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Fig. 5. Suppression of cell death and intracellular peroxidation by fractionated LBaP. BaP was exposed to SSL for 48 h and fractionated by HPLC. (A) HPLC chromatogram and
fractionated pattern of LBaP. (B) Intracellular peroxidation after treatment with fractionated LBaP. (C) Survival after treatment with fractionated LBaP. LBaP was separated
by HPLC and the fractionated LBaP was concentrated by evaporation. The fractionated LBaP, prepared at 120 uM as the dose of original LBaP, was treated and survival of

NIH3T3 cells was determined as described in the legend to Fig. 1.

2.9. Tumorigenesis assay in vivo

Specific pathogen-free female 7-week-old BALB-c nufnu nude
mice (Japan SLC Inc., Shizuoka, Japan) were used for the tumori-
genesis assay. Normal NIH3T3 cells and the cells that survived
apoptosis after treatment with LBaP three times were suspended
in PBS (5 x 108 cells/ml). The cells (105 cells/200 1) were injected
subcutaneously into the left leg. Tumor velume (mm?3) was esti-
mated from femur length, groin width, and groin thickness every
three days. Animal care and experiments were performed in accor-
dance with the guidelines for the care and use of laboratory animals
of the University of Shizuoka.

2.10. HPLC analysis of LBaP

LBaP was analyzed using a 1100 series HPLC system (Agilent
Technologies, Palo Alco, CA) with a UV detector. The separa-
tion was carried out on a reversed-phase column (Wakosil-PAHs,
4.6 mm id. x 250 mm, Wako Pure Chemical, Japan). The column
temperature was 40 °C. The separation was conducted as described
elsewhere [23]. The mobile phase solvent A was 5 mM ammonium
acetate/0.02% formic acid in distilled water. Solvent B was 5 mM
ammonium acetate/0.02% formic acid in methanol. The elution pro-
gram was as follows: A:B=>50:50 (v/v) held for 5 min, followed by

a linear gradient to 100% B in 45 min, held for 65 min, then back
to initial conditions and equilibration for 5 min. The flow rate was
0.2 ml/min. The eluates were monitored for absorbance at 254 nm.

2.11. Statistics

All experiments were repeated two or three times. Values are
means + 5.D. (n=3-6). Data were analyzed by one-way ANOVA fol-
lowed by Dunnett's ¢ test for comparison of multiple samples with
a control sample. Statistical significance is reported when p <0.05,

p<0.01, and p<0.001 and expressed as one, two, or three asterisks,
respectively.

3. Results
3.1. Inhibition of cell death by LBaP

About 80% of NIH3T3 cells were dead 24h after loss of cell
adhesion and serum depletion, which was effectively inhibited by
treatment with LBaP produced by exposure to SSL for 48 h (Fig. 1A).
The inhibition was dose-dependent, the most effective dose being
40 uM. On the other hand, BaP (sham-exposure) did not have the
same effect. LBaP exposed to SSL for 36-60 h markedly inhibited
cell death (Fig. 1B). A longer exposure (72-96 h) gradually attenu-
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Fig. 6. Tumorigenesis of cells that survived apoptosis after treatment with LBaP.(A)
Colony formation in soft agar. Normal NIH3T3 cells and the cells that survived apop-
tosis after treatment with LBaP (25 or 40 wM) three times were plated in soft agar
(1 x 10° cells/dish) and cultured for 3 weeks. Micrographs: a: normal NIH 3T3 cells,
b, c: cells that survived after treatment with LBaP (b) 25 M and (c) 40 pM, respec-
tively, Black column: colonies with diameter 50-150 ym, white column: colonies
with a diameter greater than 150 wm. Values are means+5.D. *p<0.05, **p<0.01,

LTS

'p<0.001.(B) Transplantation in nude mice. Normal NIH3T3 cells and the cells that
survived apoptosis after treatment with LBaP (40 uM) three times, were suspended
in PBS (5 x 10° cells/ml). The cells (10° cells/200 1) were injected subcutaneously
into the left leg of BALB-¢ nu/nu nude mice. Tumor volume (mm?) was estimated
from femur length, groin width and groin thickness every three days.

ated the effect (data not shown). We treated cells with LBaP for 2h
in all experiments because the effect of inhibition of cell death by
LBaP was not different between treatment for 1 and 2 h (data not
shown). The NIH3T3 cell line was used because of its suitability for
assaying carcinogenesis, but the suppression of cell death by LBaP
was also observed in other cell lines (Supplementary Fig. 1).

3.2. Inhibition of apoptosis by LBaP

To clarify that the inhibition of cell death by LBaP was due to
the inhibition of apoptosis, the effects of LBaP on apoptotic factors:
chromatin condensation, DNA fragmentation, and caspase activa-
tion were examined (Fig. 2). Fig. 2A shows images and percentages
of chromatin condensed cells. Chromatin condensation induced by
cell detachment and serum starvation was significantly attenuated
by LBaP treatment, but not by treatment with BaP itself. DNA frag-
mentation was also attenuated by LBaP (Fig. 2B). As described in
a previous paper [19], large fragments {50-150kbp), not oligonu-
cleosomal fragments (123 bp) of DNA were detected 12 h after cell

detachment and serum depletion. The fragments disappeared after
treatment with LBaP, dependent on the concentration of LBaP.

Caspase-3 is responsible for cleaving cellular proteins dur-
ing apoptosis. Procaspase-3 is activated by proteolytic cleavage
of the 32 kDa precursor at aspartic acid residues to generate an
active heterodimer of 17 and 12 kDa subunits. Cell detachment
and serum-free conditions induced the accumulation of processed
products, which decreased after the treatment with LBaP (Fig. 2C).
Caspase-3 activity detected by the degradation of a fluorogenic sub-
strate was also inhibited by the treatment with LBaP, consistent
with the proteolysis (Fig. 2D). On the other hand, high concentra-
tions of LBaP (over 70 pM) reversed the suppression of apoptosis.
This might be attributable to the toxicity of an excess of LBaP.
These results suggested that certain doses of LBaP prevent apopto-
sis induced by cell detachment plus serum depletion, but the effect
was not shown by BaP itself or an excess of LBaP.

3.3. Relationships between ROS production from LBaP and
antiapoptosis

LBaP induced intracellular oxidation dose-dependently, imply-
ing the production of ROS (Fig. 3A). Fig. 3B shows intracellular
oxidation dependent on the period of exposure to SSL. The intra-
cellular oxidation correlated with the inhibition of cell death
(survival). In addition, the antioxidant NAC significantly decreased
the LBaP-induced antiapoptotic effect (Fig. 3C), suggesting that
ROS produced from LBaP play a part in suppressing apopto-
sis.

The color change of the BaP solution with increasing dura-
tion of expaosure to light was consistent with a chemical change
in the BaP. The BaP solution, which was transparent and color-
less, became gradually yellow to brown with exposure to SSL
(Fig. 4A). HPLC indicated that BaP was broken down into com-
pounds having higher polarity (Fig. 4B). The largest amounts of
these compounds (eluted time: 20-100 min) were observed 48 h
after exposure, which was consistent with the timing of the
peak in the antiapoptotic effect and in the production of ROS
in Figs. 1-3. Longer exposure to SSL resulted in further degra-
dation of the newly produced compounds and almost all those
that eluted in 20-100min under HPLC-based separation disap-
peared.

3.4. ROS production and antiapoptosis of fractionated LBaP

The LBaP produced by exposure to SSL for 48 h was fraction-
ated by HPLC (Fig. 5A). Intracellular oxidation was observed when
the cells were treated with fractions 4-8 (Fig. 5B). Consistent with
the intracellular oxidation, antiapoptotic activity was enhanced
(Fig. 5C). These resuits suggested that several photoproducts (not
just a single product) could produce an antiapoptotic effect.

BaP-quinones (BaP-1,6-dione and BaP-3,6-dione) have been
identified as photomodified BaPs [2,6]. Although BaP-1,6-dione
and BaP-3,6-dione had a similar antiapoptotic effect, they were
less effective than the LBaP produced by exposure to SSL for 48 h
(Supplementary Fig. 2A). In addition, the retention time in the HPLC
analysis was different from that of the fractions having an antiapop-
totic effect (35-60 min) (Supplementary Fig. 2B).

From the analysis by LC/ECI/MS/MS, two compounds were sus-
pected to beinvolved in Fraction 7 (Supplementary Fig. 3). As shown
in Supplementary Fig. 3A, a number of positive ionized peaks of
degraded products of BaP were revealed. The MS spectral pat-
tern of the peak at 50.44 min (Supplementary Fig. 3B) suggested
that both BaP-4,5-dihydrodiol and 2-hydroxy-BaP-1,6-dione were
mixed, identical to the spectra of Ref. |4} (Supplementary Fig. 3C).
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3.5. Tumorigenic activity in viable cells following treatment with
LBaP

The tumorigenicity of the cells that survived apoptosis after
the treatment with LBaP was evaluated based on (1) the abil-
ity to form colonies, (2) the ability to proliferate in low-serum
conditions, and 3) the ability to be implanted in mice. Apoptosis
induction by serum depletion and cell detachment and treatment
with LBaP was repeated three times. The colony-forming ability
of normal NIH3T3 cells in soft agar was very poor, but signifi-
cantly increased in the cells that survived apoptosis by treatment
with LBaP (Fig. 6A). As the ability of NIH3T3 to form sponta-
neous colonies in agar has been reported to increase under the
culture conditions as low serum-medium and confluence [24],
some parts of colonies formed after LBaP-treatment might be due
to spontaneous ones; however, this increase of colony formation
would reflect the transformation caused by LBaP-induced inhibi-
tion of apoptosis because the appearance rates of colonies and
the size were LBaP-dose dependent. In addition, the cells sur-
vived by treatment with LBaP showed greater proliferation in low
serum conditions, indicating an attenuation of serum-dependency
(Supplementary Fig. 4). When normal NIH3T3 cells and viable cells
following treatment with LBaP were cultured under low-serum
(0.1% and 0.5%) conditions, the latter showed greater prolifera-
tion. Furthermore, surviving apoptosis after treatment with LBaP
accelerated growth in vivo (Fig. 6B). Normal NIH3T3 cells and
surviving cells following treatment with LBaP were inoculated
subcutaneously into the left leg of nude mice. NIH3T3 cells are
established mouse fibroblasts that normally do not form tumors
in nude mice. An accelerated tumor growth was observed in mice
inoculated with the cells survived following treatment with LBaP.
These results indicated that avoiding apoptosis by LBaP trans-
formed the cells.

4. Discussion

BaP is a major carcinogenic PAH. The carcinogenicity of
BaP is associated with metabolic activation to reactive diol
epoxide intermediates like BPDE and their subsequent cova-
lent binding to critical targets in DNA [1]. Although BaP is
known to become toxic when exposed to sunlight [5,6], the
carcinogenicity of photooxidized BaP has not been investigated.
In this study, we have found that LBaP inhibited apoptosis,
and had the potential to generate tumors. This antiapop-
totic effect was specific to LBaP, and not observed for BaP
itself.

Apoptosis is a physiological cell suicide program critical to
the development and maintenance of healthy tissues [25,26]. This
evolutionary conserved form of programmed cell death erad-
icates potentially harmful cells, particularly genetically altered
cells. Therefore, dysregulation of apoptosis contributes to tumor
progression and malignancy via an accumulation of gene muta-
tions and genetic instability [25,27]. In cancer cells, both the
expression of antiapoptotic molecules and the signaling of pro-
survival pathways are aberrantly augmented, which promotes
their characteristic uncontrolled proliferation and drug resistance.
Antiapoptotic effectors such as bcl-2, bcl-xL and survivin were
reported to be up-regulated in cancer cells {26,28]. Survival path-
ways, including the P13-kinase/Akt, NF-kB, and Ras-Raf-MEK-ERK
pathways, were promoted [29,30]. In this study, the antiapop-
totic effect was attributable to the production of ROS from
LBaP. ROS were reported to activate pro-survival signaling path-
ways; for example, H,0; induced EGFR tyrosine phosphorylation,
resulting in the activation of ERK and Akt pathways [13-16].
We have previously shown that activation of PI3-kinase/Akt by

H,0, suppressed the apoptosis caused by serum depletion and
cell detachment [19-21]. Although the species of ROS related
to the antiapoptosis induced by LBaP are not yet known, the
activation of pro-survival signals by ROS generated from LBaP
would suppress apoptosis. The fate of cells is decided by a
balance between signals for survival and death. Very severe oxida-
tive stress, which sends strong cell death signals, causes cell
death and temporary growth arrest, whereas low doses of ROS
activate numerous major survival signaling pathways, thereby
promoting cell proliferation [31]. This would explain why cells
survived at certain doses of LBaP and died at high concentra-
tions.

BaP quinones such as BaP-1,6-dione and BaP-3,6-dione, formed
after exposure of BaP to sunlight [2], were reported to activate
EGFR through the generation of H,0,, leading to cell prolifer-
ation in cancer cell line [11]. The activation of the EGFR and
PI3-kinase/Akt pathways by BPDE also inhibited apoptosis and
acted to promote carcinogenesis [18]. In the present study,
many compounds were produced by the degradation of BaP and
those with high polarity generated ROS and related antiapop-
totic effects; however, BaP-1,6-dione and BaP-3,6-dione were not
distributed to the fractions showing antiapoptotic activity. We sus-
pected the contribution of two compounds, BaP-4,5-dihydrodiol
and 2-hydroxy-BaP-1,6-dione, considered to produce ROS via
redox-cycling [7,10]. BaP-7,8-dione was reported to be 80 times
more mutagenic in p53 than the typical mutagen BPDE, which
was attenuated by ROS scavengers [9,10,32]. Multiple effects by
many products of oxidized and degraded BaP, which have not
yet been identified but could produce ROS, could contribute to
the antiapoptotic effects of LBaP and augmented carcinogenic-
ity. PAHs other than BaP were reported to be modified under
natural sunlight [33] and SSL [34-36], the altered compounds
sometimes showing greater toxicity than the original compounds.
Phenanthrene, anthracene and naphthalene were changed to PAH
quinones including 9,10-phenanthrenequinone, anthraquinone,
hydroquinone, etc, We have previously showed that hydroquinone
and benzoquinone showed an antiapoptotic effect similar to LBaP,
which was a reason for the tumorigenicity [20]. These results sug-
gested that other PAHs exposed to sunlight have the potential to
be carcinogenic by inhibiting apoptosis.

In addition to the inhibition of apoptosis as a reason for the
survival of abnormal cells, LBaP itself had the ability to cause
genetic damage. We have previously shown that LBaP induced
phosphorylation of histone H2AX, which was recently identified
as an early event after the induction of DNA double strand breaks
(DSBs) [22]. Phosphorylation of histone H2AX induced by LBaP was
considered to be due to the DSBs generated by ROS from LBaP
and by collision of advancing replication fork with nick or DNA
adduct formed by LBaP. Over-expression of an antiapoptotic fac-
tor, Bcl-2, promoted genomic instability by inhibiting apoptosis
induced by H,0, [37]. The LBaP-induced antiapoptosis shown in
this study would enhance the potential for cells genetically altered
by the misrepair of DSBs induced by LBaP to survive. Although
BaP and some metabolic forms might cause DNA damage, the
lack or insufficiency of pro-survival signals triggered by ROS pro-
duction could decrease the risk of carcinogenicity compared with
LBaP.

In conclusion, this study suggests that two important factors
need to be considered when examining the risk of environmen-
tal chemicals. One is the possibility that exposure to sunlight, may
change chemicals to other forms having the potential for more toxi-
city and carcinogenicity. The other is the antiapoptotic effect, which
can lead to an enhancement of carcinogenicity. As typical mutagens
and carcinogens like PAHs have not been checked in those points,
we encourage adding these two factors to future evaluations of the
chemical risks.
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EDITORIAL COMMENT

This immunohistochemical study revealed that maspin expres-
sion was detected in 41.1% of the renal cell carcinoma samples
obtained from patients with radical or partial nephrectomy, and
its localization was cytoplasmic in all of the positive cases, and
cytoplasmic expression of maspin correlates with tumor size in
renal cell carcinoma. The authors suggested the possibility of
maspin as a biomarker in more invasive renal cell carcinoma.

Maspin was originally identified as a tumor suppressor that
affects cell motility and invasion.!? Especially, a series of cel-
lular and molecular studies have shown that maspin is expressed
in normal human mammary and prostate epithelial cells but
down-regulated during cancer progression.” The loss of maspin
gene expression with increasing malignancy is regulated by the
epigenetic mechanism. ** However, some studies have shown
that its expression correlated with malignant behavior in some
malignancies such as pancreatic, ovarian, and lung cancers,
suggesting that maspin might play different roles depending on
cell type.? In addition, the localization of maspin is thought to
be important to its functions. Cytoplasmic expression of maspin
coincided with a poor prognosis in ovarian cancers, whereas
nuclear expression was detected in benign and low-malignant-
potential tumors.® As for renal cell carcinoma, there is an only
one report (Blandamura et al.) in addition to this study.® In
previous reports, maspin expression was not detected in kidney
cells.>* Thus, tissue distribution and subcellular localization of
maspin is the important information. Comparing these two
studies, cytoplasmic expression of maspin was detected in
41.1% of samples in this study, whereas it was not detected in
Blanamura’s study. To clarify this discrepancy, further studies
are needed.

Many different clinicopathological factors have been previ-
ously investigated for prognosis of renal cell carcinoma.’
Among these factors, the most consistent and widely investi-
gated factors are stage and histological grade. In this study, the
tumor stage was an independent prognostic factor, but maspin
expression was not an independent prognostic factor. Surpris-
ingly, cytoplasmic expression of maspin was inversely correlated
with tumor size in renal cell carcinoma. This does not coincide
with most of the previous studies suggesting the relationship
between maspin localization and its functions.”® This result
may suggest the complexity of expression, regulation, and func-
tion of maspin. Thus further large-scale and reproducible studies
are needed to clarify the usefulness of maspin as a prognostic
molecular marker.

Masatoshi Watanabe, M.D., Yokohama National University,
Hodogaya-ku, Yokohama, Kanagawa Prefecture, Japan
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REPLY

Despite numerous studies on maspin expression in malignant
tumors, the mechanism of this marker on a molecular basis has
not been clearly defined to date. Although maspin was deter-
mined to be a marker for good prognosis,’ it was described as a
marker for poor prognosis in some malignant tumors.? Although
cytoplasmic maspin staining was an indication for poor prog-
nosis in some tumors,’ in some studies, as was in our study, it
was found to be a marker for good prognosis. The literature
presents only 1 study on maspin expression in renal rumors.* In
our study, only cytoplasmic maspin reactivity was determined in
renal cell carcinoma samples; however, in the previous study,
only nuclear reactivity was observed. Thus, all the specimens
used in our study were re-evaluated and it was determined that
maspin showed cytoplasmic staining in the normal renal tube
epithelium neighboring the tumor.

The differences in the results of our study and an earlier study
on maspin expression in renal tumors clearly show the need for
further and detailed studies on this subject. One important
question that should be addressed is whether different immu-
nohistochemical methods used and different cut-off values re-
ported for maspin expression will lead to such discrepancies in
the results. Defining a standard immunohistochemical method
and a standard cut-off value in investigations of maspin expres- .
sion may contribute to resolving this problem. Moreover, future
studies on maspin expression in renal cell carcinoma should
involve larger series of patients, and, if possible, should be
designed to demonstrate the molecular behavior of this marker.

Tahsin Turunc, M.D., and Baris Kuzgunbay, M.D.,
Department of Urology, Baskent University Faculty of
Medicine, Ankara, Turkey
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ABSTRACT

Thyroid hormones are essential for proper development and differentiation in vertebrates. Recently, con-
cern over the disruption of thyroid hormone homeostasis by industrial chemicals and environmental pol-
lutants has been spreading. To evaluate these chemicals, several bioassays have been developed to detect
thyroid hormone ligand activity. Nevertheless, a simple and useful assay is required for the assessment of
an enormous number of environmental chemicals. We established yeast reporter assays by expression of
full-length thyroid hormone receptor (TRo or TRB) cDNA and of the TR-dependent reporter gene in yeasts.
By additional introduction of the general coactivator SRC-1 cDNA into the yeasts, a higher response to
endogenous thyroid hormones, thyroxine (T4), and triiodothyronine (T3) was obtained. The EC50 values
for T3 were 35 and 1.5 nM for TRo. and TRp assay yeasts, respectively. We tested four chemicals, tetrab-
romobisphenol A, tetramethylbisphenol A, 2-isopropylphenol, and o-t-butylphenol, which are suspected
to have thyroid horméne-disrupting activity. All four chemicals showed agonistic activities in both assay
yeasts; however, their activities were weak in comparison with endogenous TR ligands. Antagonist activ-
ities of 2-isopropylphenol and o-t-butylphenol were also found in the TRo yeast assay. Taken together,
these assay yeasts will be powerful tools for assessing TR ligand activity of industrial chemicals and envi-

ronmental pollutants.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The thyroid hormones (THs) are widely distributed in a range of
vertebrates and are essential for proper development and differen-
tiation. These hormones, thyroxine (T4) and triiodothyronine (T3),
are tyrosine-based hormones produced by the thyroid gland. The
thyroid hormones regulate energetic homeostasis by increasing
the basal metabolic rate affecting protein synthesis and carbohy-
drate metabolism (Yen, 2001). T4 is the predominant form of THs
in the blood and is converted to T3 by deiodinases in the cells. Most
biological activities of THs are due to T3 because it has a 10-15-
fold higher affinity for binding to thyroid hormone receptors
(TRs) than T4 (Togashi et al,, 2005). 3,5-Diiodo-1-thyronine (T2)
found in vivo as a T3 metabolite bound to TR with a very low affin-
ity. Interestingly, T2 can repress TSH gene expression in a similar
dose to T3 in vivo, so T2 may be involved in the non-TRs pathway
(Moreno et al., 2008).

The biological actions of THs are mediated by TRs that are
members of a large family of nuclear receptors including steroid
hormone receptors (Evans, 1988). The ligand-bound TRs heterodi-

* Corresponding author. Tel.: +81 72 254 9862; fax: +81 72 254 9938.
E-mail address: yagi-t@riast.osakafu-u.acjp (T. Yagi).

0887-2333/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tiv.2009.10.001

merize with retinoid X receptor o (RXRot) and can bind to TH re-
sponse elements (TREs) (Lazar et al, 1990). The TR/RXRo
heterodimer causes transcriptional activation of downstream
genes of TREs. In addition, transcriptional activation requires
recruitment of coactivators such as steroid receptor coactivator-1
(SRC-1) to the TR/RXRa complex (Takeshita et al., 1996). TREs con-
sist of two copies of the consensus motif sequence 5'-AGGTCA-3
(Brent et al., 1989). A representative TRE that has two copies of
the motif arranged as a direct repeat separated by 4 bp is referred
to as a DR-4 element (Suen et al., 1994). Another TRE with everted
repeats (ER-6) is also common. A third TRE with head-to-head re-
peats without base pair separation, inverted repeat (IR-0), is less
common (Glass et al., 1988). There are two major TR isoforms en-
coded by different genes, which are designated as TRo and TRB
(Sap et al., 1986; Weinberger et al, 1986; Jansson et al.,, 1983;
Thompson et al., 1987). In mammalian species, TRo and TRp con-
tain a highly homologous DNA-binding domain (DBD) and a li-
gand-binding domain (86% and 82%, respectively, in amino acid
sequences) (Lazar et al, 1990). Both TR isoforms bind to T3 and
mediate TH-regulated gene expression, but their physiological
functions are not the same. Mice with null mutant or dominant
negative mutant of each receptor display different phenotypes.
The inactivation of the TRpP gene leads to hyperthyroxinemia by
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the disorder of the pituitary-thyroid axis, while TRo null mice have
normal thyroid hormone and TSH levels. TRat null mice represent
lower heart rate and body temperature (Wikstrom et al., 1998).
TRB null mice defect the auditory function (Forrest et al., 1996).

The ligands capable of binding to TRs are not only endogenous
T3 and T4. Several classes of environmental chemicals have a high
degree of structural similarity to the THs, and interfere with the
binding of THs to TRs (Zoeller, 2005). Polychlorinated biphenyls
(PCBs) can bind to TRo. and TR as antagonists, and disturb
TR-mediated transcription (Shiraishi et al., 2003). Recently, it was
reported that the polybrominated and polychlorinated diphenyl-
ethers, 3,3',5-trichlorobisphenol A, 3,3',5-tribromobisphenol A,
and 3,3’-dibromobisphenol A, commercially available as fire retar-
dants, have antagonistic activity to TRs (Kitamura et al., 2005;
Ghisari et al,, 2005; Kudo et al.,, 2005). TH homeostasis is highly
regulated by several protein factors including pituitary peptide
hormone TSH and hypothalamus peptide hormone TRH. Because
TRs play a key role in TH homeostasis by negative and positive
regulation of these protein factors through gene transcription
(Chatterjee et al., 1989; Darling et al., 1989; Hollenberg et al.,
1995), disruption of TH homeostasis by these exogenous TR ligands
is of great concern. Moreover, the differences in function of TRo
and TRP indicate that TH-like activities of chemicals should be
assessed by both receptor subtypes individually.

Several in vitro bioassays have been'developed for the screening
of TR ligands. These bioassays are based on quantification of a re-
porter enzyme as a consequence of nuclear receptor activation in
mammalian cells or yeasts (Zoeller, 2005; Jugan et al., 2007; Wal-
fishet al., 1997; Li et al,, 2008; Moriyama et al., 2002). These assays
have the advantages of being fast and relatively simple. Further-
more, yeast-based bioassays are more cost-effective and easier to
handle than mammalian cell-based bioassays. However, all of the
reported yeast assays are based on the yeast two-hybrid assay sys-
tem using the only ligand-binding domain of TRs. We attempted to
establish yeast reporter assay systems with “intact” human TRs
and coactivator resembling to human cell. In this study, we devel-
oped novel reporter yeasts for screening TRa and TRp ligands with
intact TRs and SRC-1, and examined their responses to endogenous
THs and chemicals which are suspected to be TR ligands.

2. Materials and methods

2.1. Chemicals

Dimethyl sulfoxide (DMSO), dithiothreitol (DTT), and o-nitro-
phenol-B-p-galactopyranoside (ONPG) were purchased from
WAKO Pure Chemical (Osaka, Japan). 3,5-Diiodothyronine (T2),
3,5,3'-triiodothyronine (T3), and 3,5,3',5'-tetraiodothyronine (T4)
were obtained from Sigma Aldrich Chemical Co. (St. Louis, MO,
USA). Tetrabromobisphenol A (TBBPA), tetramethylbisphenol A
(TMBPA), and 2-isopropylphenol (IPP) were purchased from To-
kyo-Kasei (Tokyo, Japan). o-t-Butylphenol (OBP) was purchased
from Nacalai Tesque (Kyoto, Japan). Restriction enzymes, DNA
modification enzymes, and other chemicals were obtained from
WAKO Pure Chemical (Osaka, Japan).

2.2. Plasmids

The nuclear receptor expression vector, the coactivator expres-
sion vector, and the reporter vector were constructed for the devel-
opment of TRo. and TRB reporter assays. The nuclear receptor
expression vector pUdp6 was constructed as follows. The DNA
fragment encoding the yeast ura3 gene was digested using pESC-
ura vector (Invitrogen, Carlsbad, CA) and cloned into pUC18 (Taka-
ra Bio, Shiga, Japan). Then, the DNA fragment containing the gal1/

al10 dual directional promoter of YEplac181 (Gietz et al., 1988)
was cut and inserted into the vector described above. Two DNA
fragments containing the yeast ADH terminator and the yeast
cycl terminator were amplified by PCR from yeast genomic DNA
and inserted downstream of the gal1l and gal10 promoter, respec-
tively. A detailed map of the vector is shown in Fig. 1.

Human TRe, TRB, and RXRa cDNA were amplified from human
mammary gland cDNA (Clontech, Palo Alto, CA) with the primer
pairs shown in Table 1. Each cDNA was re-amplified with primers
containing a restriction site and/or the yeast ribosomal binding
consensus sequence near the initiation codon, and cloned into
the multi-cloning site (MCS1 or MCS2) of the pUdp6 vector. The
plasmid vector pUdp6-TRo/RXRow contains TRot and RXRo. cDNAs
in MCS1 and MCS2, respectively. The plasmid vectors pUdp6-TRo.
and pUdp6-TRp contain only TRa or TRB ¢cDNA in MCS1, respec-
tively. To construct the human SRC-1e expression vector, SRC=1e
cDNA was amplified by PCR from the cDNA described above and
cloned into MCS1 in the pESC-leu vector (Invitrogen, Carlsbad,
CA). The reporter vector pRW95-3 includes the TRP-1 selection
marker, the yeast Cen6 origin for episomal replication, and the
LacZ gene located immediately downstream the cycl minimum
promoter. The double-stranded oligonucleotide containing the
TRE (Table 1) was phosphorylated and inserted upstream of the.
cycl minimal promoter in the pRW95-3 vector (Wolf et al.,
1996). Each plasmid vector pYT-DR4x3, pYT-ER6x3, and pYT-
IROx3 contained three copies of DR-4, ER-6, and IR-3 oligonucleo-
tides, respectively. To construct the control reporter vector pYT-cyc
expressing p-galactosidase constitutively, the DNA fragment corre-
sponding to the 5'-flanking region of the cyc1 gene was amplified
with primer pairs (Table 1), and inserted upstream of the cyc1 min-
imal promoter of the pWE95-3 vector.

2.3. Yeast strain and transformation

Saccharomyces cerevisiae strain W303a (MATa, ade2-1, trp1-1,
leu2-3, his3-11, 15, ura3-1) was used throughout the experiment.
Cells were cultured in synthetic complete medium consisting of
0.67% yeast nitrogen base without amino acids (Difco, Detroit,
MI), 2% glucose, and appropriate supplements. Drop-out medium
was prepared by excluding the indicated nutrient from the
synthetic complete medium. All transformations were performed
following the lithium acetate method (Ito et al., 1983). First, the re-
porter vector was introduced into the yeasts and selected on trp-
plates. A single colony was isolated and cultured in trp” medium.
Second, the nuclear receptor expression plasmid was linearized
by EcoRV and introduced into the yeasts by homologous recombi-

P Gal1.10

URA 3

Fig. 1. Plasmid map of pUdp6 vector. Yeast ura3 gene (URA3), gal1,10 dual
directional promoter of YEplac181 (P Gal1,10), terminator sequence of yeast alcohol
dehydrogenase (T ADH) and terminator sequence of yeast cytochrome C (T Cyc)
were inserted into the parental vector pUC19. TRo or TRB cDNA were inserted in the
multiple cloning site 1 (MCS1) and RXRot cDNA was cloned into the multiple cloning
site 2 (MCS2).
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Table 1
Oligonucleotides used in the study.

Primers for nuclear receptor and coactivator cDNA amplification

TRaF GTGAATGGAACAGAAGCCAAGCAAGG

TRaR GGCCGCCTGAGGCTTTAGACTTCC

TraRbSpF GGGCACTAGTAACAAAATGGAACAGAAGCCAAGCA
TraHdR GGCCAAGCTTGCTTTAGACTTCCTGATCCTCAAAG
TRbF TAACCTATGACTCCCAACAGTATGACAG
TRbRbSpF CAGGACTAGTAAACTATGACTCCCAACAGTATGAC
TRbR TCAGTCTAATCCTCGAACACTTCCAAG

TRbHdR TTCGTGAAGCTTCAGTCTAATCCTCGAACACTTCC
RXRaEcr CTTAAGAATTCTAAGTCATTTGGTGCGGC
RXRaKpf CATTAGGTACCATGGACACCAAACATTTCC
SRC-1eFbg2 CAAAGAAGATCTCCCAGGTGTGAAG

SRC-1eRxh2 AGGGCCCTCGAGACTCTAGTCTGTAG

Oligo nucleotides for TR response element in reporter gene

DR4-Nh CTAGCAGGTCACAGGCAGGTCAGATGCT
DR4-XB CTAGAGCATCIGACCTCCTGTGACCTG
IROXba CTAGATCTCAGGTCATGACCTTTCATCCA
IROSpe CTAGTGGATGAAAGGTCATGACCTGAGAT
ER-6Xb CTAGAATATGACCTCAAAGGAGGTCAGTGG
ER-6Nh CTAGCCACIGACCTCCTTTGAGGTCATATT

Primers for cyc1 promoter amplification
CYCpf ATTTGGCGAGCGTTGGTTGG
CYCpr GCATGCCATATGATCATGTGTC

Consensus half-sites for TRs binding are underlined.

nation. Transformed cells were selected and maintained in the ura™
and trp” medium as a heterogeneous population. Finally, the SRC-1
expression plasmid was introduced into the yeasts and selected for
using the ura’, trp-, leu” plates. The control vector pYT-cyc was
introduced into yeasts and selected for using the trp™ plates.

2.4. Reporter assay

The assay procedure was similar to that described by Miller
(1998). The yeast strains were grown overnight at 30 °C in a syn-
thetic glucose medium lacking tryptophan, uracil, and leucine. A
1 pl aliquot of the test chemical dissolved in dimethylsulfoxide
(DMSO0), 5 pl of the overnight culture yeasts, and 100 pl of syn-
thetic medium containing 2% galactose were mixed in each well
of a 96-well microtiter plate with subsequent incubation for 16 h
at 30 °C. For determination of agonist effect, various concentration
of THs and chemicals were used; 107°-10~*M T2, T3, and T4;
1078-10"*M OBP; 1077-10>M IPP; 10~°-10~*M TBBPA; and
1079-10"*M TMBPA. In order to confirm the antagonist effects
of the above chemicals, 35 and 1.5 nM T3 were mixed to them in
TRo and TRP yeast assays, respectively.

Each cell suspension (10 pl) was transferred to a new 96-well
microtiter plate and 100 pl of Z-buffer (60 mM Na,HPO,, 40 mM
NaH,PO,4, 1 mM MgCl,, 10 mM KCl, 2 mM dithiothreitol, and 0.2%
sarcosyl, adjusted to pH 7) containing 1 mg/ml o-nitrophenol-p-
p-galactopyranoside (ONPG) was added to the plate with subse-
quent incubation for 60 min at 37 °C. The absorbance at 405 and
595 nm was measured, to indicate the amount of o-nitrophenol
generated and the yeast cell density, respectively. The relative p-
galactosidase activity was represented by a ratio of 405-595 nm
absorbance.

2.5. Statistical analysis

The data were analyzed by ANOVA with a Duncan's post-hoc
test to assess significance of the values. Probability (p) val-
ues < 0.05 were considered statistically significant.

3. Results

i
H

3.1. Optimization of TRE and reporter gene arrangement

We tested reporter gene constructs containing three different
TH response elements (TREs), DR-4, ER-6, and IR-0. We introduced
the plasmid expressing both TRa and RXRat into the yeasts contain-
ing the reporter plasmid with DR-4-type TREs. As it is reported that
TRs can bind as homodimers to ER-6 and IR-0-type TREs, we also
introduced the plasmid expressing TRa. but not RXRa into the
yeasts with the reporter plasmid containing ER-6 and IR-O-type
TREs. Among them, expression of the reporter gene only containing
IR-0 was induced at a low level by 10 uM T3 in TRa-expressing
yeasts (Fig. 2). We also tested the expression of other reporter
genes with various copy numbers of DR-4 and ER-6-type TREs,
but none of these reporter genes responded to T3 (data not shown).
Similarly, expression of the reporter gene with IR-0-type TRE rep-
resented higher induction by T3 in the TRB-expressing yeasts
(Fig. 2). We concluded that reporter enzyme activity depends on
the copy number of the IR-0-type TRE in the reporter vector. The
reporter plasmid pYT-IR-Ox5 containing five copies of IR-O-type
TRE showed the highest reporter activity. We therefore used
pYT-IR-0x5 as a reporter plasmid to establish TRe. and TRp repor-
ter assay yeasts.

3.2. Effects of coactivator expression

We introduced the SRC-1-expressing plasmid into the reporter
yeasts to examine whether the coactivator could enhance reporter
gene expression. As shown in Fig. 3, the expression of SRC-1 signif-
icantly enhanced the response to T3 in the reporter yeasts. The
yeasts expressing SRC-1 showed a lower detection limit of T3 con-
centration than that of the yeasts without SRC-1 expression. The
detection limits of T3 were 2 and 0.2 nmol/Lin the TRo and TRp as-
say yeasts, respectively. The maximum induction level of p-galac-
tosidase was also enhanced by the expression of SRC-1 in the
yeast. The p-galactosidase activity increased 10- and 6-fold in the
TRa and TRP assay yeasts, respectively, through the addition of
1 pmol/L T3. We selected typical clones representing higher p-
galactosidase activity induced by T3 exposure, and further investi-
gated their responses to endogenous and exogenous TR ligands.

3.3. Response to thyroid hormones

Fig. 4 represents the dose-response curves of reporter expres-
sion against THs in the TRo and TRP assay yeasts. The EC50 values
of THs calculated from the dose-response curves are shown in Ta-

16
= 14
812
w 10
S
B 6
<4
g 2
20
TRE DR-4 DR-4 IR0 IR-0 IR-0 ER-6 ER-6 IR-0 IR-0 IR-0
x1 X7 x]l x2 x5 x1 x4 x2 x3 x5
= TRO/RXRo! = TRo/TRo. == TRB/TRP ==

Fig. 2. Response to T3 in yeasts containing various reporter plasmids with different
TREs. Reporter plasmids containing DR-4-type TRE were introduced into the yeast
coexpressing TRa and RXRot (TRo/RXRar). Reporter plasmids containing IR-0- or ER-
6-type TREs were introduced into the yeast expressing only TRa or TRp (TRo/TRot
and TRB/TRP). Data are the results from a representative yeast clone from at least 16
individual clones. Open column: solvent control (DMSO). Closed column: 10 j\M T3.
Each column represents the average from duplicate experiments.
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Table 2
EC50 of thyroid hormones in TRa and TRp assay yeasts.
EC50 (nM)
Receptor T2 T3 T4
TRat 7200 35 110
TRB 870 15 9.4

. 'T2:3,S-diiodo-L-thyronine. T3:triiodothyronine, T4:thyroxine.

ble 2. T3 is the most potent ligand, and T4 and T2 are less potent
than T3 for both TRo and TRp assay yeasts. The TR assay yeast
showed higher sensitivity to all THs than the TR assay yeast.

3.4. Response to chemicals

We tested several chemicals suspected to be agonists and/or
antagonists of TRs by using the established assay yeasts (Figs. 5
and 6). All chemicals tested showed agonist activity with both
TRa and TRP assay yeasts. In contrast to endogenous TRs ligand,
these activities were observed only in high doses (>10-6 M) of
the test chemicals (Figs. 4-6). In three chemicals except TBBPA,
the concentrations representing agonistic activity were at least
10-times higher in the TRo yeast assay than that in the TRp yeast
assay (Figs. 5 and 6). On the other hand, TBBPA represented agonis-
tic activity as low as 1 uM in both assay yeasts (Fig. 6A and C).
Among the chemicals tested, the most potent ligand was TBBPA,
and its maximum agonistic activity was observed at 2 uM in both
TRo. and TRP assay yeasts (Fig. 6A and C). These agonist activities
were 10-times more potent than the activity of TMBPA that has
methyl groups instead of bromides in the bisphenol structure
(Fig. 6B and D).

We also investigated antagonist activity of these chemicals by
simultaneous exposure to 35 and 1.5 nM T3 for TR and TRp assay
yeasts, respectively (Figs. 5 and 6). TBBPA and TMBPA showed

additive effects in the TRp assay yeast, while only TMBPA showed
additive effects in the TRo assay yeast (Fig. 6). In contrast, OBP
higher than 30 pM reduced the reporter gene activity in the TRa
assay yeast (Fig. 5A). IPP higher than 100 pM was found to reduce
the reporter gene activity in both TRo and TRB assay yeasts (Fig. 5B
and D). At the concentrations up to 50 pM of OBP and to 500 M of
IPP, no transcriptional repression of constitutive p-galactosidase
activity was found in the control reporter yeast (Fig. 5E and F),
indicating that OBP and IPP had antagonist activity.

Higher concentrations of TBBPA (> 5 pM) and TMBPA (100 uM)
significantly reduced T3-induced reporter gene activity in both
TRot and TRP assay yeasts (Fig. 6A-D). However, this reduction
was coincident with the reduction of the constitutive B-galactosi-
dase activity in the control reporter yeast, it may due to cytotoxic-
ity or nonspecific transcriptional repression, but not antagonist
activity (Fig. 6E and F).

4. Discussion

To date, several yeast reporter assay systems to detect nuclear
receptor ligands have been developed. Most assays adopt the yeast
two-hybrid system by using a fusion protein consisting of the li-
gand-binding domain of the nuclear receptor and the Gal4 DNA-
binding domain. We attempted to construct a yeast reporter assay
that was as similar as possible to the human cellular process with
an intact nuclear receptor. In our laboratory, several yeast reporter
assay systems with intact mammalian nuclear receptors have been
developed (Kawanishi et al., 2003, 2006, 2008). In the course of
these studies, we found that the regulation of the expression level
of the cellular components was important for optimization of the
assay system. We therefore used three classes of plasmids with dif-
ferent replication origins to construct recombinant assay yeasts in
this study. First, the nuclear receptor in the vector without the
yeast replication origin was introduced into yeasts by homologous
recombination. This vector is integrated into the yeast genome and
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Fig. 5. Responses to phenol compounds in TRo (A and B), TR (C and D) and control (E and F) reporter assay yeasts. The yeasts were exposed with 1078-10"* M o-t-
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significant differences were *p < 0.05, **p < 0.01 vs. solvent control (by ANOVA, Duncan's post-hoc tests). In the antagonist assay and the control reporter yeast assay, p < 0.05,

p < 0.01 vs control (only T3, without test chemicals).

stably expresses the appropriate amount of the nuclear receptor.
Second, a reporter plasmid containing p-galactosidase and the
yeast cen6 replication origin was constructed. This plasmid is
maintained at one or two molecules in each yeast cell and ex-
presses a low amount of the reporter gene product. Third, the epi-
somal’ plasmid containing the yeast 2-pm replication origin and
the coactivator SRC-1e, the major transcript of SRC-1 (Hayashi
et al., 1997) was constructed. This plasmid is maintained with high
copy numbers in each cell. As a result of these optimizations, we
finally succeeded in establishing TRo and TRp reporter yeasts that
are highly responsive to their ligands.

As shown in Fig. 2, no significant induction of the reporter gene
activity was observed in both TRo- and TRB-expressing yeasts car-
rying DR-4- or ER-6-type TRE, regardless of the multiple copy num-
bers of responsive elements. Only in yeasts containing IR-0-type
TRE was the reporter gene activity induced by T3, although this
responsive element is uncommon. It has been reported that the
TR/RXRa heterodimer binds to DR-4-type responsive elements,
whereas TRo/TRo and TRB/TRB homodimers bind to IR-0- and
ER-6-type TRE. We tested other combinations of TR expression
vectors and TREs, i.e.,, TRo and DR-4, and TRp and DR-4, but none
of them showed a response to T3. We also constructed a yeast
strain with the reporter gene carrying the DR-1 responsive element

to confirm RXRo homodimer function. In this yeast, an RXR ligand,
9-cis retinoic acid, significantly induced reporter gene activity, sug-
gesting that the inefficient activity of TR/RXRa heterodimers was
not due to RXRa (data not shown). We used IR-0-type TRE as an
enhancer of the reporter vector, because it is highly responsive to
T3 in TR-expressing yeasts and able to avoid the influence of RXRa
ligands. As shown in Fig. 3, the additional expression of SRC-1e
dramatically enhanced T3-induced reporter gene activity in both
TRo~ and TRp-expressing yeasts. Among these yeasts, typical
clones were selected for characterization as TRot and TR reporter
assay strains. The responses to endogenous ligands correlated well
to those of mammalian cells (Samuels et al.,, 1974; Ichikawa et al,,
1987), that is, T3 is the most potent ligand followed by T4 and T2
(Fig. 3 and Table 2). T2 is 500 times less potent than T3, and the re-
sults were coincident with the previously report (Ball et al., 1997).
The TRP assay yeast showed higher sensitivity to all THs than the
TRo assay yeast. Ball et al. (1997) showed that the binding assay
of in vitro translated TRP is more responsive to THs than that of
TRo.. Our data were consistent with the results of these reports.
The reporter assays shown in this study are not so sensitive
compared with other bioassays such as in vivo assay using the
Xenopus laevis (Kudo et al., 2005). The reasons may involve reporter

" gene and its substrates. We used B-galactosidase as a reporter gene
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because activity of this enzyme can detect without complex
extraction procedure. Other highly sensitive reporter gene such
as firefly luciferase may be also available. However, extraction pro-
cedure of the luciferase from yeast is complicated and its substrate
is expensive. Among B-galactosidase substrates, general order of
sensitivity is ONPG < X-Gal < CPRG < luminogenic substrates. We
used ONPG as a substrate for detection of p-galactosidase activity
because the substrate was most cost-effective, and it did not need
expensive equipments for measurement. If higher sensitivity of re-
porter assays is required, it could be accomplished by using other
substrates.

Four industrial chemicals suspected to be TR ligands showed
agonistic activity against both TRo and TRp assay yeasts (Figs. 5
and 6). However, their ligand potencies and specificities to TR sub-
types were different. Interestingly, only TBBPA represented similar
dose-dependent effects in the TR and TRP assay yeasts. The three
other chemicals were more potent in the TR than the TRa assay
yeasts. These results may be due to differences in the ligand-bind-
ing domains (AF2 or E[F domain) between TRa and TRp. As the
homology between TRa and TRB is 86% in the ligand-binding do-
main, a few critical amino acids could be responsible for the ligand
specificity (Wagner et al,, 2001; Ye et al., 2003; Baxter et al., 2001).

We also tested whether these assay yeasts can elucidate antag- _

onist activity. Antagonist ligands block the binding of agonist to

the nuclear receptor by competition. Agonist ligands promote
coactivator binding while antagonists block coactivator binding
by inducing a conformational change of the receptor. The antago-
nist effects can be seen in the existence of coactivator and moder-
ate concentration of agonist ligand. Our assay yeasts were
expected to detect antagonist activity because SRC-1, a general
coactivator, had been introduced.

In the yeast assay of simultaneous exposure to the chemicals
with T3, all four chemicals repressed T3-induced expression in
high doses. However, it is difficult to discern whether the repres-
sion is due to antagonist activity or nonspecific transcriptional
repression of the chemicals tested. To clarify this perplexing result,
we developed a reporter assay yeast strain that constitutively ex-
presses p-galactosidase under the control of 5'-flanking region of
cycl gene. In this control assay yeast, TMBPA and TBBPA repressed
constitutive reporter gene activity in a similar manner to the TH-
dependent TR assay yeasts, suggesting that these chemicals cause
nonspecific transcriptional repression. On the other hand, IPP and
OBP represented only weak repression of the constitutive reporter
activity even in high doses (Fig. 5). Moreover, antagonistic activity
of 100-500 pM of IPP was observed when mixed with T3, while IPP
alone showed agonistic activity at the same concentration (Fig. 5B
and D). A similar aspect was observed with OBP exposure to the
TRow assay yeast but not to the TRP assay yeast (Fig. 5A and C).



. 644 K. Shiizaki et al. / Toxicology in Vitro 24 (2010) 638-644

Previous report using the X. laevis bioassay showed that these two
chemicals had antagonist activities to Xenopus TR (Kudo et al.,
2005). We concluded that these two chemicals have antagonist
activities to human TRs as well as Xenopus TR,

In this study, recombinant yeast reporter assay systems to mea-
sure TRa and TR ligand activities were constructed. The most
important ¢lement of these assays is the expression of the SRC-1,
which accomplishes higher inducibility of ligand-dependent tran-
scription of the reporter gene. This reporter assay has many advan-
tages compared to other assays. It is easy to handle and able to
rapidly detect agonists as well as antagonists. This assay will be
a powerful tool for assessment of TR ligand activity of industrial
chemicals and environmental pollutants.
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In this Letter, we demonstrate the formation of m*dC from dC or in DNA by dimethylsulfoxide (DMSO)
and methionine sulfoxide (MetO), under physiological conditions in the presence of the Fenton reagent
in vitro. DMSO reportedly affects the cellular epigenetic profile, and enhances the metastatic potential
of cultured epithelial cells. The methionine sulfoxide reductase (Msr) gene was suggested to be a meta-
statis suppressor gene, and the accumulation of MetO in proteins may induce metastatic cancer. Our find-
ings are compatible with these biological data and support the hypothesis that chemical cytosine
methylation via methyl radicals is one of the mechanisms of DNA hypermethylation during carcinogen-
esis. In addition to m°dC, the formation of 8-methyldeoxyguanosine (m®dG) was also detected in DNA
under the same reaction conditions. The m®dG level in human DNA may be a useful indicator of DNA
methylation by radical mechanisms.

© 2009 Elsevier Ltd. All rights reserved.

Alkyl radicals, including methyl radicals, are generated from the
tumor promoters, cumene hydroperoxide and t-butyl hydroperox-
ide in mouse keratinocytes, based on ESR experiments, suggesting
that carbon radicals are involved in cancer induction.? In addition
to these chemicals, the generation of methyl radicals from various
carcinogens has been observed in vitro and in vivo. The metabo-
lism of 1,2-dimethylhydrazine? and procarbazine® produces
methyl radicals. Acetaldehyde generates methyl radicals by treat-
ments with xanthine oxidase, peroxynitrite’ and Fe?*/H,0,°
The formation of a methyl radical - deoxyguanosine adduct, 8-
methyl-2'-deoxyguanosine (m®dG), has been detected in DNA after
a treatment with t-butyl hydroperoxide and ferrous ion in vitro$
and after the administration of 1,2-dimethylhydrazine to rats.’
Methylation of RNA purine bases at the C-8 position by methyl rad-
icals has been also observed.® We recently reported that cytosine
C-5 methylation in the monomer dC and DNA occurred via methyl
radicals generated by the tumor promoters, cumene hydroperoxide
and t-butyl hydroperoxide, in the presence of ferrous ion.® This dis-
covery suggested new mechanisms of aberrant DNA hypermethy-
lation in the epigenetic process during chemical carcinogenesis.
Enzymatic DNA methylation due to the increased expression of
DNA methyltransferases (DNMTs) is a widely accepted mechanism
of DNA hypermethylation.'®!'? However, controversial data show-
ing no clear association between gene hypermethylation in cancer

* Corresponding author. Tel.: +81 93 691 7469; fax: +81 93 601 2199,
E-mail address: h-kasai@med.uoeh-u.ac.jp (H. Kasai).
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Scheme 1. Formation of m°dC via methyl radicals by DMSO and MetO, triggered by
Fenton reaction,
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and high DNMT expression were also reported.'>'® Therefore,
it would be interesting to examine whether cytosine C-5 methyla-
tion via methyl radicals occurs by other biological/chemical
systems. '

Methyl radicals are reportedly generated by the reaction of OH
radicals with dimethylsulfoxide (DMS0),' from the amino acid
methionine (Met) upon gamma irradiation,'> and by the treatment
of methionine sulfoxide (MetO) with peroxynitrite.'® Particularly,
endogenous MetO formation in proteins is implicated as a patho-
logical biomarker in relation to aging, inflammation and smok-
ing."”-2° 1t is worth mentioning that DNA hypermethylation
during carcinogenesis is correlated to aging, inflammation and

mAU 7
4..

smoking.2'-2* DMSO also reportedly has an effect on the cellular
epigenetic profile, by inducing DNA hypermethylation.?? In this
study, we examined the biological relevance of m°dC formation
in dC and DNA by methyl radicals produced from DMSO and MetO
treated with a Fenton system (Scheme 1).

When dC was reacted with DMSO in the presence of Fenton re-
agent® at pH 7.3, the formation of mdC was clearly identified by
HPLC equipped with a photodiode array UV detector (Fig. 1). The
retention time and the UV spectrum of the reaction product were
the same as those of the authentic m®dC. Its formation was depen-
dent on the concentration of DMSO (Fig. 2), and the reaction was
rather rapid, due to its radical character. The reaction was approx-
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Figure 1. Detection of m*dC in the reaction mixture of dC, DMSO and Fenton reagent by HPLC. The reaction mixture® (mixed under N; atmosphere, final volume, 0.225 ml),
containing dC (final concentration, 5.46 mM), DMSO (100 mM), L-ascorbic acid (10.7 mM), EDTA-2Na (3.1 mM), FeSO, (5.3 mM), and H,0; (19.6 mM) in 110 mM phosphate
buffer (pH 7.3), was reacted in a sealed plastic tube (tube volume, 2 ml} by vigorous shaking at 37 °C. After a 3 h reaction, the solution was centrifuged and an aliquot of the
supernatant was injected into the HPLC apparatus. (A) Chromatogram of the m*dC standard (left) and its UV spectrum (right); (B) chromatogram of the reaction mixture (left)
and UV spectrum of the peak at 50 min (right); (C) chromatogram of the control reaction mixture without DMSO.
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Figure 2. Dose-dependency of m*dC formation in the dC/DMSO/Fenton reaction
and the dC/MetO/Fenton reaction. The reaction conditions were the same as those
in Figure 1, except that different concentrations of DMSO (25, 50 and 100 mM) and
MetO (50 and 100 mM) were used. Mean values of duplicate experiments are
plotted.

imately 65% complete within 5 min (data not shown). This reaction
may proceed via a free radical mechanism, probably via a methyl
radical. The dose-dependent formation of m°dC from dC was
also observed after a reaction- with MetO plus Fenton reagent
(Fig. 2).

In addition, after a double-stranded alternating copolymer, ds
poly(dG-dC), was reacted with DMSO or MetO in the presence of
Fenton reagent at pH 7.3, the formation of m5dC was clearly de-
tected in the poly(dG-dC) after the treatment, by an immuno-dot
blot analysis®*® (Fig. 3). As a positive control, we analyzed 0.02-
0.2 ng of calf thymus DNA, which contained 1.39 mol ¥ m*dC per
P atoms. The chemiluminescence intensity increased depending
upon the calf thymus DNA concentration. The control poly(dG-
dC) without treatment also showed weak chemiluminescence. This
means that commercial poly(dG-dC) contains a small amount of
m>dC. Since an exact quantitation was difficult with the immu-
no-dot blot analysis, the amount of m>dC in the reaction mixture
was further analyzed by the LC/MS/MS. .

In the LC/MS analysis, the standard m°dC exhibited an MH*
ion at mjz 242, and product ion analysis from m/z 242 with

Calf thymus

DNA ds poly(dG-dC)

0.02ng Control

‘ DMSO, 5 min

00sng
0.1 ng ‘ @
0.2ng ’

Figure 3. Detection of m*dC in ds poly(dG-dC) by an immuno-dot blot analysis.92
The reaction mixture (mixed under N, atmosphere, final volume, 0.45ml)
contained ds poly(dG-dC) (final concentration, 8.9 A,gp OD units/ml), DMSO or
MetO (100 mM), 1-ascorbic acid (10.7 mM), EDTA-2Na (3.1 mM), FeSO, (5.3 mM),
and H;0; (19.6 mM), in 110 mM phosphate buffer (pH 7.3), and was reacted in a
sealed plastic tube (tube volume, 2 mL) by vigorous shaking at 37 °C, After 5 min or
30 min, the ds poly(dG-dC) was recovered from the reaction mixture and was used
for the analysis. As positive controls, m®dC in various amounts of calf thymus DNA
was visualized. As negative controls, untreated ds poly(dG-dC) was analyzed,

MetOQ, 30 min

11 eV revealed a fragment BH," ion at m/z 126, formed by the loss
of 2'-deoxyribose.® Therefore, the m*dC in the reaction mixture
was analyzed by LC/MS/MS, by monitoring the m/z 242-126
transition. In Figure 4, chromatograms of the LC/MS/MS analysis
of standard m°dC (A), poly(dG-dC)-DMSO-Fenton reagent (B),
poly(dG-dC)-MetO-Fenton reagent (C), and control poly(dG-dC)
without treatment (D) are shown. In both of the poly(dG-dC)
samples treated with DMSO and MetO in the presence of Fenton
reagent, a 242126 transition peak appeared at 7.64 min, which
is the same retention time as that of authentic m3dC. The control
poly(dG-dC) without treatment also showed a small peak
(Fig. 4D). This means that the commercial poly(dG-dC) contains
a small amount of m®dC.

Based on the LC/MS/MS analysis, the yields of m°dC in the DNA-
DMSO-Fenton and DNA-MetO-Fenton reactions were calculated
to be 5.00/10% dC and 1.64/10° dC, respectively, which are in the
same range (2-4/10% dC) as the yield produced by the monomer
reactions for 30 min with the DMSO- and MetO-Fenton reagents
(data not shown). The high yield in DNA is unexpected, as com-
pared to the previous result that showing the yield of m*dC forma-
tion by a cumene hydroperoxide/Fe?* system is 10-fold lower in
DNA than in the dC monomer.® The following reasons are possible.
(i) The Fenton system used in this study has higher affinity to DNA
than to the monomer dC, thus generating higher levels of ‘OH rad-
icals in DNA;?® (ii) long-range electron transfer along the DNA
chain from the metal binding sites to the dC residues enhanced
the yield of m>dC in DNA.?” Further studies with precise measure-
ments of m5dC using a stable isotope internal standard are
required for the final conclusion.

We also analyzed the m®dG in these reaction products by LC/
MS/MS. The standard m®dG?® exhibited an MH* ion at m/z 282,

and product ion analysis from mjz 282 revealed a fragment

BH." ion at m/z 166, formed by the loss of 2’-deoxyribose. There-
fore, the m®dG was analyzed by monitoring the m/z 282-166
transition. In Figure 5, chromatograms of the LC/MS/MS analysis
of standard m®dG (A), poly(dG-dC)-DMSO-Fenton reagent (B),
poly(dG-dC)-MetO-Fenton reagent (C), and control poly(dG-dC)
without treatment (D) are shown. In the poly(dG-dC) treated
with DMSO and MetO in the presence of Fenton reagent, a
282166 transition peak appeared at 18.6 min (Fig. 5B and C),
which is the same retention time as that of authentic m8dG
(Fig. 5A). The control poly(dG-dC) without treatment also dis-
played a small peak of m®dG (Fig. 5D), which shows that the
commercial poly(dG-dC) contains a small amount of m3dG in
addition to m*dC. The formation of m®dC and m®dG in DNA poly-
mers is summarized in Table 1. The yield of m°dC formation in
DNA was found to be 15-30-fold higher than that of m8dG by
the reaction with DMSO and MetO in the presence of Fenton
reagent.

DMSO is known to induce hypermethylation of various genetic
loci and affects the epigenetic profile in mouse embryoid bodies.
Although those authors ascribed DNA methylation to the increase
of DNMT3a activity,24 other mechanisms of DNA methylation can-
not be ruled out. DMSO also enhanced the invasiveness and meta-
static potential of cultured epithelial cells, with an epigenetic
effect.®

DNA hypermethylation is increased with age, inflammation and
smoking.?'~?® The MetO/Met ratio in proteins also reportedly in-
creased with age, inflammation and smoking.'”-2° MetO in proteins
is repaired by methionine sulfoxide reductase (Msr). Three reports
have suggested that the Msr gene is a tumor suppressor.9-32

The chemical methylation of cytosine C-5 may occur in vivo. A
Met residue in a chromatin protein reportedly interacts with DNA
by the intercalation of the Met side chain into a GC pair, based on
NMR studies.®® If the Met residue is oxidized to MetO, then the
cytosine residues in the vicinity could undergo C-5 methylation
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Figure 4. LC/MS/MS analysis of m°dC in the reaction products. (A) Standard msdq (1.78 mg/mL); (B) hydrolysate of poly(dG-dC)/DMSO/Fenton reaction product (reaction
conditions were the same as those in Figure 3, with 30 min reaction time); (C) hydrolysate of poly(dG-dC)/MetO/Fenton reaction product (reaction conditions were the same
as those in Figure 3, with 30 min reaction time); and (D) control ds poly(dG-dC) without treatment. A four mL portion of each sample was injected. The transition m/z

242-126 was monitored. Chromatograms B, C and D are shown on the same scale,

when triggered by "OH radicals. Various oxidized proteins and
their degradation products may accumulate in the cytosol during
aging and inflammation and may react with dCTP to form
m>dCTP, which could become incorporated into DNA and induce
gene silencing.®*

In the present study, in addition to m3dC, the formation of a
small amount of m®dG was detected in the poly(dG-dC) after
the treatment. The higher level of m°dC formation than that of
m®dG may be due to a steric effect. Namely, the cytosine C-5
position may be present in a more open structure in the DNA,
while the guanine C-8 is sterically hindered by the phosphate
backbone.

/

If chemical methylation via methyl radicals is one of the
mechanisms of epigenetic change during carcinogenesis, and
m®dG is formed in a specific ratio to m®dC, then m®dG formation
analyzed by LC/MS/MS would be a good marker of chemical DNA
methylation, because the background level of m®dG would be
very low, as compared to that of m°dC, in mammalian cell
DNA. Therefore, epi-mutagens inducing DNA hypermethylation
can be assayed by in vitro experiments using cultured cells.
The analysis of the accumulation status of m®dG in human
DNA may also be a good indicator of the increase of m*dC in
DNA by radical mechanisms, and would be useful for human
cancer risk assessment.
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Figure 5. LC/MS/MS analysis of m®dG in the reaction products. (A) Standard m®dG?® (2.08 pg/mL); (B, C, D) the same samples as B, C, D in Figure 4.

Table 1
Formation of m*dC and m®dG in ds poly(dG-dC) by DMSO and MetO in the presence

of Fenton reagent
“Reactions’ .. m®dc/10?dC © m%dG[10dG
DMSO + Fenton reagent 5.00 0.27
MetO + Fenton reagent 1.64 : 0.06
Acknowledgments

This work was supported by grants from the Ministry of Health,
Labor and Welfare of Japan, and a grant from Asia International
Educational Program for Graduate Students in the Field of Occupa-
tional Health.

References and notes

ou s~ w

[-N--]

. Taffe, B. G.; Takahashi, N.; Kensler, T, W.; Mason, R. P. . Biol. Chem. 1987, 262,

12143.

. Augusto, 0.; Du Plessis, L. R.; Weingrill, C. L. Biochem, Biophys. Res. Commun,

1985, 126, 853.

. Goria-Gatti, L.; lannone, A.; Tomasi, A.; Poli, G.; Albano, E. Carcinogenesis 1992,

13, 799.

. Nakao, L. S.; Kadiiska, M. B.; Mason, R. P.; Grijalba, M. T.; Augusto, O. Free

Radical Biol. Med. 2000, 29, 721.

. Nakao, L. S.; Ouchi, D.; Augusto, O. Chem. Res. Toxicol. 1999, 12, 1010,
. Hix, S, Morais Mda, S.; Augusto, O. Free Radical Biol. Med. 1995, 19,

293,

. Netto, L. E.; RamaKrishna, N. V.; Kolar, C.; Cavalieri, E. L.; Rogan, E. G.; Lawson,

T. A.; Augusto, 0. J. Biol. Chem. 1992, 267, 21524.

. Kang, J. O.; Gallagher, K. S.; Cohen, G. Arch Biochem. Biophys. 1993, 306, 178,
. Kasai, H.; Kawai, K. Chem. Res. Toxicol. 2009, 22, 984.
. Benbrahim-Tallaa, L.; Waterland, R. A.; Dill, A. L.; Webber, M. M.; Waalkes, M.

P. Environ. Health Perspect. 2007, 115, 1454.



13.

14.
15.
16.
17.

18.
19.
20.
21.

22.

K. Kawai et al./Bioorg. Med. Chem. Lett. 20 (2010) 260-265

. Robertson, K. D.; Uzvolgyi, E.; Liang, G.; Talmadge, C.; Sumegi, J.; Gonzales, F.

A.; Jones, P, A. Nucleic Acids Res. 1999, 27, 2291,

. Eads, C. A.; Danenberg, K. D.; Kawakami, K.; Saltz, L. B.; Danenberg, P. V.; Laird,

P. W. Cancer Res. 1999, 59, 2302,

Ehrlich, M.; Woods, C. B.; Yu, M. C.; Dubeau, L.; Yang, F.. Campan, M.;
Weisenberger, D. J.; Long, T.; Youn, B.; Fiala, E. S.; Laird, P. W, Oncogene 2006,
25, 2636.

Eberhardt, M. K.; Colina, R. J. Org. Chem. 1988, 53, 1071.

Makino, K. J. Phys. Chem. 1979, 83, 2520,

Nakao, L. S.; Iwai, L. K.; Kalil, J.; Augusto, O. FEBS Lett. 2003, 547, 87.
Wells-Knecht, M. C.; Lyons, T. J.; McCance, D. R.; Thorpe, S. R.; Baynes, J. W. J.
Clin. Invest. 1997, 100, 839.

Onorato, J. M.; Thorpe, S. R.; Baynes, J. W. Ann. N.Y. Acad. Sci. 1998, 854, 277.
Hosako, M.; Ogino, T.; Omori, M.; Okada, S. Free Radical Biol, Med, 2004, 36, 112.
Carp, H.; Miller, F.; Hoidal, . R.; Janoff, A. Proc. Natl. Acad. Sci. U.S.A. 1982, 79,
2041.

Kim, S. K.; Jang, H. R.; Kim, J. H.; Kim, M.; Noh, S. M.; Song, K. S.; Kang, G. H.;
Kim, H. J.; Kim, 5. Y.; Yoo, H. S.; Kim, Y. S. Carcinogenesis 2008, 29, 1623.
Suzuki, H.; Toyota, M.; Kondo, Y.; Shinomura, Y. Methods Mol. Biol. 2009, 512,
55,

23.
24,
25.
26.
27.
28.
29,
30.
31
32
33.

34,

265

Kim, J. S.; Kim, H.; Shim, Y. M.; Han, J.; Park, J.; Kim, D. H. Carcinogenesis 2004,
25, 2165.

Iwatani, M.; lkegami, K.; Kremenska, Y.; Hattori, N.; Tanaka, S.; Yagi, S.; Shiota,
K. Stem Cells 20086, 24, 2549,

Leuratti, C; Singh, R.; Lagneau, C.; Farmer, P. B.; Plastaras, J. P.; Marnett, L. J.;
Shuker, D. E. Carcinogenesis 1998, 19, 1919,

Floyd, R. A. Biochem. Biophys. Res. Commun. 1981, 99, 1209,

Arkin, M. R.; Stemp, E. D.; Pulver, S. C.; Barton, . K. Chern. Biol. 1997, 4, 389,
Maeda, M.; Nushi, K.; Kawazoe, Y. Tetrahedron 1974, 30, 2677.

Bentel, J. M.; Rhodes, G. C.; Markus, L.; Smith, G. ). Int. J. Cancer 1990, 46, 251,
Bilsborough, J.; Van Pel, A.; Uyttenhove, C.; Boon, T.; Van den Eynde, B. )
Immunol. 1999, 162, 3534.

Lei, K. F.; Wang, Y. F.; Zhu, X. Q; Lu, P. C;; Sun, B. S.; Jia, H. L.; Ren, N.; Ye, Q. H.;
Sun, H. C.; Wang, L.; Tang, Z. Y.; Qin, L. X. BMC Cancer 2007, 7, 172.

De Luca, A.; Sacchetta, P.; Nieddu, M.; Di llio, C.; Favaloro, B. BMC Mol. Biol,
2007, 8, 39. i

Allain, F. H.; Yen, Y. M,; Masse, ]. E.; Schultze, P.; Dieckmann, T.; Johnson, R. C.;
Feigon, J. EMBO J. 1999, 18, 2563,

Holliday, R.; Ho, T. Somat. Cell Mol. Genet. 1991, 17, 537.



Chem. Res. Toxicol. 2010, 23, 630-636

DNA Modifications by the ®-3 Lipid Peroxidation-Derived
Mutagen 4-Oxo0-2-hexenal in Vitro and Their Analysis in Mouse and
Human DNA

Kazuaki Kawai," Pei-Hsin Chou,* Tomonari Matsuda,* Masaaki Inoue,® Kaisa Aaltonen,
Kirsti Savela," Yoshikazu Takahashi, - Hikaru Nakamura,” Tomoyuki Kimura,*
Takumi Watanabe,- Ryuichi Sawa,* Kazuyuki Dobashi,” Yun-Shan Li," and
Hiroshi Kasai*'

Department of Environmental Oncology, Institute of Industrial Ecological Sciences, University of Occupational
and Environmenital Health, 1-1, Iseigaoka, Yahatanishi-ku, Kitakyushu, 807-8555, Japan, Research Center for
Environmental Quality Management, Kyoto University, 1-2 Yumihama, Otsu, Shiga, 520-0811, Japan,
Department of Chest Surgery, Niigata Rosai Hospital, 1-7-12 Touncho, Joetsu, Niigata, 942-8502, Japan, Risk
Assessment Unit, Finnish Food Safety Authority Evira, Mustialankatu 3, FI-00790 Helsinki, Finland, Microbial
Chemistry Research Center, 3-14-23, Kamiosaki, Shinagawa-ku, Tokyo, 141-0021, Japan, and Japan Bioindustry
Association, Grande Building 8F, 2-26-9 Hatchobori, Chuo-ku, Tokyo 104-0032, Japan

Received October 16, 2009

4-Ox0-2-hexenal (4-OHE), which forms a 2’-deoxyguanosine (dG) adduct in a model lipid peroxidation
system, is mutagenic in the Ames test. It is generated by the oxidation of w-3 fatty acids and is commonly
found in dietary fats, such as fish oil, perilla oil, rapeseed oil, and soybean oil. 4-OHE also forms adducts
with 2’-deoxyadenosine (dA), 2’-deoxycytidine (dC), and 5-methyl-2’-deoxycytidine (5-Me-dC) in DNA.
In this study, we characterized the structures of these adducts in detail. We measured the amounts of
4-OHE~DNA adducts in mouse organs by LC/MS/MS, after 4-OHE was orally administered to mice.
The 4-OHE—dA, 4-OHE—dC, 4-OHE—dG, and 4-OHE—5-Me-dC adducts were detected in stomach
and intestinal DNA in the range of 0.25—43.71/10° bases. After the 4-OHE administration, the amounts
of these DNA adducts decreased gradually over 7 days. We also detected 4-OHE—dC in human lung
DNA, in the range of 2.6—5.9/10° bases. No difference in the 4-OHE adduct levels was detected between
smokers and nonsmokers. Our results suggest that 4-OHE—DNA adducts are formed by endogenous as

well as environmental lipid peroxides.

Introduction

The oxidation of unsaturated fatty acids generates toxic
reactive aldehydes, such as 4-hydroxy-2-nonenal, malondial-
dehyde, acrolein, and crotonaldehyde (1—3). These aldehydes
directly react with DNA and are considered to contribute to
mutagenesis and carcinogenesis (4—6). Unsaturated aldehydes
are generated not only as pollutants by heat decomposition of
fat (7), cigarette smoking (8), and other environmental factors
but also as oxidation products of membrane lipids in vivo (9).
Although the exact mechanism is not clear, these environmental
and endogenous aldehydes may play a role in tissue toxicity
and carcinogenicity. Recently, we found a novel mutagenic
oxidation product, 4-oxo-2-hexenal (4-OHE),! in the lipid
peroxidation model reaction (10—13). Namely, when dG was
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reacted with linolenic acid methyl ester and Fe-containing
hemin, as a catalyst for lipid peroxidation, six dG adducts were
detected by an HPLC analysis. One of them was the 4-OHE—dG
adduct (dG¥), and thus 4-OHE was considered to be a new
mutagen produced by w-3 lipid peroxidation. 4-OHE is mu-
tagenic in the Salmonella typhimurivm strains TA 104 and TA
100, and it covalently modifies dC, dG, and 5-Me-dC to form
substituted etheno type adducts. Our new results revealed that
4-OHE could also modify dA to produce an etheno-dA
derivative. These 4-OHE adducts were detected after DNA was
treated with 4-OHE in vitro. These results are basically similar
to those from structural studies on adduct formation by 4-oxo-
2-nonenal with DNA or nucleosides in vitro (14—17).

Because the diet plays a pivotal role in the development of
human cancer (18), it is important to identify whether this novel
mutagen, 4-OHE, exists in foods. Actually, 4-OHE was present
m commercial perilla oil, the edible part of broiled fish, and
various fried foods in the range of 1—70 ug/g (12). Furthermore,
4-OHE was detected by a GC/MS analysis of the ethyl acetate
trap of the smoke released during the broiling of fish. Some
epidemiological and experimental studies have demonstrated that
cooking oil vapors may be related to cancer risk (79, 20). In
general, these types of DNA adducts are considered as promu-
tagenic lesions and can lead to the initiation of carcinogenesis.
The detection and quantitation of these adducts as markers for
the initiation of cancer may be useful for cancer risk assessment.
The in vivo formation of the DNA adducts of 4-OHE has not
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previously been demonstrated, except in our previous brief report
(10). In the present study, we report the detailed structural
characterization of the 4-OHE—dA, 4-OHE—dC, and 4-OHE—5-
Me-dC adducts and the detection of 4-OHE adducts in the organ
DNA from 4-OHE-exposed mice and in human lung DNA by
an LC/MS/MS method.

Materials and Methods

Materials. Deoxycytidine hydrochloride and deoxyadenosine
were obtained from Yoshitomi Pharmaceutical Co., which is
presently Yoshitomiyakuhin Co. (Osaka, Japan). 5-Methyl-2'-
deoxycytidine and 2’-deoxycytidine 3’-monophosphate sodium salt
were purchased from Sigma Chemical Co. (St. Louis, MO). Stable
isotope-labeled compounds, 2’-deoxyadenosine (U-'*Ns, 98%) and
2’-deoxycytidine (U-"*Ns, 96—98%), were obtained from Cambridge
Isotope Laboratories, Inc. (MA). 4-OHE was synthesized according
to a previously described method (11).

Spectra Measurements. The mass spectra of the adducts were
recorded with JEOL JMS-DX-303 (fast atom bombardment mass
spectrometry, FAB-MS), JEOL JMS-T100LC (electrospray ioniza-
tion mass spectrometry, ESI-MS), and Thermo Fisher Scientific
LTQ Orbitrap (ESI-MS/MS) mass spectrometers. 'H and *C NMR
spectra were measured with a JEOL JNM-ECAG600 spectrometer,
using tetramethylsilane (TMS) as an internal reference.

X-ray Crystallography of 4-OHE-dC (dC¥). A colorless
prismatic crystal of dC*, with approximate dimensions of 0.40 mm
x 0.10 mm x 0.05 mm, was chosen for X-ray crystallography.
The crystal data are as follows: empirical formula, C;sH;oN3Os;
FW, 321.33; crystal system, orthorhombic; lattice parameters: a =
8.4034 (13) A, b = 349581 (18) A, c = 5.1410 (17) A, and V =
1510.3 (6) A’; space group, P2,2,2,; Z value, 4; Deyrea, 1.413 g/em?;
and #(Cu Ko, 9.027 cm™', X-ray crystallographic measurements
were performed on a Rigaku AFCTR diffractometer, with graphite
monochromated Cu Ko radiation and a rotating anode generator.
Data processing was performed using CrystalStructure 3.8.2
(Rigaku).

Preparation of 8-(2-Oxobutyl)-3,N4-etheno-dC (dC*). Deoxy-
cytidine hydrochloride (52.8 mg, 0.200 mmol) and 4-OHE (67.2
mg, 0.599 mmol) were dissolved in 24 mL of 50 mM sodium
phosphate buffer (pH 7.4) containing 10% ethanol and incubated
for 5 days at room temperature. The product (retention time,
42.5—-43.6 min) was separated by repeated rounds of HPLC
[column: CAPCELL PAK C18, 5 um, 10 mm x 250 mm, Shiseido
Fine Chemicals, Japan; elution: 0—40 min, linear gradient of
methanol (15—30%); 40—60 min, 30% methanol; flow rate, 3 mL/
min]. The yield was 20.5 mg (32.0%).

Preparation of 8-(2-Oxobutyl)-3,N4-etheno-5-methyl-dC (5-
Me-dC*). 5-Methyl-2"deoxycytidine (50.3 mg, 0.209 mmol) and
4-OHE (25.8 mg, 0.230 mmol) were dissolved in 25 mL of 50
mM sodium acetate (pH 5.0) containing 10% ethanol and incubated
for 5 days at room temperature. The product (retention time,
52.4—54.2 min) was separated by repeated rounds of HPLC (the
same conditions as above). The yield was 28.8 mg (41.0%).

Preparation of 11-(2-Oxobutyl)-1,V6-etheno-dA (dA*). Deoxy-
adenosine (100 mg, 0.398 mmol) and 4-OHE (126 mg, 1.124 mmol)
were dissolved in 100 mL of 5% aqueous ethanol and incubated
for 15 h at 50 °C. The product (retention time, 33.7—35.5 min)
was separated by repeated rounds of HPLC (column: CAPCELL
PAK C18, 5 um, 10 mm x 250 mm; elution: 12% aqueous
acetonitrile; flow rate, 3 mL/min). The yield was 20.0 mg (14.5%).

Preparation of Isotope-Labeled dC* and dA*. Stable isotope-
labeled dC* and dA* were prepared from 2’-deoxyadenosine (U-
15N, 98%) and 2’-deoxycytidine (U-'*N,, 96—98%) by a similar
procedure as described above. Briefly, ’N-deoxycytidine (5 mg)
and 4-OHE (8 mg) were dissolved in 1 mL of 50 mM sodium
phosphate buffer (pH 7.4) containing 10% ethanol and incubated
for 3 days at room temperature. The product *N-dC* (retention
time, 27.2 min) was separated by repeated rounds of HPLC
[column: CAPCELL PAK C18, 5 um, 4.6 mm x 250 mim; elution:
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0—30 min, linear gradient of methanol (15—30%); flow rate, 1 mL/
min). For the preparation of '’N-dA*, "N-deoxyadenosine (5.8 mg)
and 4-OHE (10 mg) were dissolved in 1 mL of 10% aqueous
ethanol and incubated for 10 h at 50 °C. The product (retention
time, 20.6 min) was separated by repeated rounds of HPLC
(column: CAPCELL PAK C18, 5 sum, 4.6 mm x 250 mm; elution:
12% aqueous acetonitrile; flow rate, 1 ml/min).

Reaction of 4-OHE with Calf Thymus DNA in Vitro. 4-OHE
(5 pL) was added to calf thymus DNA (1 mg, heat denatured in
boiling water for 10 min) in 1 mL of phosphate buffer (50 mM,
pH 7.0) containing 17% ethanol. The reaction mixture was
incubated at 37 °C for 16 h. The DNA was precipitated by adding
2.4 mL of cold ethanol and 20 mL of cold 2 M sodium acetate.
After the solution was centrifuged, the supernatant was removed,
and the DNA pellet was washed with 1| mL of cold 70% ethanol.
The DNA pellet was dried under reduced pressure.

Hydrolysis of 4-OHE-Modified Calf Thymus DNA. The
modified DNA was dissolved in 0.3 mL of water. A 100 L aliquot
of 0.5 M Tris-HCl (pH 8.0) and 5 mM MgCl,, 3 uL of snake venom
phosphodiesterase I (100 units/mL, Funakoshi Co., Ltd., Tokyo,
Japan), and 4 mL of alkaline phosphatase (1 u/ul, Roche
Diagnostics Gmbh, Mannheim, Germany) were added to the DNA
solution. The DNA was hydrolyzed at 37 °C overnight and filtered
through a 0.45 um filter before analysis by HPLC.

Treatment of Animals. Five week old female ICR mice were
obtained from SLC Japan Inc. (Shizuoka, Japan). Animals were
maintained in a temperature- and photoperiod (12 h/day)-controlled
room. The animals were fed with the standard diet CE-2 from CLEA
Japan Inc. (Tokyo). Oral doses of 3 mg 4-OHE/mouse dissolved
in com oil were administered i.g. to 6 week old female ICR mice.
Control animals were treated with corn oil only. The mice were
sactificed under deep ether anesthesia at different times, ranging
from 24 h to 7 days. Harvested were the following organs:
esophagus, stomach, liver, kidney, small intestine, and large
intestine. The digestive tract organs were washed with 70% ethanol
and a sodium chloride solution. The organs were stored at —80
°C. All of the animal experimental procedures were performed in
accordance with the guidelines for the care and use of laboratory
animals at our university.

Preparation of Human Lung Tissues. Lung samples were
obtained during surgery for 10 lung cancer patients at the Niigata
Rosai Hospital (Niigata, Japan). After resection, noncancerous lung
tissues were removed, frozen immediately in liquid nitrogen, and
stored at —80 °C.

DNA Extraction. The nuclear DNA of the mouse tissue and
the human lung was isolated by the sodium iodide method, using
a DNA Extraction WB Kit (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). To avoid oxidative DNA artifacts, 1 mM desferal
(deferoxamine mesylate, Sigma Chemical Co.) was added to the
lysis solution for the tissue homogenization and DNA extraction.
A 50 mg portion of tissue was homogenized with a Teflon glass
homogenizer, in 1 mL of ice-cold lysis solution. Subsequent DNA
isolation was performed according to the manufacturer’s instructions.

DNA Hydrolysis. The isolated DNA was enzymatically digested
as follows: Each DNA sample (50 yg for the mouse tissues and 25
g for the human lung samples) was mixed with 36 4L of digestion
buffer (17 mM sodium succinate and 8 mM calcium chloride, pH
6.0) containing 45 units of micrococcal nuclease (Worthington,
United States), 0.15 units of spleen phosphodiesterase (Worthing-
ton), and two stable isotope internal standards, [**N;]-dC* (20 fimol)
and ["*NsJ-dA* (20 fmol). After 3 h of incubation at 37 °C, 3 units
of alkaline phosphatase (Sigma, United States), 10 uL of 0.5 M
Tris-HCI (pH 8.5), 5 uL of 20 mM zinc sulfate, and 49 uL of
Milli-Q water were added, and the mixture was incubated for 3 h
at 37 °C. After this incubation, the mixture was concentrated to
10—20 uL by a Speed-Vac concentrator, and 100 L of methanol
was added to precipitate the protein. After centrifugation, the
methanol fraction (supernatant) was transferred to a new Eppendorf
tube. The precipitate was extracted with 100 uL of methanol, and
the methanol fractions were combined and evaporated to dryness.



