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Fold changes of R35 to Vector clone were calculated according to the instructions ofthe
RT?Profiler PCR Array.

Because our data indicate that the GSK-3 inhibitors tested abrogated
prostate cancer cell migration to the basal level, GSK-3 is postulated to
play a pivotal role in cell motility under the RhoB-involved signal
cascade. The role of RhoB in GSK-3 signaling has already been
demonstrated under hypoxic conditions (Skuli et al., 2006). Hypoxic
signals induced RhoB-dependent Akt and GSK-3 phosphorylation. An
RhoB-overexpressed R35 cell line did not show predominantly
phosphorylated Akt (Thr308 and Ser473, data not shown); thus, signal
transduction to GSK-3 might bypass Akt activation in this cell line.
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Fig. 3. Collagen gel invasion assays with or without MMP inhibitor. (A) Invasive
potential of each clones were measured with Boyden chamber based assay system.
Data shown are mean4SD of triplicates, representation from three independent
experiments. *p<0.05, compared to vector control. (B) Same collagen gel invasion
assay in panel A, except each cells were pretreated with MMP inhibitor. Data shown are
mean+SD of triplicates, representation from three independent experiments.
*p<0.05, compared to R35 DMSO. Mann-Whitney U-test was used to calculate
statistical significances in panels A and B.
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In addition to our current result, direct evidence showing that
GSK-3 up-regulates epithelial cell migration has been presented using
an MDCK wound closure assay (Farooqui et al., 2006). GSK-3 acts
upstream of ADP-ribosylation factor 6 and Racl, and the activated
form of GSK-3 predominates during wound closure. The epithelial cell
migration was blocked by an administration of GSK-3 inhibitor. The
authors postulate that cell adhesion protein paxillin could be the
downstream effecter molecule of GSK-3. Paxillin, which is a focal
adhesion-associated protein, acts as a scaffold protein influencing cell
motility and providing a signaling platform at the vicinity of focal
adhesion (Brown and Turner, 2004). Since the phosphorylation of
paxillin, which is essential in cell spreading, is mediated by GSK-3 and
ERK dual-kinase (Cai et al., 2006), the phosphorylation levels of both
proteins were evaluated in the R35 cell line. There was no difference
in the phosphorylation status of GSK-3a (Ser21), GSK-3p (Ser9) and
paxillin (Ser126) between R35 and vector cell lines (data not shown).
GSK-3 phosphorylates target proteins preferably activated by other
kinases (Doble and Woodgett, 2003). R35 and vector cells might have
a different co-modifying set of kinases that target cell motile regu-
latory proteins.

Given the functional diversity, GSK-3 has been studied as a
therapeutic target in many pathological conditions (Doble and
Woodgett, 2003). Clinical and in vitro effects of GSK-3 inhibitors are
insulin mimetic action, anti-cell proliferation and inhibition of tau
phosphorylation. Recent studies have shown that administration of a
GSK-3 inhibitor increased bone formation (Kulkarni et al., 2007) and
prevented epithelial-mesenchymal transition (EMT) of human
embryonic stem cell (Ullmann et al., 2008). EMT is the process of
cytoskeletal and adhesion molecules to remodel an epithelial into
mesenchymal phenotype, losing an original polarity but gaining a
higher motility. Thus, close association of EMT with cancer invasion
and metastasis, targeting GSK-3 by specific inhibitor, like our study
and others, could become a therapeutic options for an advanced
cancer.

The underlying mechanism between RhoB and MMP1 expression
has not yet been fully elucidated. The cytoplasmic tail of a
transmembrane mucin, MUC1, translocates to the nucleus after
phosphorylation by Met, interacts with p53 and leads to the
suppression of MMP1 transcription (Singh et al., 2008). MUC1 is
also phosphorylated by GSK-3p (Li et al., 1998). The phosphorylation
sites of MUC1 by Met and GSK-3p are not identical. So it is plausible
that MUC1 in RhoB-overexpressed prostate cancer cells might be
predominantly phosphorylated by GSK-3p, abrogating its suppressive
effect on MMP1 transcription.

In the literature, there have been no solid data studying the
relevance of RhoB and clinical cancer. One can assume that no
correlation has been observed between clinical cancer and RhoB
expression level. We did the compared real-time PCR experiment of
RhoB in the cancer versus non-cancerous fissue from clinically
dissected prostate cancer. The RhoB expression ratio (cancer/non-
cancer) was diverse among each cancer cases and no correlation was
observed toward Gleason score, an indicator of malignant potency
and prognosis (data not shown). Based on the origin of DU145 cell
line, which was derived from brain metastasis lesion, RhoB function as
an invasion promoter might be exerted at distant metastatic prostate
cancer. Even in this scenario, DNA demethylated and/or chromatin
acetylated modification could be required for an induction of RhoB
protein in prostate cancer cells as in our preliminary experiment.

In conclusion, this study presents the first evidence that RhoB
promotes cellular motility and invasion of prostate cancer cell,
signaling downstream in GSK-3 and enhancing a collagen gel invasion
by MMP1 induction. Current results indicate that in certain cell type,
like prostate cancer, RhoB works as a tumor promoter not as a
suppressor. Unraveling the cell-type-specific bifunctional mechan-
isms and conditions of RhoB protein should help understanding the
biological, physiological and pathological protein behavior.
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Abstract

In order to evaluate the chronic effect of polymerized toner partlcle on the Iung, inﬂammaticn- and fibrosis-
related genes were analyzed and 8-hydroxydeoxyguanosine (8-OHdG) was examined by using the lung tissue
of rats subjected to 24 months of toner inhalation expostre. Wistar female rats were divided into four groups
(5 weeks old, 30 rats in each): the high concentration exposure gro ' 6. ma/m?), the medium concentra-
tion exposure group (4.4 + 0.3 mg/m?), the low concentration exposure group (1.6 + 0.2 mg/m’). and the control
group (clean air). The material used was black toner, and itsaerodynamic diameter in the exposure chamber was

3.0 um. The rats were exposed to the material for 24 months (6 hours/day, 5 dayslweek) and dissected after the
exposure period. RNA was extracted from one ‘lung and the gene eXpresswn ‘related fo inflammation and fibrosis.

Matrix metalloproteinase-2 (MMP-2), tlssue |nhib

toner exposed groups. In conclusion, toner produced

met oprotemase—z (TIMP-Z), and type | collagen were

in: the toner exposed groups; however, progres-
I ﬁbrotnc foci and cell aggregatlon increased in

ygenesis in this experiment.

Introduction

Since toner for copiers and printers is widely used in many
countries, occupational’exposure may occur:not only in
production facilities but also in offices. Case reports on
pneumoconiosis and hypersensmwty pneumomtls caused
by toner have been published' A_rmbruster et al, 1996;
Gallardo et al., 1994), and recently, fine particle generation
by printers and allergy symptoms in printer users have been
reported (Crijins et al., 1987). Thus, the biological effect of
toner has become a concern. However, the causal relation-
ship between toner and its effect on health is unknown.
There have been developments within toner manufactur-
ing, and in addition to the conventional grinding process,
the polymerization process has recently been used more
widely, and its demand is increasing (Nanya et al., 2004).

Differences in the toner manufacturing process may lead
to differences in physicochemical properties of toner par-
ticles, thereby bringing about different biological effects. It
is reported that the toner particle produced by polymeriza-
tion has a smaller diameter, a narrower size range, and a
smoother surface than those of the toner particle produced

. by grinding. Studies have reported that a finer particle size

enhances biological response (Oberdorster et al., 2005) and
toner surface properties influence its surface activity; thus,
the biological effect is assumed to be different between
ground and polymerized particles.

Pulmonary fibrosis and cancer are major pathologies
caused by a chronic effect of particle exposure, and are typi-
cal pathological endpointsfor hazard evaluation (Morimoto
et al., 2005a, 2005b). In fibrosis, a major prerequisite lesion
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is an excess deposition of matrix, i.e. collagen, in associa-
tion with an imbalance between the production and deg-
radation systems of collagen (Seyer et al., 1976; Woessner,

1991), and the increased imbalance is assumed to lead to

fibrosis. Matrix metalloproteinases (MMPs) for collagen
production are associated with the former, and the bal-
ance between MMPs for collagen metabolism and tissue
inhibitors' of metalloproteinase (TIMPs) to suppress col-
lagen metabolism is associated with the latter. In regard to
cancer, DNA damage caused by oxidative stress may result
in gene mutation and eventually in carcinogenesis. Studies
have reported that a marker of typical oxidative damage of
DNA, 8-hydroxydeoxyguanosine (8-OHdG), is associated
with carcinogenesis of various organs including the lung,
and is a biomarker of lung cancer (Farinati et al., 1998;
Kasai & Nishimura, 1984).

In order to evaluate the biological effect of polymerized
toner, we examined the matrix system and production of
8-OHdG in the lung tissue of rats exposed to air containing
polymerized toner for 24 months. '

Materials and methods

Materials
The polymerized toner used in the present study was Imagio
Toner Type 26 Black (Ricoh Company, Ltd.). The composi-

. tion of this toner is >80% polyester resin, 1-10% wax, 1-10%

silica, and 1-10% carbon black, as listed by the manufac-
turer. Scanning electron micrographs of toner particles in
an exposure chamber are shown in Figure 1. The particle
size distribution was determined by an Andersen cascade
impactor (AN-200; Sibata Sci. Tech. Co., Japan). The mass
median aerodynamic diameter and geometric standar
deviation were 3.0 + 1.7 ym. ’

Inhalation system (Figure 2)
The inhalation system consisted of a dust generator, expo-
sure chambers (volume 0.57 m°), and gas-liquid-solid sep-
arators, as described by Tanaka et al. (1983). A continuous
fluidized bed was used as the dust generator. Toner was fed
from the dust generator into the exposure chamber with the
feed rate being controlled by the rotating speed of the screw
feeder and the flow rate for fluidization. The toner aerosol
concentration in the exposure chamber was measured
daily by the isokinetic suction of air though a glass fiber
filter beside the chamber. The glass fiber filter was weighed
before and after the measurements in accordance with the
standard method in JIS-Z8808, and the measured daily
exposure weight concentration was determined as mg/m?.
During exposure rats were kept in this chamber, and it
was cleaned at the end of each exposure day. The rats were
fed pellet-type food, and their weight was measured once a
week.

Animals , :
One hundred twenty specific pathogen-free female Wistar
rats, 5 weeks of age, were purchased from Kyudo (Kumamoto,

Effect of polymerized toner on rat lung 899

Figure 1. Scanning electron micrographs of toner particles in exposure
chamber.

']apan). These rats were divided into four groups: high expo-

sure, medium exposure, low exposure, and a control group.
Each group totaled 30 rats, which were then divided into
10 and 20 rats for the 12 and 24 months inhalation groups,
respectively. The exposure groups were subjected to inhala-
tion exposure for 6 hours a day, 5 days a week for up to 2 years
(Tanaka et al., 1983). Daily average exposure concentrations
and standard deviations in the low, medium, and high expo-
sure groups were 1.6 + 0.2, 4.4 + 0.3, and 16.3 + 0.6 mg/m’,
respectively. The control rats were exposed to only clean air
in a same-sized chamber located in the same air-conditioned
room.

After 1 or 2 years of inhalation exposure, the rats were
injected intraperitoneally with a fatal overdose of pheno-
barbital. The rats were handled according to the guidelines

- described in the Japanese Guide for the care and use of

laboratory animals as approved by the Animal Care and Use
Committee, University of Occupational and Environmental
Health, Japan.

Periodic tests for microorganisms such as viruses, bac-
teria, and mycoplasma were carried out using sentinel rats
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Figure 2. Schematic diagram of dust exposure system.

during the experiment, and pathogens were not observed in
the rats.

L]
Preparation of RNA, cDNA synthesis, and polymerase
chain reaction
Total RNA from the lung was prepared in the presence of
guanidium thiocyanate (Chomczynski & Sacchi, 1987).
Single-strand cDNA was synthesized with Moloney murine
leukemia virus-derived reverse transcriptase (Perkin Elmer,
Norwalk, CT) using 500 ng of total RNA. An equal amount of
cDNA from each sample was amplified by specific primers
for each gene. Amplification was performed with a ther-
mocycler (Astech, Japan) under the following conditions:
denaturation at 94°C for 45 seconds, annealing at 60°C for
45 seconds, and extension at 72°C for 2 minutes for the tar-
get and B-actin genes.

The fragments amplified by polymerase chain reaction
(PCR) were detected by electrophoresis on 2% agarose gel.
The PCR products were resolved using gel electrophoresis
and visualized by ethidium bromide staining. The gel was
photographed with Polaroid type 665 positive/negative
film (Polaroid Corp., Cambridge, MA) under ultraviolet
light at identical exposure and development times. The
bands from the positive film were scanned, and the den-
sity of MMP-2, TIMP-2, and type I collagen PCR product
was measured using National Institute of Health (NIH)
Image 1.55 software (written by Wane Rasband at NIH,
Bethesda, MD).

Analysis of 8-OHdG in lung DNA

The 8-OHdG level in the DNA of lungs exposed to the toner
was measured according to previously described methods
(Kawai et al., 2007). Briefly, cellular DNA from rat lungs (n =
8) was isolated using a DNA extractor WB Kit (Wako, Japan).
The isolated DNA was digested with nuclease P1 (Yamasa,
Japan) and alkaline phosphatase to obtain 8-OHdG in
the nucleoside form. The nucleoside solution was filtered
with Ultrafree-Probind (Millipore, Billerica, MA) and was
injected into a high-performance liquid chromatography
(HPLC) column (Shiseido Capcell Pak C18 MG 4.6 x 250
mm; Tokyo, Japan) equipped with an electrochemical
detector (ECD-300; Eicom Co., Kyoto, Japan) with a flow
rate of 1.0 ml/min. The mabile phase consisted of 10 mM
NaH,PO, containing 8% methanol. 8-OHdG in DNA was
calculated as 8-OHdG/10% dG.

Statistical analysis
Statistical analysis was carried out using the Mann-Whitney
test with differences at p < 0.05 considered to be statistically

significant.

Tissue preparation for H&E stain

After removal of the lungs, the left lung was inflated and
fixed by intratracheal instillation of 4% paraformalde-
hyde at 25 cm H,0 pressure. The lungs and trachea were
resected from the surrounding tissue, and allowed to stand
at 4°C for 24 hours. The tissue was washed for 10 minutes
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in phosphate-buffered saline, dehydrated by immersion
in a graded series of ethanol washes for 1 hour per wash,
then maintained in 100% ethanol at 4°C. The lung tissue
was embedded in paraffin, and 5 um-thick sections were
cut from the lobe. The samples were then sectioned and
stained with hematoxylin and eosin (H&E). The lung pathol-
ogy was scored 0-5 for fibrotic change, according to the
methods described. ESP scores, criteria for fibrosis at the
bronchiolar-alveolar junction, were as follows (Bernstein
et al., 2006): grade 0, a normal lung; grade 1, minimal, just
detectable, very few, very small foci of collagen deposition;
grade 2, slight, fairly easily detected, few, small foci of col-
lagen deposition; grade 3, moderate, easily detected foci of
collagen deposition in considerably enlarged areas at the
bronchiolar-alveolar junction; grade 4, marked, obvious,
or extensive foci of collagen deposition extending from the
bronchiolar-alveolar junction into the interstitium of more
peripheral parts of the lung parenchyma; grade 5, severe,
widespread collagen deposition with consolidation at the
bronchiolar-alveolar junction, sometimes with interlobu-
lar linking. The severity of the fibrotic changes in each lung
section was assessed as a mean score of severity from the
observed fibrotic fields.

In order to quantify inflammation in H&E-stained lung
specimens, the areas of inflammation were determined. Six
random digital images were taken per lung section with a
digital camera (DS-5M; Nikon Instech Co. Ltd., Kanagawa,
Japan) under light microscopy. A 300-point grid was placed
over each image on the computer screen and we examined
pulmonary inflammation in each using the point counting
method. The percentage area of inflammation, excluding
air spaces in the lung parenchyma, was calculated (Ogami
et al., 2009).

Results

Survival rate

The number of deaths at earlier than 24 months was eight
in the control group, 10 in the low concentration exposure
group, nine in the medium concentration exposure group,

Table 1. Pathological findings in rat lungs at 1 year of toner inhalation.

Effect of polymerized toner on rat lung 901

and six in the high concentration exposure group, and
there was no difference of survival rate among the four
groups. In addition, there was no difference of behavior.

Wet weight of organs

There were no differences in wet weights of the lungs, liver,
kidneys, and spleen among the control group and the
exposed groups at 12 months and at 24 months.

Pathological findings of the lung
The pathological findings of the lung are shown in Table 1 (at
12 months), Table 2 (at 24 months), and Figure 3.

No tumors, including benign tumors, were found in the
exposed group at 12 and 24 months, There was no dysplasia
of alveolar and respiratory epithelia in the exposed groups,
although hyperplasia was observed in all groups.

Small fibrotic foci and cell aggregation were not found
in the control group after 12 months; however, small
fibrotic foci, i.e. mild fibrosis, was found in the toner
exposed groups. After 24 months, small fibrotic foci or
mild fibrosis was observed in the toner exposed groups,
and the morbidity of small fibrotic foci was higher in the
high concentration exposure group. However, the ESP
score showed local mild fibrosis of level 1 or 2, and inhaled
toner was localized around cell aggregation in alveoli.
Progressive or irreversible fibrosis, which is observed in
the case of exposure to crystalline silica and asbestos, was
not observed.

We also quantified inflammation in lungs according to
the inflammation area (Figure 4). Compared to controls, no
significant increase in inflammation score was observed in
the exposed groups at either 12 or 24 months.

Type I collagen gene expression

There was no significant difference in gene expression of
B-actin between the control and toner-exposed groups.
Figure 5 shows type I collagen expression after 12 and 24
months. There was no significant difference of expression
between the control group and each exposed group after 12
months. Similarly, no significant difference of expression was

Pleural
Small foci of Accumulation of Bronchial pneumonia thickening
collagen (n (%)) macrophages (1 (%)) (n(%)) Tumors (n (%)) (n (%))
Control (n = 10) 0(0) 0(0) 0(0) ' 0(0) 0(0)
Low concentration exposure group (n = 10) 2 (20) 3(30) 0(0) 0(0) 0(0)
Medium concentration exposure group (n = 10) 2(20) 3(30) 0(0) 0(0) 0(0)
High concentration exposure group (n = 10) 5(50) 3(30) 2(20) 0(0) 0(0)
Table 2. Pathological findings in rat lungs at 2 years of toner inhalation.
- Pleural
Small foci of Accumulation of Bronchial pneumonia thickening
collagen (n (%)) macrophages (n (%)) (n (%)) Tumors (n (%)) (n (%))
Control (n=12) 2(17) 4(33) - 2(17) 1(8) 0(0)
Low concentration exposure group (n = 10) 3(30) 1(10) 1(10) 0(0) 0(0)
Medium concentration exposure group (n=11) 3(27) 2(18) 0(0) 0(0) 0(0)
High concentration exposure group (n = 14) 9 (64) 7(50) 1(7) 0(0) 0(0)
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Figure 3. Pathological findings in lung tissue: small fibrotic foci. (A) Control group; (B) low exposure group; (C) medium exposure group; (D) high
exposure group; (E) aggregates of alveolar macrophages and alveolar epithelial hyperplasia in high exposure group, x400; (F) aggregates of alveolar

macrophages with inhaled toner in alveoli in high exposure group, x400.

found between the control group and each exposed group
after 24 months.

TIMP-2 gene expression

TIMP-2 gene expression after 12 and 24 months is shown in
Figure 6. There was no significant difference of expression in
the low, medium, and high concentration exposure groups

as compared with the control group after both 12 and 24
months.

MMP-2 gene expression

MMP-2 gene expression after 12 and 24 months is shown in
Figure 7. No significant difference of expression was found
between the control and each exposed group after 12 months.
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Figure 4. Inflammation area of lung tissue according to point counting
methods, control and low, medium, and high exposure groups. Error bar:
standard deviation.
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Figure 5. Gene expression of type I collagen in rat lungs, control and
low, medium, and high exposure groups. Error bar: standard deviation.
*p < 0.05 compared with control group.

After 24 months, increased expression was observed in the
medium concentration exposure group; however, thisincrease
was not a consistent change. There was no significant differ-
ence between the control group and each exposed group.

Formation of 8-OHdG

Formation of 8-OHdG after 12 and 24 months is shown in
Figure 8. As compared to the control group, there was no
significant production in each exposed group after 12 and
24 months.

Discussion

Inhalation exposure to polymerized toner for 24 months
caused mild and local fibrosisin ratlung in a dose-dependent

Effect of polymerized toner onrat lung 903
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Figure 6. Gene expression of TIMP-2 in rat lungs, control and low,
medium, and high‘exposure groups. Error bar: standard deviation.

12 months
2.0

15
10F
05

MMP-2 / b-actin

Control ' Low Medium ' High
24 months

08 2 —

06

04r

02f

MMP-2 / b-actin

Control Low Medium High

Figure 7. Gene expression of MMP-2 in rat lungs, control and low,
medium, and high exposure groups. Error bar: standard deviation.
*p < 0.05 compared with control group. -

manner. The few previous studies (Bellmann et al., 1991,
1992; Muhle et al., 1991) carried out in the early 1990s indi-
cated a relationship between the inhalation of toner and
pulmonary fibrosis in animal models. Muhle et al. (1991)
reported that a mild to moderate degree of lung fibrosis was
observed in 2-year inhalation studies. These reports did not
refer to the manufacturing process of the toner.

We previously conducted a 2-year inhalation exposure
study using ground toner and found similar mild fibrosis
(Morimoto et al., 2005a). On this basis, there was no marked
difference of intrapulmonary response comparing toner
manufacturing processes. However, the EPS score for ground
toner was at level 2-3, while that for polymerized toner was
at level 1-2. As compared with ground toner, polymerized
toner has a smaller, relatively uniform diameter. Thus it is
supposed that its surface area and particle count per unit
weight are increased, though the particle surface is smooth.
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Figure 8. Formation of 8-hydroxydeoxyguanosine (8-OHdG) in rat
lungs, control and low, medium, and high exposure groups. Error bar:
standard deviation

The former properties will accelerate the response, while the
latter property will suppress the response. In light of the EPS
results in the present study, the effect of the latter property
might be reflected.

Besides, the polymerized toner did not induce any sig-
nificant changes of gene expression of MMP, TIMP, and col-
lagen after 12 and 24 months. In our previous study using
ground toner, the expression of collagen and MMP was
elevated after 12 months, and TIMP and collagen increased
after 24 months (Morimoto et al., 2005a); these changes of
gene expression were suggested to be associated with mild
fibrosis. Since these gene expressions were not observed in
the presentstudy, it is suggested that matrix production- and
metabolism-related genes are little involved in very mild
fibrosis.

Pathological findings revealed local toner retention only
around cell aggregates in alveoli. A small amount of toner
may be retained in rat lung, based on the pathological
findings. Moreover, because active fibrotic lesions such as
fibroblast foci were not observed, it is suggested that fibrosis
was minor. There were no new findings such as plaque near
the visceral and parietal pleura; this is consistent with the
previous study. Since inflammatory cell infiltration was little
and there were no pleural lesions, it is suggested that a very
small amount of toner was transferred to around the pleura
by lymph. .

Long-term inhalation exposure to polymerized toner did
not induce significant carcinogenesis in the lung. Neither
tumor nor fibrosis was found in lung tissue in intratracheal
instillation experiments using micron size carbon black, the
main component of toner (Nau et al., 1960; Sano, 1959). Also,
Muhle et al. (1991) reported no increase of carcinogenesis in
an inhalation exposure study using hamsters for 18 months
to examine chronic effects, although fibrosis was observed.
Mohr et al. (2006) intratracheally injected a high dose of
toner (60-120 mg) into rats and induced lung tumors. One
cause of these differences in tumor morbidity may be differ-
ent deposition amounts in the lung. Studies reported that

insoluble, low toxicity particles such as titanium dioxide and
carbon black resulted in low carcinogenicity up to a certain
exposure level; however, when the exposure level exceeded a
threshold, their carcinogenicity increased rapidly. This sug-
gests that excessive administration induces carcinogenicity
(ILSI Risk Science Institute Workshop Participants, 2000),
Our previous long-term inhalation exposure study using
ground toner showed a lung deposition of 0.22-1 mg (Oyabu
etal., 2001). The diameter of the toner particle in the present
study was smaller; however, the exposure level was nearly
the same, and thus the lung deposition is assumed to be in
the same range. Bellmann et al. (1991) examined lung depo-
sition in an inhalation study in rats at 0.22-16 mg/m?, and
reported delayed clearance at 16 mg/m?®, This concentration
was the same level as our high concentration exposure level
in the present study, so the exposure level in the present
study is likely to be at this threshold or lower.

The formation of a marker of oxidative DNA damage,
8-OHAG, did not increase in lung tissue by exposure to
polymerized toner. An in vitro study of 8-OHdG reported
that when the alveolar epithelium cell line A549 was exposed
to crocidolite, which is an asbestos with carcinogenicity,
significant increases of 8-OHdG production and its repair-
ing enzyme activity were observed (Kim et al., 2001) In J774
cells derived from macrophages, exposure to crocidolite and
amosite caused significant formation of 8-OHdG (Murata-
Kamiya et al., 1997). Xu et al. (1999) also exposed human-

- hamster hybrid cells to crocidolite and observed the forma-

tion of 8-OHdG, confirming that active oxygen species such
as OH radicals are involved in DNA mutagenesis by asbestos
in a dose-dependent manner in such responses. On the
other hand, a low toxicity substance, glass fiber, classified in
group 3 of the carcinogenic substance classification by the
International Agency for Research on Cancer (IARC), did not
cause significant formation of 8-OHdG in 774 cells (Murata-
Kamiya et al., 1997). Yamaguchi et al. (1999) intratracheally
injected crocidolite into rats and observed significant pro-
duction, however. Intratracheal injection of ultra-fine col-
loidal silica resulted in the formation of 8-OHdG in alveolar
epithelial cells and alveolar macrophages (Kaewamatawong
et al., 2006). In another study, intratracheal injection of
low toxicity glass fiber did not cause significant production
(Yamaguchi et al., 1999). Moreover, in our 2-year inhalation
exposure study using ground toner, no carcinogenesis or
significant 8-hydroxydeoxyguanosine formation in the lung
was observed (Morimoto et al., 2005b). As can be seen from
the above, the formation of 8-OHdG both in vivo and in vitro
is correlated to the carcinogenicity of chemicals. Therefore,
in consideration of no 8-OHdG formation with polymerized
toner, these results support that carcinogenesis by polymer-
ized toner was not observed.

In conclusion, in an inhalation study of toner for 24
months using Wistar rats divided into three groups (high,
middle, and low concentration exposure groups, 6 hours/
day, 5 days/week), lung tumors were not found, while
mild fibrosis was observed in a dose-dependent manner.
Moreover, there were no significant changes of matrix-
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related gene expression and 8-OHdG formation. In conclu-
sion, toner produced by polymerization was not associated
with evidence of carcinogenesis in this experiment.

Declaration of interest: The authors report no conflicts of
interest. The authors alone are responsible for the writing of
this paper.
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During carcmogenesxs, methylation of the C-5 position of cytosines in the promoter region of tumor
suppressor genes is often observed. Enzymatic DNA ‘methylation is a widely accepted mechanism for
this phenomenon. It is interesting to propose a free radical mechanism for 5-methyldeoxycytidine (m°dC)
production, because the C-5. position of cytosine is an active site for free radical reactions. When
deoxycyudme (dC) and cumene hydroperox1de (CuOOH), a tumor promoter and a methyl radical producer,
were reacted in the presence of ferrous ion at pH 7.4, the formation of m°dC was observed. The same
reaction also proceeded with z-butyl hydroperoxide (BuOOH). The formation of m*dC was also observed
in DNA by the CuOOH treatment. This is the first report of chemical DNA methylation at cytosine C-5
by environmental tumor promoters. We propose here that this reaction is one of the important mechanisms
of de novo DNA methylatxon during carcinogenesis, because methyl radicals are produced by the
biotransformation of various endogenous and exogenous compounds.

Introduction

DNA methylation is an important epigenetic mechanism of
transcriptional control and plays an essential role in maintaining
normal cellular function. During carcinogenesis, the methylation
of CpG islands in the promoter regions of tumor suppressor
genes occurs, and this can lead to a loss of the gene function or
to gene silencing (I, 2). The hypermethylation of the promoter
regions of these genes is frequently observed in human cancer
(3). Therefore, during multistage carcinogenesis, both mutation
and hypermethylation can lead to an inactive tumor suppressor
gene. It is generally accepted that methylation occurs enzymati-
cally by de novo DNA methyl transferases, such as DNMT3b
(4). However, the exact mechanisms of hypermethylation,
particularly in relation to environmental factors during carcino-
genesis, are not clear.

_Valinluck and Sowers reported that one possible mechanism
of DNA hypermethylation is the formation of inflammation-
induced 5-halogenated dC, such as 5-chloro-dC in DNA, which
mimics m*dC and induces inappropriate methylation by the
maintenance DNMT1 enzyme within the CpG sequence (5).
They also reported that a form of inflammation-induced oxida-
tive DNA damage, 5-hydroxymethyldeoxycytidine, prevents
DNMTI methylation within CpG sequences and induces hy-
pomethylation. They proposed that the chemical modification

of DNA could cause heritable changes in cytosine methylation

patterns, resulting in human tumor formation.

The formation of a mutagenic methyl radical-deoxyguanosine
adduct, 8-methyl-2’-deoxyguanosine, has been detected in DNA
after a treatment with BuOOH and ferrous ion in vitro or after
the administration of 1,2-dimethylhydrazine to rats (6—8). We
proposed a free radical mechanism to produce m*dC in DNA
or the nucleotide pool, because the C-5 position of cytosine is

* To whom correspondence should be addressed. Tel: +81-93-691-7469.
Fax: +81-93-601-2199. E-mail: h-kasai @med.uoeh-w.ac.jp.
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an active site for free radical reactions, in addition to the C-8
of purines and the C-6 position of pyrimidines, on the basis of
quantum mechanical calculations (9). In this study, environ-
mental tumor promoters, cumene hydroperoxide (CuOOH) and
t-butyl hydroperoxide (BuOOH), which are known to generate
methyl radicals (10), were tested for the formation of m*dC from
dC or in DNA.

Experimental Procedures

Materials. Deoxycytidine (dC), calf thymus DNA, poly(dG-
dC)poly(dG-dC), poly(dG)-poly(dC), and 2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (TEMPO) were purchased from Sigma-
Aldrich (St. Louis, MO). dC was purified by repeated rounds
of HPLC (Capcell Pak C18, 5 gm, 10 mm x 250 mm, Shiseido
Fine Chemicals, Japan; elution, 5% methanol in water) to
remove the small amount of contaminating 5-methyl-dC. a-(4-
Pyridyl-1-oxide)-N-tert-butylnitrone (POBN) was a product of
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). CuOOH
(80% solution) was a product of Lancaster (Morecambe,
England). BuOOH (70% solution) and ferrous sulfate
(FeSO47H,0) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The FeSO, solution (100 mM)
was prepared just before use for reactions. The anti-5-methyl-
dC monoclonal antibody was a gift from Dr. Kazuaki Watanabe,
Toray Research Center (Kamakura, Japan) (17).

Reaction of dC with CuOOH/Fe** and Analysis of the
Product by HPLC. Detailed reaction conditions are described
in the legends to Figures 1—3. After the reaction, the solution
was centrifuged, and an aliquot of the supernatant was injected
into the HPLC column (YMC-Pak ODS-AM, 4.6 mm x 250
mm, particle size, 5 um,; elution, 5% methanol, 0.9 mL/min)
connected with a photodiode array UV detector (Hewlett-
Packard 1100 HPLC Detection System).

Reaction of DNA Polymer with CuQOH/Fe?*. Detailed
reaction conditions are described in the legend to Figure 4. After

© 2009 American Chemical Society
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Figure 1. Detection of m*dC in the reaction mixture of dC, Fe?*, and CuOOH by HPLC. The reaction mixture (final volume, 0.32 mL), containing
dC (final concentration, 5.46 mM), FeSO, (6 mM), and ChOOH (63 mM) in 20 mM phosphate buffer (pH 7.4), was reacted in a sealed plastic tube
(ube volume, 2 mL) by vigorous shaking at 20 °C. After a 1 h of reaction, the solution was centrifuged, and an aliquot of the supernatant was
injected into the HPLC apparatus. (A) Chromatogram of the m*dC standard and its UV spectrum (inset), (B) chromatogram of the reaction mixture
and UV spectrum of the peak at 18.5 min (inset), and (C) chromatogram of the control reaction mixture without CuQOH.
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Figure 2. Dose and time dependency of m*dC formation in the dC/
CuOOH/Fe?* reaction. (A) Dose dependency: The reaction conditions
were the same as those in Figure 1, except that three different
concentrations of CuOOH (7, 21, or 63 mM) were used. Mean values
of duplicate experiments are plotted. (B) Time dependency: The reaction
conditions were the same as those in Figure 1, except that the reaction
was stopped at 5, 20, and 60 min. Mean values of duplicate experiments
are plotted.

a 5 min reaction, the reaction mixture was centrifuged, and the

supernatant (290 xL) was mixed with 87 uL of 5 M NaCl and
754 pl. of cold ethanol and kept at 5 °C to precipitate the DNA.

The DNA was recovered, washed with cold ethanol, dried under
reduced pressure, and then dissolved in 260 uL of 1 mM EDTA
(pH 8.0). For the LC/MS/MS analysis, a 170 4L aliquot of the
sample was digested with 14 units of nuclease P1 and 4 units
of alkaline phosphatase. For immunodot blot analysis, the DNA
solution was centrifuged, and the supernatant was passed through
a centrifugal filter device (Amicon Microcon YM-100) to
recover the high molecular weight DNA (MW > 100000). The
DNA trapped by the filter was dissolved in 150 xL of 1 mM
EDTA (pH 8.0).

Detection of m*dC in DNA by Immunodot Blot Analysis.
The immunodot blot analysis was performed by basically the
same method as previously reported (72). A calf thymus DNA
sample (1 mg/mL PBS) was sonicated to obtain fragments of
DNA. The DNA solution was then heat-denatured and diluted
with 2 M ammonium acetate to an appropriate concentration
(1-100 ng/mL). When the oligonucleotide was used, the
sonication step was omitted. Single-stranded DNA and oligo-
nucleotides (containing 0.1—~10 ng DNA or 50 ug oligonucle-
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Relative yields of m°dC

TEMPO (mM)

Figure 3. Inhibition of m*dC formation from dC by TEMPO (A) or POBN (B). The reaction conditions were the same as those in Figure 1, except
that the reaction time was 20 min. The reaction was conducted in the presence or absence of TEMPO and POBN. The ratio to the m*dC yield
without TEMPO or POBN (1.0) is shown.
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Figure 4. Detection of m’dC in DNA polymers by an immunodot blot analysis. The reaction mixture (final volume, 0.32 mL) contained poly(dG-
dC)-poly(dG-dC) or poly(dG)+poly(dC) (final concentration, 10 Ase OD units/mL), FeSO, (6 mM), and CuOOH (63 mM) in 20 mM phosphate
buffer (pH 7.4) and was reacted in a sealed plastic tube (tube volume, 2 mL) by vigorous shaking at 20 °C. After 5 min, the polymers were
recovered from the reaction mixture, as described in the Experimental Procedures, and were used for the analysis. As positive controls, m*dC in
various amounts of calf thymus DNA was visualized. As negative controls, DNA polymers without treatment were analyzed.

otide /100 uL sample) were immobilized on a nitrocellulose
membrane (0.45 um, Bio-Rad Laboratories, CA) using a Bio-
Dot Microfiltration Apparatus (Bio-Rad Laboratories). The wells
were rinsed with 200 4L of 2 M ammonium acetate. The filter
was subsequently removed from the support, and the DNA was
cross-linked to the nitrocellulose using a Spectrolinker XL 1000
UV (Spectronics Co., NY). The membrane was washed twice
for 5 min with PBS-Tween 20 (0.05%) (PBS-T) containing 2%
ECL Advance Blocking Agent (GE Healthcare, Buckingham-
shire, United Kingdom) (blocking solution). The membrane was
then incubated overnight at 4 °C with the blocking solution
containing an anti-m*dC monoclonal antibody (1.3 gg/mL) (11).
. The membrane was washed three times with PBS-T and was
then incubated with the secondary antibody diluted 1:75000 in
the blocking solution (ECL Anti-Mouse IgG Horseradish
Peroxidase-Linked Species-Specific Whole Antibody, from
shéep, GE Healthcare) for 2 h at room temperature. The
. membrane was washed four times with PBS-T. The enzymatic
activity was visualized with an Amersham ECL advance
Western blotting detection kit (GE Healthcare). The chemilu-
minescence output from the membrane was imaged using a CCD
imager (Light Capture AE-6972, ATTO, Tokyo, Japan).
LC/MS/MS Analysis. The LC/MS/MS data were acquired
on a Waters Micromass Quattro Ultima Pt triple quadrupole

mass spectrometer with an ESI source (Waters Corp., Milford,
MA). It was operated in the positive ion mode with a potential
of 35 V. The desolvation temperature was 350 °C, and the ion
source temperature was 120 °C. The collision energy was 11
eV. HPLC was performed using a Waters Alliance 2695 system
(Waters Corp.), with a Capcell Pak C18 MG column, 5 um,
2.0 mm x 250 mm (Shiseido Fine Chemicals, Japan); column
temperature, 40 °C; elution, 8% aqueous'methanol containing
10 mM ammonium formate; and elution §peed, 0.2 mL/min.

Results

Reaction of dC with CuOOH/Fe?*, When dC was reacted
with CuOOH in the presence of Fe?* at pH 7.4, the formation
of m°dC was clearly identified by HPLC equipped with a
photodiodo array UV detector (Figure 1). The retention time
and the UV spectrum of the reaction product were exactly the
same as those of the authentic m°dC. Its formation was
dependent on the concentration of CuOOH (Figure 2A), and
the reaction was rather rapid, due to its radical character. The
reaction was approximately 70% complete within 5 min (Figure
2B). The methyl radical is produced by the reduction of CuOOH
by Fe®*. It is reasonable to speculate that the methyl radical
formation rate and the m*dC formation rate are dependent upon
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Table 1. Yield of m*dC from dC by BuOOH/Fe**

Treatment®
reaction condition yield of m*dC/10%C

1 N H,S0, 25.4
0.35 N H,SO, 213
pH 4.5 air 6.01

N, - 594
pH 7.4 air 1.76

N, 2.19

“dC (final concentration, 5.46 mM) and FeSO,; (4 mM) were mixed
in 032 mL of 20 mM sodium acetate buffer (pH 4.5), 20 mM
phosphate buffer (pH 7.4), or in H,SO, solutions (0.35 or 1 N), and the
reaction was started by adding BuOOH (final concentration, 16 mM) in
a sealed plastic tube (tube volume, 2 mL) by vigorous shaking at 20 °C.
In some experiments, the oxygen in the solution was removed by
flushing with nitrogen gas before starting the reactions. After a 30 min
reaction, the solution was centrifuged, and an aliquot of the supernatant
was injected into the HPLC apparatus. For the reactions in HaSO,
solutions, the supematant was neutralized with 5 M NaOH, and then, an
aliquot was injected into the HPL.C apparatus.

the CuOOH concentration with the same concentration of Fe?*,
When a radical scavenger, TEMPO or POBN, was added to
the reaction mixture at a concentration up to 3 mM, the m*dC
formation was inhibited (Figure 3). It should be mentioned that
POBN is an efficient trapping agent for methyl radicals (8),
while TEMPO, in addition to combining with methyl radicals,
oxidizes Fe?*, which is an important factor to produce methyl
radicals (13). From these results, it can be concluded that this
reaction proceeds via a free radical mechanism, probably via a
methyl radical.

Reaction of dC with BuOOH/Fe**. The formation of m*dC
from dC was also observed after a reaction with BuOOH/Fe?*
at pH 7.4 (Table 1). Acidification of the reaction conditions
increased the yield of m°dC. When oxygen was removed from
the reaction mixture at pH 7.4, the yield increased by 25%. The
methyl radicals produced in the reaction may partly react with
oxygen under aerobic conditions to form methyl peroxy radicals
and then further decompose to formaldehyde.

Reaction of DNA Polymers with CuOOH/Fe?*. After a
double-stranded homopolymer, poly(dG)-poly(dC), or an alter-
nating copolymer, poly(dG-dC)poly(dG-dC), was reacted with
CuOQOH in the presence of Fe?* at pH 7.4, the formation of
m°dC was examined by an immunodot blot analysis. The
formation of m°dC was clearly detected in both DNA polymers
after the treatment (Figure 4). As a positive control, we analyzed
0.1, 1, and 10 ng of calf thymus DNA, because it contains 1.39
mol % m°dC. The chemiluminescence intensity increased
depending upon the calf thymus DNA concentration. The control
DNA polymers without treatment also showed weak chemilu-
minescence. This means that commercial DNA polymers contain
a small amount of m*dC. We considered the immunodot blot
analysis to be semiquantitative; therefore, the exact amount of
m*dC in the reaction mixture was analyzed by the LC/MS/MS
method.

Confirmation of m°dC Formation in the Reaction
Mixtures by LC/MS/MS Analysis. In the LC/MS analysis, the
standard m°dC exhibited an MH™ ion at m/z 242, and product
ion analysis from m/z 242 with 11 eV revealed a fragment BH,™
ion at m/z 126 that is formed by the loss of 2’-deoxyribose
(Figure 5). Therefore, the m°dC in the reaction mixture was
analyzed by LC/MS/MS, by monitoring the m/z 242 — 126
transition. In Figure 6, chromatograms of the LC/MS/MS
analysis of standard m°dC (A), dC-BuOOH/ Fe?*(B), and DNA
polymer- CuOOH/ Fe?*(C) are shown. In both the dC- and the
polymer DNA-product analysis, a 242 — 126 transition peak
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MH# = 242 N,
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Figure 5, MH* ion of m*dC and the product ion BH," in the LC/MS/
MS analysis.
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Figure 6. LC/MS/MS analysis of the reaction products. (A) Standard
m’dC (356 ng/mL), (B) dC-BuOOH/Fe** reaction mixture (reaction
conditions were the same as in Table 1, at pH 7.4 and with air), and
(C) hydrolysate of poly(dG-dC)-poly(dG-dC)-CuOOH/Fe?* reaction
product (reaction conditions were the same as in Figure 4). A 2 uL
portion of each sample was injected. The transition m/z 242 — 126
was monitored.

appeared at 7.47 min, which is the same retention time as that
of authentic m*dC.

On the basis of the LC/MS/MS analysis, the yield of m*dC
in the dC-BuOOH/Fe** reaction was calculated to be 1.97/10*
dC, which is comparable to that estimated by HPLC-UV (1.76/
10* dC, see Table 1). On the other hand, the yield of m*dC in
the DNA polymer/CuOOH/Fe?* reaction was 2.97/10° dC, while
that from dC with the same reaction condition was 2.85/10* dC
(see Figure 2B). Therefore, the yield of m’dC formation is 10-
fold lower in DNA than in the dC monomer.

Discussion

A generally accepted concept of the mechanism of de novo
DNA methylation during carcinogenesis is the enzymatic
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Figure 7. Hypothetical formation of m’dC in nucleotides and DNA
via methy] radicals.

reaction by DNMT3b, using S-adenosylmethionine as the methyl
donor. Correlations between DNMT3b polymorphisms and
neoplastic outcomes have been reported (14, 15). It was also
reported that tumor suppressor gene inactivation during cadmium-
induced transformation is correlated with the overexpression
of the de novo DNA methyltransferase DNMT3b (16). In the
present study, -a free radical mechanism to produce m*dC in
DNA or the nucleotide pool was proposed, because the C-5
position of cytosine is an active site for free radical reactions.
We observed the methylation of the C-5 position of cytosine in
the nucleoside and DNA by the tumor promoters, BuOOH and
'CuOOH, in the presence of Fe?* via a free radical mechanism.
The generation of methyl radicals from organic hydroperoxide
tumor promoters in vitro and in isolated mouse keratinocytes
has been previously characterized by ESR (10). In addition to
these chemicals, the generation of methyl radicals by the
chemical and biological transformation of various carcinogens
has been characterized in vitro and in vivo. For instance, methyl
hydrazine derivatives, such as 1,2-dimethylhydrazine (17) and
procarbazine (18), are metabolized to methyl radicals. Acetal-
dehyde, which is an important human carcinogen related to
smoking, drinking, and inflammation (19, 20), generates methyl
radicals upon treatment with xanthine oxidase (21), peroxynitrite
(22), and iron (II)/hydrogen peroxide (22). The amino acid
methionine produces a methyl radical upon y-irradiation (23)
and by the treatment of its sulfoxide derivative with peroxynitrite
(24).

During tumor promotion in mouse skin by cigarette smoke
condensate, hypermethylation in the promoter regions of the
HoxAS5, pl6, and MGMT genes and their inactivation are
important mechanisms of clonal expansion (25). Cigarette smoke
is known to generate oxygen and carbon radicals (26). CuOOH
treatment also reportedly induces malignant carcinomas in
DMBA, TPA-carcinogenesis experiments with mice (27, 28).
Therefore, DNA hypermethylation is an important mechanism
of tumor promotion and progression.

Our results indicate that the formation of m*dC in DNA does
not seem to be specific to the CpG sequence, and the yield is
rather low. Even if the methylation is a rare reaction, the m*dC
thus produced in DNA is not repaired, and its formation in CpG
sequences would accumulate during continuous cell divisions
by the maintenance DNA methyltransferase, DNMT1. When
these modifications occur by chance in the promoter sequences
of tumor suppressor genes, these cells will acquire a growth
advantage over the surrounding cells, which will be further
accelerated with other genetic changes.

It is interesting to speculate that m*dCTP is formed from
dCTP by methyl radicals in the nucleotide pool and then is
incorporated into DNA (Figure 7), because we found that the
yield of m*dC as the monomer is much higher than that in DNA
in the present study. It has been reported that m’dCTP
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introduced into cultured CHO V-79 cells by electroporation is
incorporated into DNA and induces gene silencing (29).

In conclusion, we found the methyl radical mediated forma-
tion of m*dC from dC or in DNA, by a treatment with CaOOH
or BuOOH in the presence of ferrous ion at pH 7.4. We have
extended our finding to the following hypothesis. Methyl
radicals are produced from the metabolism of carcinogens or
from endogenous compounds attacked by oxidants generated
by inflammation, ionizing radiation, and other oxidative stresses,
and they modify dCTP and DNA to form m*dC (Figure 7). The
accumulation of this chemical modification may be one of the
mechanisms of epigenetic change to induce gene silencing and
carcinogenesis.
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During carcinogenesis, methylation of the C-5 position of cytosines in the promoter region of tumor
suppressor genes is often observed. Enzymatic DNA methylation is a widely accepted mechanism for
this phenomenon. It is interesting to propose a free radical mechanism for 5-methyldeoxycytidine (m°dC)
production, because the C-5 position of cytosine is an active site for free radical reactions. When
deoxycytidine (dC) and cumene hydroperoxide (CuOOH), a tumor promoter and a methyl radical producer,
were reacted in the presence of ferrous ion at pH 7.4, the formation of m>dC was observed. The same
reaction also proceeded with z-butyl hydroperoxide (BuOOH). The formation of m*dC was also observed
in DNA by the CuOOH treatment. This is the first report of chemical DNA methylation at cytosine C-5
by environmental tumor promoters. We propose here that this reaction is one of the important mechanisms
of de novo DNA methylation during carcinogenesis, because methyl radicals are produced by the
biotransformation of various endogenous and exogenous compounds.

Introduction

DNA methylation is an important epigenetic mechanism of
transcriptional control and plays an essential role in maintaining
normal cellular function. During carcinogenesis, the methylation
of CpG islands in the promoter regions of tumor suppressor
genes occurs, and this can lead to a loss of the gene function or
to gene silencing (1, 2). The hypermethylation of the promoter
regions of these genes is frequently observed in human cancer
(3). Therefore, during multistage carcinogenesis, both mutation
and hypermethylation can lead to an inactive tumor suppressor
gene. It is generally accepted that methylation occurs enzymati-
cally by de novo DNA methyl transferases, such as DNMT3b
(4). However, the exact mechanisms of hypermethylation,
particularly in relation to environmental factors during carcino-
genesis, are not clear.

_ Valinluck and Sowers reported that one possible mechanism
of DNA hypermethylation is the formation of inflammation-
induced 5-halogenated dC, such as 5-chloro-dC in DNA, which

- mimics m*dC and induces inappropriate methylation by the
maintenance DNMT1 enzyme within the CpG sequence (5).
They also reported that a form of inflammation-induced oxida-
tive DNA damage, 5-hydroxymethyldeoxycytidine, prevents
DNMT1 methylation within CpG sequences and induces hy-
pomethylation. They proposed that the chemical modification
of DNA could cause heritable changes in cytosine methylation
patterns, resulting in human tumor formation.

The formation of a mutagenic methyl radical-deoxyguanosine
adduct, 8-methyl-2’-deoxyguanosine, has been detected in DNA
after a treatment with BuOOH and ferrous ion in vitro or after
the administration of 1,2-dimethylhydrazine to rats (6—8). We
proposed a free radical mechanism to produce m*dC in DNA
or the nucleotide pool, because the C-5 position of cytosine is

*To whom correspondence should be addressed. Tel: +81-93-691-7469.
Fax: +81-93-601-2199. E-mail: h-kasai @med.uoeh-u.ac.jp.
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an active site for free radical reactions, in addition to the C-8
of purines and the C-6 position of pyrimidines, on the basis of
quantum mechanical calculations (9). In this study, environ-
mental tumor promoters, cumene hydroperoxide (CuOOH) and
t-butyl hydroperoxide (BuOOH), which are known to generate
methyl radicals (/0), were tested for the formation of m°dC from
dC or in DNA.

Experimenfal Procedures

Materials. Deoxycytidine (dC), calf thymus DNA, poly(dG-
dC)-poly(dG-dC), poly(dG)-poly(dC), and 2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (TEMPO) were purchased from Sigma-
Aldrich (St. Louis, MO). dC was purified by repeated rounds
of HPLC (Capcell Pak C18, 5 #m, 10 mm x 250 mm, Shiseido
Fine Chemicals, Japan; elution, 5% methanol in water) to
remove the small amount of contaminating S-methyl-dC. a-~(4-
Pyridyl-1-oxide)-N-tert-butylnitrone (POBN) was a product of
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). CuOOH
(80% solution) was a product of Lancaster (Morecambe,
England). BuOOH (70% solution) and ferrous sulfate
(FeSO4+7TH,0) were purchased from Wako Pure Chemical
Industries, Ltd. (Osaka, Japan). The FeSQ, solution (100 mM)
was prepared just before use for reactions. The anti-5-methyl-
dC monoclonal antibody was a gift from Dr. Kazuaki Watanabe,
Toray Research Center (Kamakura, Japan) (11).

Reaction of dC with CuOOH/Fe?* and Analysis of the
Product by HPLC. Detailed reaction conditions are described
in the legends to Figures 1—3. After the reaction, the solution
was centrifuged, and an aliquot of the supernatant was injected
into the HPLC column (YMC-Pak ODS-AM, 4.6 mm x 250
mm, particle size, 5 um; elution, 5% methanol, 0.9 mL/min)
connected with a photodiode array UV detector (Hewlett-
Packard 1100 HPLC Detection System).

Reaction of DNA Polymer with CuOOH/Fe¢?*. Detailed
reaction conditions are described in the legend to Figure 4. After

@© 2009 American Chemical Society
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Figure 1. Detection of m°dC in the reaction mixture of dC, Fe**, and CuOOH by HPLC. The reaction mixture (final volume, 0.32 mL), containing
dC (final concentration, 5.46 mM), FeSO, (6 mM), and CuOOH (63 mM) in 20 mM phosphate buffer (pH 7.4), was reacted in a sealed plastic tube
(tube volume, 2 mL) by vigorous shaking at 20 °C. After a 1 h of reaction, the solution was centrifuged, and an aliquot of the supernatant was
injected into the HPLC apparatus. (A) Chromatogram of the m*dC standard and its UV spectrum (inset), (B) chromatogram of the reaction mixture
and UV spectrum of the peak at 18.5 min (inset), and (C) chromatogram of the control reaction mixture without CuOOH.
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Figure 2. Dose and time dependency of m°dC formation in the dC/
CuOOH/Fe?* reaction. (A) Dose dependency: The reaction conditions
were the same as those in Figure 1, except that three different
concentrations of CuOOH (7, 21, or 63 mM) were used. Mean values
of duplicate experiments are plotted. (B) Time dependency: The reaction
conditions were the same as those in Figure 1, except that the reaction
was stopped at 5, 20, and 60 min. Mean values of duplicate experiments
are plotted. :

a 5 min reaction, the reaction mixture was centrifuged, and the
supernatant (290 u1.) was mixed with 87 uL of 5 M NaCl and
754 ul. of cold ethanol and kept at 5 °C to precipitate the DNA.

The DNA was recovered, washed with cold ethanol, dried under
reduced pressure, and then dissolved in 260 4L of 1 mM EDTA
(pH 8.0). For the LC/MS/MS analysis, a 170 uL aliquot of the
sample was digested with 14 units of nuclease P1 and 4 units
of alkaline phosphatase. For immunodot blot analysis, the DNA
solution was centrifuged, and the supernatant was passed through
a centrifugal filter device (Amicon Microcon YM-100) to
recover the high molecular weight DNA (MW > 100000). The
DNA trapped by the filter was dissolved in 150 4L of 1 mM
EDTA (pH 8.0).

Detection of m*dC in DNA by Immunodot Blot Analysis.
The immunodot blot analysis was performed by basicaily the
same method as previously reported (/2). A calf thymus DNA
sample (1 mg/mL PBS) was sonicated to obtain fragments of
DNA. The DNA solution was then heat-denatured and diluted
with 2 M ammonium acetate to an appropriate concentration
(1-100 ng/mL). When the oligonucleotide was used, the
sonication step was omitted. Single-stranded DNA and oligo-
nucleotides (containing 0.1—10 ng DNA or 50 ug oligonucle-
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Figure 3. Inhibition of m’dC formation from dC by TEMPO (A) or POBN (B). The reaction conditions were the same as those in Figure 1, except
that the reaction time was 20 min. The reaction was conducted in the presence or absence of TEMPO and POBN. The ratio to the m*dC yield
without TEMPO or POBN (1.0) is shown.

Figure 4. Detection of m*dC in DNA polymers by an immunodot blot analysis. The reaction mixture (final volume, 0.32 mL) contained poly(dG-
dC)-poly(dG-dC) or poly(dG)-poly(dC) (final concentration, 10 Ayg OD units/mL), FeSO, (6 mM), and CuOOH (63 mM) in 20 mM phosphate
buffer (pH 7.4) and was reacted in a sealed plastic tube (tube volume, 2 mL) by vigorous shaking at 20 °C. After 5 min, the polymers were
recovered from the reaction mixture, as described in the Experimental Procedures, and were used for the analysis. As positive controls, m*dC in
various amounts of calf thymus DNA was visualized. As negative controls, DNA polymers without treatment were analyzed.

otide /100 uL sample) were immobilized on a nitrocellulose
membrane (0.45 xm, Bio-Rad Laboratories, CA) using a Bio-
Dot Microfiltration Apparatus (Bio-Rad Laboratories). The wells
were rinsed with 200 uL of 2 M ammonium acetate. The filter
was subsequently removed from the support, and the DNA was
cross-linked to the nitrocellulose using a Spectrolinker XL 1000
UV (Spectronics Co., NY). The membrane was washed twice
for 5 min with PBS-Tween 20 (0.05%) (PBS-T) containing 2%
ECL Advance Blocking Agent (GE Healthcare, Buckingham-
shire, United Kingdom) (blocking solution). The membrane was
then incubated overnight at 4 °C with the blocking solution
containing an anti-m*dC monoclonal antibody (1.3 pg/mL) (11).
The membrane was washed three times with PBS-T and was
then incubated with the secondary antibody diluted 1:75000 in
the blocking solution (ECL Anti-Mouse IgG Horseradish
Peroxidase-Linked Species-Specific Whole Antibody, from
shéep, GE Healthcare) for 2 h at room temperature. The
membrane was washed four times with PBS-T. The enzymatic
activity was visualized with an Amersham ECL advance
Western blotting detection kit (GE Healthcare). The chemilu-
minescence output from the membrane was imaged using a CCD
imager (Light Capture AE-6972, ATTO, Tokyo, Japan).
LC/MS/MS Analysis. The LC/MS/MS data were acquired
on a Waters Micromass Quattro Ultima Pt triple quadrupole

mass spectrometer with an ESI source (Waters Corp., Milford,
MA). It was operated in the positive ion mode with a potential
of 35 V. The desolvation temperature was 350 °C, and the ion
source temperature was 120 °C. The collision energy was 11
eV. HPLC was performed using a Waters Alliance 2695 system
(Waters Corp.), with a Capcell Pak C18 MG column, 5 um,
2.0 mm x 250 mm (Shiseido Fine Chemicals, Japan); column
temperature, 40 °C; elution, 8% aqueous methanol containing
10 mM ammonium formate; and elution $peed, 0.2 mL/min.

Results

Reaction of dC with CuOOH/Fe**, When dC was reacted
with CuOOH in the presence of Fe** at pH 7.4, the formation
of m’dC was clearly identified by HPLC equipped with a
photodiodo array UV detector (Figure 1). The retention time
and the UV spectrum of the reaction product were exactly the
same as those of the authentic m°dC. Its formation was
dependent on the concentration of CuOOH (Figure 2A), and
the reaction was rather rapid, due to its radical character. The
reaction was approximately 70% complete within 5 min (Figure
2B). The methyl radical is produced by the reduction of CuOOH
by Fe*. It is reasonable to speculate that the methyl radical
formation rate and the m°dC formation rate are dependent upon



