difference analysis by real-time RT-
PCR (**p < 0.01) (Fig. 4B). These data suggest that silence of GST-M2
mRNA expression is associated with promoter DNA hypermethy-
lation. Our data also showed that HDAC inhibitor-TSA at 0.5 �M is
not effective in restore the mRNA expression of GST-M2 in lung
cancer cell lines. E-cadherin expression was not detected due to
DNA hypermethylation and acetylation. Therefore, E-cadherin was

shown as positive control for treatment with TSA (Fig. 4A; lane
5). This suggests that histone modifications are not involved in
regulating the mRNA expression of GST-M2. As for the model,
we also confirmed 5-Aza and 5-Aza (10 �M)/TSA (0.1 or 0.5 �M)
treatments in lung cancer cell line analysis by Western blot. There
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Fig. 3. Promoter sequences of GST-M2 in MRC-5, H1355, A549 and H1299 cells.
(A) The point mutation C to T of GST-M2 promoter located at +128 bp upstream
of the GST-M2 transcription start site were identified in H1355, A549 and H1299
lung tumor cell lines. (B) On luciferase activity assay in H1355 cells, the relative
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Fig. 4. Transcription re-expression of the methylated genes following 5-aza-2′-
deoxycytidine (5-Aza) and trichostatin-A (Stoehlmacher et al., 2002) treatments.
(A) The H1355 cell line was treated with 1, 10 �M 5-Aza for 96 h or 0.5 �M TSA for
24 h. RT-PCR analysis of equal amounts of cDNA from cells demonstrate upregula-
tion of the GST-M2 proteins in treated cells as compared with control. �-actin is
shown as a loading control. The GST-PI is shown as positive control. (B) Real-time
RT-PCR analysis confirms the same model. The mRNA expression was calculated as
easured luciferase levels are depicted on a bar graph, whereby pGL-3 luciferase
eporter plasmids containing either C 128 T sequence or wild-type sequence are co-
ransfected with pGL-3 basic. Each value is the average of at least three independent
xperiments and the error bars represent the standard deviation.

as no effect on translation of GST-M2 proteins (data not shown).
ogether, these data suggest that loss mRNA expression of GST-
2 in lung cancer cell lines was through hypermethylation of
ST-M2 promoter, but not acetylation of histone, or promoter
utation.

.4. Alleviation of benzo[a]pyrene-induced DNA damage by
ST-M2 in lung cancer cells

To evaluate the protective effect of GST-M2 against B[a]P-
nduced DNA damage in lung cancer cell line, comet assay and
-H2AX were carried out. The extent of DNA strands break (mea-
ured as tail length, the percentage of migrated DNA and olive tail
oment) was determined by scoring cells. In our previously study,
e construct the GST-M2 mRNA overexpression in H1355 cell lines

Weng et al., 2005). H1355 cells treated with 0.2 �M B[a]P showed
ignificant increases in DNA strand breaks. When damaged ini-
ially, DNA fragments became free to migrate in the electric field
oward the anode and the tail length increased (Fig. 5A). There
ere significant related-time increases in DNA damage at 12, 24

nd 48 h. We analyzed the DNA tail moment with 0.2 �M B[a]P at

, 12, 24 and 48 h in H1355 cells (Fig. 5B black columns), and sig-
ificant increases were found time-dependent (from 0.6 ± 0.45 �m
o 12.1 ± 2.7 �m, 28.3 ± 5.9 �m and 35.4 ± 3.6 �m). Subsequently,
n H1355 cells with GST-M2 mRNA overexpression treated with
[a]P there were statistically significant decreases in DNA damage
the relative expression as compared to GAPDH. **p < 0.01 vs nontreated control.

(Fig. 5B hatched columns) at 0, 12, 24 and 48 h, most notably alle-
viation of DNA strand break (from 1.53 ± 0.21 �m to 4.0 ± 0.5 �m,
5.6 ± 0.6 �m and 14.2 ± 1.39 �m) (a, compare with pcDNA/H1355,
p < 0.01, Student’s t-test). We therefore examined DNA fragmen-
tation after pre-treatment with ANS at 200 �M, a high binding
capacity for non-substrate compound. The GST-M2 activity could
be inhibited by ANS in vitro and in vivo (Mosebi et al., 2003).
This caused a significant increase in DNA damage at 12, 24
and 48 h. (Fig. 5B rhombus columns) (from 12.1 ± 0.21 �m to
18.8 ± 1.8 �m and 25.6 ± 1.0 �m) (b, compare with GST-M2 trans-
fectants/H1355, p < 0.05, Student’s t-test).These results indicated
that B[a]P-induced DNA strand breakage is time-dependent in lung
cancer cells.

Upon DNA double-strand break (DSB) induction in mammals,
H2AX become rapidly phosphorylated at serine 139 and termed
to form �-H2AX that is easily identified and serves as a sen-
sitive indicator of DNA DSB formation (Dickey et al., 2009).
Therefore, induction of �-H2AX is found following exposure of
cells to suspected DNA-damaging compounds such as cigarette
smoke (Albino et al., 2004), polycyclic aromatic compounds, dini-
trobenzo[e]pyrene (Mattsson et al., 2009). We detected �-H2AX

chromatin protein on Western blotting at sites flanking DSBs.
GST-M2 overexpression in H1355 cells significantly alleviates DNA
double-strand breaks (Fig. 6). These results indicate that GST-M2
overexpression can be significantly effective in protecting against
B[a]P-induced DNA damage in lung cancer cells.
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Fig. 5. B[a]P induced DNA damage as evidenced by tail moment. (A) Mean tail moments of
pretreated with ANS (200 �M) 1 h prior to incubation with B[a]P 0.2 �M for 12, 24 and 48
transfectant cells. (b) p < 0.05 for comparisons of GST-M2/H1355 transfectants pretrea
calculated by determining the surface area of the same range. (B) The tail moment = %DN

Fig. 6. Western blot analysis of the �-H2AX response exposure to B[a]P in H1355,
pcDNA/H1355 and GST-M2/H1355 transfectant cells. Cells were treated for 48 h
with B[a]P 0.2 �M or ANS 200 �M (non-substrate ligand for GST-M2 inhibitor) and
analyzed for �-H2AX chromatin protein expression by Western blot. Total Histone
3 is shown as a loading control.
H1355 cells, pcDNA/H1355 transfectant cells and GST-M2/H1355 transfectant cells
h. (a) p < 0.01 for comparisons of GST-M2/H1355 transfectants and pcDNA/H1355

ted with 200 �M ANS and GST-M2/H1355 transfectants. The tail moments were
A in tail × tail length.

4. Discussion

Our findings suggest that the significant loss GST-M2 mRNA
expression was in lung cancer cell lines, not in lung normal cell lines
(Fig. 1A). GST-M2 mRNA expression undergoes de-methylation
and restore after exposure to de-methylation agent 5-Aza-2′-
deoxycytidine in lung cancer cells (Fig. 4A). Loss of GST-M2 in
lung cancer cells causes DNA damage upon exposure to B[a]P
(Figs. 5 and 6). Therefore, the data support our hypothesis that the
hypermethylation leading to silencing GST-M2 expression in lung
cancer cells and become more sensitive to long-term exposure to
carcinogenic agents, such as B[a]P and PAH.
In general, GST-M2 mRNA expression was higher in lung nor-
mal cell lines (MRC-5, WI-38 and BEAS-2B) than lung cancer cell
lines using RT-PCR. It looks like that GST-M2 expression was higher
in lung fibroblasts than in epithelial cells (Fig. 1). The data sug-
gested that GST-M2 expression might be higher in stroma or normal
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arts than in epithelial cells or tumor parts. Using real-time RT-PCR,
e found a significant association for GST-M2 expression between

he tumors and adjacent non-malignant lung tissues (p = 0.016) in
atients with NSCLCs. There are high levels of GST-M2 in adjacent
on-malignant lung tissues but low or absent levels of GST-M2 in
umor tissues (Fig. 2). Aberrant DNA hypermethylation of gene pro-

oter regions is an epigenetic mechanism leading to silencing of
umor suppressor genes in many human cancers (Peng et al., 2009).
ownregulation of GST-M2 is mediated through aberrant hyper-
ethylation in lung cancer cell lines (Fig. 4). We consider that there

ave a higher proportion of GST-M2 hypermethylation in NSCLC
atients.

We observed that B[a]P-induced DNA strand breakage is time-
ependent in H1355 cells and the effect is most severe at 24 h
Fig. 5). These findings are in agreement with previous reports
hich measured DNA breaks in alveolar macrophages, lung cells,
eripheral lymphocytes of Sprague-Dawley rats, exposed to a single
ose of B[a]P by endotracheal administration (Garry et al., 2003).
2AX is a key regulator of the DNA damage response, because H2AX
lays an essential role in the recruitment and accumulation of DNA
epair proteins to sites of DSB damage (like replication fork col-
apse) (Furuta et al., 2003), and leads to the DNA repair response
tart. Those proteins include 53BP1, MDC1, RAD51, BRCA1, and the
RE11/RAD50/NBS1 (Dickey et al., 2009). The chromatin remodel-

ng complex TIP60-UBC13, which also participates in DNA repair,
s recruited to the DSB site by �-H2AX (Ikura et al., 2007). In our
ypothesis that the hypermethylation leading to silencing GST-M2
xpression in lung cancer cells became more sensitive to long-
erm exposure to carcinogenic agents, such as B[a]P and PAH.
hus, GST-M2 prevented BPDE-DNA adducts and �-H2AX forma-
ion did not enhance DNA repair capability for BPDE-DNA adducts.
hus, hypermethylation of tumor suppressor genes forms the basis
or development of biomarkers for early detection of lung cancer
Sidransky, 2002). One might conceptualize that biomarkers show
igh levels of methylation in tumor but very low methylation in
djacent non-malignant lung tissues (Shivapurkar et al., 2007). We
re confident that the hypothesis of GST-M2 hypermethylation in
SCLC tissues is supported.

Most studied of the GSTs is GST-M1, which is only expressed
n 50% of the population (Seidegard et al., 1988). Similarly, the
xpression of GST-M1 was inconsistent in our study (Fig. 1A). A
tudy indicated that the proportion of the GST-M1 gene deletion
enotype significantly increased in lung cancer patients in Rus-
ia (81%). Next, we assessed expression by quantitative real-time
CR in 50 patients. GST-M1 was the least expressed within adja-
ent non-malignant parts or lung tumor tissues (data not shown).
nother study indicated that on immunostaining GST-M1 expres-
ion went from being absent to being weak in the bronchial cells
f human lung tissues (Anttila et al., 1993). Although the GST-
1 and GST-M2 genes are closely related, sharing 97% of their

ucleotides (Konig-Greger et al., 2004), GST-Mu class is highly
iverse.

In conclusion, our data demonstrated a loss of expression of
ST-M2 in tumor part of NSCLCs and hypermethylation mediated
ST-M2 gene silence. This study provides new insight into the
olecular mechanism of GST-M2 expression. Moreover, delineat-

ng the alleviation of DNA damage induced by B[a]P manifests a
ajor detoxification role for GST-M2. Thus, quantitative analysis

f GST-M2 for levels of methylation within its promoter sequences
n NSCLCs appears to be a promising marker in our future study.
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