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Dose-dependent induction for mRNA of metabolic enzymes measured by RT-PCR in HepG?2 cells exposed to PAHs and oxy-PAHs for

24 h. (A) P4501A1 mRNA, (B) P4501A2 mRNA, (C) NQO1 mRNA, and (D) GSTM1 mRNA were measured.

Table 1. P4501A1 mRNA Induction in HepG2 Cells (for 24 h) by
PAHs, oxy-PAHs, and TCDD

compound ECrcppzs (nM)* IEF?
BlalP 13 x 10° 1
BIKFA 13 100
DBla,h]A 200 6.7

Idp 350 3.8

NCQ 2.0 x 10 0.66
B[5IFO 23 x 10° 0.58
TCDD 0.068 1.9 x 10*

a Concentration equivalent with 25% of TCDD max (P4501A1 mRNA
induction), ¥ IEF relative to B[a]P (P4501A1 mRNA induction).

uted to the strong AhR-mediated induction of P4501A1 mRNA
even after 72 h (/2). It was shown that many DNA adducts
caused by oxygenated metabolites such as hydroxyepoxides and
bisdiols were formed when animals or culture cells were exposed
to IdP and DB[a,k]A (43, 44). Indeed, high levels of formation
of oxygenated metabolites may explain the strong P4501A1
mRNA induction for IdP and DB[a,k]A even after 72 h. In the
case of oxy-PAHs NCQ and B[b]JFO, continual P4501A1
mRNA induction, even after 72 h, may have been generated
by oxygenated metabolites or ROS formation. The study for
examining these possibilities is underway.

Penning et al. reported that the induction of AKR1C1 mostly
occurred in four human isoforms of AKRs (AKRICl-—
AKR1C4) when HepG2 cells and human colon carcinoma
(HT29) cells were exposed to antioxidants such as -NF and
tert-butylhydroquinone and ROS such as HxOz (/3). They
reported also that zans-dihydrodiols of some PAHs (naphtha-
lene, phenanthrene, B[a]A, Chr, B[a]P, etc.) were converted to
PAH catechols by several AKRs (21). In our study, the mRNA
induction levels of AKRIC1 were significantly high at the
exposure to 5 4M oxy-PAHSs such as NCQ, B[a]FO, B[5]FO,
CPPO, and B-NF (Figure 3A). The rapid increase for the

induction of AKR1C1 mRNA via activated AP-1 was observed
for oxy-PAHs NCQ and B[bJFO (Figure 5B); therefore, it is
possible that these compounds themselves are AP-1 active
compounds and AKR1C1 inducers. P450s-inducing PAHs such
as B[a]P, B[A]FA, and DB{a,k]A at 5 uM also induced AKRIC]
mRNA significantly for 24 h, and the start of AKR1C1 mRNA
inductions for B[a]P, B[4]FA, and DB[a,#]A required more than
6 h. Therefore, it is suggested that some P4501A1-catalyzed
electrophilic oxygenated metabolites of PAHs (Michael reaction
acceptors) or ROS generated from these metabolites contributed
to the induction of AKR1C1 mRNA (Figures 2, 3A, and 5B).

Cytosolic NQO1 is the enzyme that catalyzes two-electron
reduction and detoxification of quinones, repressing one-electron
reduction of quinones by microsomal NADPH-dependent cy-
tochrome P450 reductase and mitochondrial NADH-dependent
ubiquinone oxidoreductase (9, 1517, 21, 28, 29, 45). Several
PAH quinones were reduced via both one- and two-electron
reductions (21, 29). In our study, the mRNA induction levels
of NQO1 were high after PAH exposure for 24 h at 5 M except
for TPh and B[ghi]Pe and this pattern is similar to P4501A1
and 1A2. However, the point that oxy-PAHs such as BAQ,
NCQ, B[4]FO, B[bJFO, and B-NF at 5 uM induced NQOI
mRNA at the same levels as these nonoxy-PAHs was different
from the patterns of P4501A1 and 1A2 mRNA induction. The
tendency for a rapid increase in NQO1 mRNA induction from
6 h for most PAHs and oxy-PAHs is similar to AKRIC1 and
the slightly higher rate increase of NQO1 mRNA induction for
oxy-PAHs, NCQ, and B[5]FO, more than for nonoxy-PAHs, is
also similar to AKRICI (Figure 5C). That the induction of
NQO! mRNA did not decrease from 24 to 72 h for B[X]FA,
DB{a,h]A, and IdP is similar to P4501A1. NQO1 is regulated
by both XRE (AhR) and EpRE (AP-1), so the result of the
induction of NQOI mRNA is thought to be the mixed type of
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Figure 5. Time-dependent induction for mRNA of metabolic enzymes measured by RT-PCR in HepG2 cells exposed to 5 uM PAHs and oxy-
PAHs. (A) P4501A1 mRNA, (B) AKRIC1 mRNA, (C) NQO1 mRNA, and (D) GSTM1 mRNA were measured.’

P4501A1 mRNA and AKR1C1 mRNA based upon chemical
dependency and time-dependent curves (Figures 2, 3, and 5).
The contribution to NQO1 mRNA induction via EpRE (elec-
trophiles or ROS) may be more than the contribution by AhR
because the promoter of the human NQO! gene contains an
imperfect XRE (7).

GSTAs, GSTMs, GSTPs, and GSTTs are included in human
isoenzymes of GST (I7, 46, 47). These GSTs catalyze GSH
conjugation with ROS or B[«]P metabolites such as epoxides
(BPDE, etc.) and quinones (BPQ, etc.) (12, 17, 21, 48). In
HepG2 cells exposed to a Me;SO control and some PAHs and
oxy-PAHs, the mRNA levels of GSTA1 and GSTP1 were at
least two magnitudes lower than GSTM1 in additional RT-PCR
(data not shown); so, in this study, the GSTM1 isoform was
measured in detail (42, 47). The frequency of deficiency of the
GSTMI gene is higher than other GST genes in humans (/4,
17), and the promoter of the GSTM! gene also contains both
XRE and EpRE (17); however, in this study, mRNA induction

was not dramatically increased by any PAH and oxy-PAH. .

Although the tendency for decrease in GSTM1 mRNA in the
dose—response curves for several PAHs and oxy-PAHs and in
the ‘time—course curve for all PAHs and oxy-PAHs was
observed and these decreases were much greater for B[a]P and
B[X]FA, the mechanism of these phenomena was not clear
(Figures 4D and 5D). It may be derived from a shortage of GSH
during reactions with ROS or diolepoxides (49).’

In conclusion, the pattern for induction of metabolic enzymes
by three nonoxy-PAHs (B[(]FA, DB[a,A]A, and 1dP) was
similar to B[a]P. Considering this, mechanisms of metabolism
by them are possibly similar to B[a]P. In the case of oxy-PAHSs,
the general mechanisms of induction of metabolic enzymes may
be similar to that of quinone-yielding ROS (21, 45). It will be
necessary to examine the relationships between metabolite

formation of PAHs and oxy-PAHSs and DNA adduct formation
and metabolic enzyme induction by them in detail. Additionally,
it will be interesting to examine the patterns of metabolic
enzyme induction and DNA adduct formation after compound
exposure by using target organ cells in carcinogenesis studies
in the future.
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Drinking alcohol is a risk factor for cancers of the oral cavity, pharynx, larynx, and esophagus. Although
many studies suggest that acetaldehyde, a major metabolite of orally ingested alcohol, plays a crucial
role in cancer initiation, the link between the aldehyde dehydrogenase-2 (ALDH2) genotype and
acetaldehyde-derived DNA damage has not yet been explored. We have developed a sensitive and
quantitative method for detecting the acetaldehyde-derived DNA adducts, N?-ethyl-2’-deoxyguanosine
(N-Et-dG), o-5- and a-R-methyl-y-hydroxy-1,N?-propano-2’-deoxyguanosine (0-S-Me-y-OH-PdG and
0-R-Me-y-OH-PdG), and N*-(2,6-dimethyl-1,3-dioxan-4-yl)-deoxyguanosine (N*-Dio-dG), by using liquid
chromatography electrospray tandem mass spectrometry (LC/ESI-MS/MS) and stable-isotope internal
standards. We determined the DNA adducts in 44 blood DNA samples from Japanese alcoholic patients.
The levels of three acetaldehyde-derived DNA adducts, N*-Et-dG, 0-S-Me-y-OH-PdG, and o-R-Me-y-
OH-PdG, were significantly higher in alcoholics with the ALDH2 *]/2%2 genotype compared to those .
with the ALDH2*1/2*] genotype. N?-Dio-dG was not detected in any of the DNA samples analyzed.
These results provide molecular evidence that the ALDHZ genotype affects the genotoxic damage caused

by acetaldehyde.

Introduction

Alcoholic beverages are a risk factor for several cancers
including oral cavity, pharynx, larynx, and esophagus cancers
(I). Acetaldehyde, an oxidized metabolite of ethanol, is
suspected to be the ultimate carcinogen in alcohol-related
cancers. Acetaldehyde reacts with DNA in wvitro, resulting in
the formation of DNA adducts, such as N?-ethyl-2’-deoxy-
guanosine (N2-Et-dG)! (2), a-S- and o-R-methyl-y-hydroxy-
1,N?-propano-2’-deoxyguanosine  (a-S-Me-y-OH-PdG  and
a-R-Me-y-OH-PdG), and A?-(2,6-Dimethyl-1,3-dioxan-4-y1)-
deoxyguanosine (V*-Dio-dG) (3). The exposure of acetaldehyde
to mammalian cells increases the frequency of sister chromatid
exchanges and chromosomal aberrations (4, 5) and induces DNA
interstrand-cross-links (6) and DNA-protein-cross-links (7).
Acetaldehyde has shown in shuttle-vector pMY189 propagated
in human cells to induce tandem base substitutions that are most
likely produced via DNA-intrastrand cross-links (6). Inhalation
of acetaldehyde significantly increased the incidence of nasal
tumors (8). These experimental evidences suggested that acet-
aldehyde acts as a tumor initiator.

Most of the acetaldehyde generated during alcohol ingestion
is eliminated by aldehyde dehydrogenase-2 (ALDH2) (9). The
mutant ALDH2%2 allele (Glu487Lys) encodes a catalytically
inactive subunit (/0). Because ALDH2 is a homotetrameric

* Corresponding author. Phone: +81-75-753-5171. Fax: +81-75-753-
3335. E-mail: matsuda@eden.env.kyoto-u.ac.jp.

1 Kyoto University.
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1 Abbreviations: HPLC, high performance liquid chromatography; LC/
ESI-MS/MS, liquid chromatography electrospray tandem mass spectrometry,
ALDH?2, aldehyde dehydrogenase-2; N?-Et-dG, N-ethyl-2'-deoxyguanosine;
o-Me-y-OH-PdG, a-methyl-y-hydroxy-1 ,V.propano-2'-deoxyguanosine;
N2-Dio-dG, NZ-(2,6-dimethyl-1,3-dioxan-4-yl)-2’~deoxyguanosine.
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enzyme, individuals with the ALDH2*1/2*2 genotype should
have only 6.25% of the normal protein; other molecules
containing one or more ALDHZ2*2 subunits are considered to
be inactive (/). Distribution of the ALDH2*2 allele varies by
race (12), and it is most prevalent among East Asians.
Approximately 40% of Japanese have the ALDH2*2 allele, but
it is absent in Caucasians and Africans. When ALDH2 is
inactive, the body fails to rapidly metabolize acetaldehyde,
leading excessive accumulation. In fact, alcohol challenge tests
showed that after drinking a small amount of ethanol (0.1 g/kg
body weight), the average peak of blood acetaldehyde concen-
trations in ALDH2*1/2*2 individuals was five times greater than
that of active ALDH2*]/2*] homozygotes who consumed a
moderate amount of ethanol (0.8 g/kg body weight) (13).

A link between the ALDH2 genotype and cancer rates has
been suggested (14, 15), but no direct evidence exists. In the
present study, we explored a relationship between the ALDH2
genotype and the formation of acetaldehyde-derived DNA
adducts in the blood of 44 alcoholics. In order to quantify low
levels of the DNA adducts, we employed a sensitive method
using stable isotope dilution coupled with liquid chromatography
electrospray tandem mass spectrometry (LC/ESI-MS/MS).

Experimental Procedures

Subjects and ALDH2 Genotyping. The participants in this study
were 44 cancer-free, male Japanese alcoholic patients. This study
was approved by the Ethics Committee of the National Hospital
Organization Kurihama Alcoholism Center of Japan, and informed
consent was obtained from participating patients. Information on
the subjects’ drinking profiles and smoking habits was obtained
from the patients as described previously (/6). Subjects’ blood
samples were obtained on the day of admission for alcoholism
treatment, and ALDH2 genotyping was performed on blood DNA
by polymerase chain reaction/restriction fragment length polymor-
phism (PCR-RFLP) analysis as described previously (16).
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Synthesis of DNA Adduct and Stable Isotope Standards.
Analytical standards of N*-Et-dG were prepared as described by
Vaca et al. (7). Two diastereoisomers of o-Me-y-OH-PdG and two
diastereoisomers of N?-Dio-dG were prepared as described by Wang
et al. (8). The [U-1"Ns}-labeled adducts were also synthesized
following previous methods (7, 8) using [U-'"Ns]-dG instead of
dG and employed as the internal standards for LC/MS/MS.

Preparation of a Standard DNA Sample Containing N°-Et-
dG and o-Me-y-OH-PdG. To make N?-Et-dG-containing DNA,
calf thymus DNA (73 ug in 100 gL) was mixed with 10 uL of
acetaldehyde and incubated at 37 °C for | h. This was followed by
treatment with approximately 3 mg of NaBH5CN, and the mixture
was incubated for another hour at 37 °C, yielding DNA containing
N2-Et-dG lesions. A similar approach was used to make calf thymus
DNA containing o-S-Me-y-OH-PdG and o-R-Me-y-OH-PdG ex-
cept that the DNA, was reacted with 10 L of crotonaldehyde and
incubated for 2 h, and the reduction by NaBH;CN was unnecessary.
The DNA samples were ethanol precipitated and gel-filtrated by
using MicroSpin G-25 Columns (Amersham Biosciences, UK.)
mixed with untreated calf thymus DNA, and the final standard
concentrations were determined as indicated in the Results section.

Isolation of DNA from Blood and Digestion with Internal
Standards. DNA isolation was performed by the QlAamp DNA
Blood Midi Kit (QIAGEN, Hilden, Germany). Blood DNA samples
(20 pg) were digested to their corrésponding 2’-deoxyribonucleo-
side-3’-monophosphates by the addition of 15 uL. of 17 mM citrate
plus 8 mM CaCl, buffer that contained microccocal nuclease (22.5
units) and spleen phosphodiesterase (0.075 units) plus internal
standards. Solutions were mixed and incubated for 3 h at 37 °C,
after which alkaline phosphatase (3 units), 10 uL of 0.5 M Tris
HCI (pH 8.5), 5 uL of 20 mM ZnSOy, and 67 uL distilled water
were added and incubated further for 3 h at 37 °C. The digested
sample was extracted twice with methanol. The methanol fractions
were evaporated to dryness, resuspended in 100 uL of distilled
water, and subjected to LC/ESI-MS/MS.

Instrumentation. LC/ESI-MS/MS analyses were performed
using a Shimadzu LC system (Shimadzu) interfaced with a Quattro
Ultima triple stage quadrupole MS (Waters-Micromass, Manchester,
U.K.). The LC column was eluted over a gradient that began at a
ratio of 2% methanol to 98% water and was changed to 40%
methanol over a period of 40 min, changed to 80% methanol from
40 to 45 min, and finally returned to the original starting conditions,
2:98, for the remaining 15 min. The total run time was 60 min.
Sample injection volumes of 50 uL each were separated on a Shim-
pack FC-ODS column (4.6 x 150 mm; Shimadzu, Japan) and eluted
at a flow rate of 0.4 mL/min. Mass. spectral analyses were carried
out in positive ion mode with nitrogen as the nebulizing gas. The
ion source temperature was 130 °C, the desolvation gas temperature
was 380 °C, and the cone voltage was operated at a constant 35 V.,
Nitrogen gas was also used as the desolvation gas (700 L/h), and
cone gas (35 L/h) and argon were used as the collision gas at a
collision cell pressure of 1.5 x 1073 mBar. Positive ions were
acquired in MRM mode. The MRM transitions monitored were as
follows: N?-Dio-dG, m/z 382 — 266; ['’Ns]- a-Me-y-OH-PdG,
miz 343 — 227; a-Me-p-OH-PdG, m/z 338 — 222; ['"Ns]-N>-Et-
dG, m/z 301 — 185; N2-Et-dG, m/z 296 — 180. The amount of
each DNA adduct was quantified by the ratio of the peak area of
the target adducts and of its stable isotope (stable isotope-dilution
method). QuanLynx (ver. 4.0) software (Waters-Micromass, Manches-
ter, U.K.) was used to create standard curves and calculate the
adduct concentrations. The amount of deoxyguanosine (dG) was
monitored by a Shimadzu SPD-10A UV-Visible detector that was
in place before the tandem mass spectrometer. The adduct level is
shown as femtomoles of adducts per micromoles of dG. The number
of DNA adducts per 10° bases was calculated by the following
equation: Number of DNA adducts per 10° bases = adduct level
(fmol/ pemol dG) x 0.218 (wmol dG/umol dN), where 0.218 is the
average ratio of guanine bases relative to total base number in
human blood DNA calculated from this experiment (data not
shown).
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Table 1. Genotype, Age and Drinking and Smoking Habits of 44

Japanese Alcoholics®

duration of
ALDH2 age ethanol drinking cigarettes
genotype n (years) (g/day) (years) (no/day)
2*1/2%] 19 52+£11 130 +£ 54 26+ 13 22413
2%]/2%2 25 51£11 105359 2412 24+15

a Information was obtained from patients and, when available, their
partners upon admission to the program. The information included the daily
alcohol consumption during the year preceding admission, the duration of
habitual drinking, and the daily number of cigarettes currently smoked. Daily
alcohol consumption was expressed in grams per day of ethanol using
standard conversion for alcoholic beverages: beer was considered to be
5% ethanol (v/v); wine, 12%; sake, 16%; shochu, 25%; and whiskey, 40%.
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Figure 1. Structure of DNA adducts induced by acetaldehyde.

Results

We enrolled 19 alcoholic patients with the ALDH2*1/2*]
genotype and 25 alcoholic patients with the ALDH2*1/2*2
genotype. The averages of age, daily ethanol consumption,
duration of drinking, and daily cigarette consumption were not
significantly different between the ALDH2 genotypes (Table
D). '

Figure 2 shows the MS/MS chromatogram (raw data, without
smoothing) of five acetaldehyde-derived DNA adduct stand-
ards: two diastereoisomers of N2-Dio-dG, two diastereoisomers
of a-Me-y-OH-PdG, and N?-Et-dG. The amount of injection
on column, for each, was 250 fg, corresponding to 2 to 3 adducts
per 108 bases in 10 ug of DNA. Sufficient signal-to-noise ratios
was observed in each peak, indicating the high sensitivity of
this analysis.

To make a standard DNA solution containing N?-Et-dG and
o-Me-y-OH-PdG, acetaldehyde-treated and crotonaldehyde-
treated calf thymus DNA and untreated calf thymus DNA. were
mixed in proper proportions. Then, 10 fmol each of the three
stable isotope standards, [U-19Ns]-N*-Et-dG, [U-*N;s]-a-S-Me-
y-OH-PdG, and [U-1*Ns]-0-R-Me-y-OH-PdG, were spiked into
20 pg of the standard DNA and enzymatically digested to
deoxynucleosides; half of the digests were subjected to LC/
ESI-MS/MS analysis. Repeated analysis {eight times) of the
same standard DNA gave 613 =+ 52 fmol/umol dG (CV =
8.5%), 592 & 40 fmol/umol dG (CV = 6.7%), and 845 = 81
fmol/umol dG (CV = 9.6%) for N-Et-dG, a-S-Me-y-OH-PdG,
and a-R-Me-y-OH-PdG, respectively.

Next, the DNA samples extracted from the blood of the 44
alcoholics were analyzed by the same procedures. Representative
chromatograms of acetaldehyde-derived DNA adducts in blood
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Figure 2. MS/MS chromatograms of five acetaldehyde-derived DNA
adduct standards. (A) Two diastereomers of N*-Dio-dG (m/z: 382 —
266); (B) two diasteromers of a-Me-y-OH-PdG (m/z: 338 — 222);
(C) N2-Et-dG (m/z: 296 — 180). A Quattro Ultima Pt triple stage
quadrupole MS spectrometer was used. The analytical settings are as
described in Experimental Procedures. Fifty microliters of each 5 pg/
mL solution of a 5-adduct mixture was injected (250 fg on column).
The signal-to-noise ratio (S/N) was calculated by using the MassLynx
(ver 4.0) software. '
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Figure 3. LC/ESI-MS/MS detection of acetaldehyde-derived DNA
adducts from human blood. Stable isotope internal standards [**Ns]-
oS- and aR-Me-y-OH-PdG (A) and [1*N;]-N*Et-dG (C) were spiked
into DNA samples and monitored at transitions m/z 343 — 227 and
301 — 185 as indicated and were used for the unambiguous confirma-
tion of oS- and aR-Me-y-OH-PdG (B) and N?-Et-dG (D) at transitions
miz 338 — 222 and 296 — 180. In the sample shown in the Figure,
N2.Et-dG, oS-, and o.R-Me-y-OH-PdG were detected at levels of 51,
8, and 13 adducts per 10° bases, respectively, illustrating the sensitivity
of the method.

DNA are shown in Figure 3. The peaks of N?-Et-dG, o-S-Me-
y-OH-PdG, and a-R-Me-y-OH-PdG were clearly observed at
the same retention time as that of their stable isotope internal
standards. Peaks corresponding to N?-Dio-dG were not detected
in any of the samples analyzed.

We found that the average levels of three acetaldehyde-
derived adducts were significantly higher in ALDH2*1/2*2

Matsuda et al.

N2-Et-dG oS-Me-y-OH-PdG oR-Me--OH-PdG
~ 1600 400 400
P=0003
g I 1 IP = 6001 P =0.002
K] o [ ey ] T 1
£ 900 300 - 300 .
=
= ° °
[=]
§ 600 200 200
E]
2 T
g 300—0° 100 100 p— I
-3 -
9
—I— é =T
< o 0 o
22121 24122 224 241/2°2 2121 2*1272
ALDH2 genctype ALDH2 genctype ALDH2 genotype

Figure 4. Box plots illustrating that the average levels of three
acetaldehyde-derived adducts were significantly higher in the blood
DNA of alcoholics who possessed the ALDH2*1/2*2 genotype
compared to alcoholics who possessed the ALDH2*1/2*] genotype.
The P values are given for the Wilcoxon—Mann—Whitney test (NP
Et-dG) and t-test (a-Me-y-OH-PdGs).

aleoholics. N?-Ft-dG was detected in 14 out of 25 blood DNA
samples from the ALDH2*1/2*2 alcoholics but in only 2 out
of 19 from the ALDH2%1/2*1 alcoholics. The average level of
N?-Et-dG in the blood samples from the ALDH2*1/2*2 alcoholic
patients (average &= SEM: 130 = 52 fmol/uzmol dG, # = 25)
was significantly higher than that from the ALDHZ2*1/2*]
alcoholics (17.8 == 15.9 fmol/umol dG, n = 19) (Figure 4). o-5-
Me-y-OH-PdG and @-R-Me-y-OH-PdG adducts were also
detected in all analyzed blood samples. As was shown for M-
Et-dG, the levels of a-S-Me-y-OH-PdG and a-R-Me-y-OH-
PdG in DNA samples from the ALDH2*1/2*2 alcoholics
(average = SEM: 92.4 = 12.9 and 114 % 15 fmol/umol dG, n
= 25) were also significantly higher than those of the ALDH2*1/
2*] alcoholics (42.9 = 6.0 and 61.3 % 6.4, n = 19) (Figure 4).

Discussion

Using stable isotope internal standards, we determined
acetaldehyde-derived DNA adducts, N?-Et-dG, o-Me-y-OH-
PdG, and N?-Dio-dG, in the blood DNA of alcoholic patients
by LC/ESI-MS/MS. N?Et-dG and o-Me-y-OH-PdG were
detected; however, N2-Dio-dG was not detected in any of the
blood DNA samples. Because N?-Dio-dG is produced from three
acetaldehyde molecules, a high concentration of acetaldehyde
may be required in the human body to form this adduct.

The reaction of acetaldehyde with dG results in the formation
of an unstable Schiff base at the M position of dG (V-
ethylidene-dG). The formation of the stable N>-Et-dG adduct
requires a subsequent reduction step that must be accomplished
by some reducing agent such as vitamin C, glutathione, and so
forth. Using a 32P-postlabeling procedure in combination with
HPLC-radioisotope detection, Fang and Vaca (7) detected 2 to
3 adducts per 107 bases of N*-Et-dG in white blood cell DNA
obtained from Swedish alcoholic patients. In the present study,
we found, using a more reliable LC/ESI-MS/MS and internal
standards, that the average level of blood N-Et-dG adducts in
ALDH2*1/2*2 and ALDH2*1/2*1 alcoholics were 28.3 and 3.9
adducts per 10° bases, respectively; the level was at least 1 or
2 orders of magnitude lower in Japanese alcoholic patients than
that observed with the Swedish alcoholic patients by 32P-
postlabeling. This year, Wang et al. (/7) showed that N*-
ethylidene-dG in human liver DNA is relatively stable and that
the presence of this adduct could be confirmed by the detection
of N>-Et-dG after the reduction of DNA during isolation and
enzymatic hydrolysis. They showed that when the reduction step
was included during these steps approximately a few 100 times
more N2-Et-dG was detected in some cases. Although the
biological significance of N-ethylidene-dG has not yet been
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determined, this new adduct may be a good biomarker to
evaluate exposure to acetaldehyde, and we will consider
evaluating this adduct in future studies.

The mutagenicity of N?-Et-dG has been reported previously
(15). The primer extension assay using site-specifically modified
oligodeoxynucleotides containing a single N?-Et-dG revealed
that dGMP is incorporated opposite the N’-Et-dG adduct during
DNA synthesis and is catalyzed by the Escherichia coli DNA
polymerase I Klenow fragment (40% of fully extended primer
contained dGMP opposite to N>-Et-dG in template), indicating
that this adduct induces G to C mutations (18). N>-Ethyl-2'-
deoxyguanosme tr1phosphate (M-Et-dGTP) was_effectively
utilized during DNA synthesis catalyzed by mammalian DNA
polymerases o and 6 (19). N>-Et-dG strongly blocks polymer-
ization of DNA polymerase o, but DNA polymerase 77 bypassed
the lesion in an error-free manner (20). However, miscoding
and the mutagenic potential of the N?-Et-dG adduct have not
so far been extensively explored in mammahan cells

The exposure of DNA to acetaldehyde in vitro resulted in
the formation of a-S-Me-y-OH-PdG and a—R-Me-y—OH -PdG
(8). The formation of a-Me-y-OH-PdGs via acetaldehyde is
facilitated by basic amino acids, such as arginine and lysine,
histones, or polyamines, such as spermine ‘and spermidine,
indicating the possibility of the formation of these adducts by
acetaldehyde in vivo (21, 22). ‘When a single-strand shuttle
vector containing a single diastereoisomer of a-Me-y-OH-PdG
was propagated in a mammalian cell line (23), the mutational
frequency was 5 to 6%; G to T transversions were dominantly
detected. In addition, a-Me-y-OH-PdGs are thought to be the
precursor lesions to DNA—DNA or DNA-—protem cross-links.
In the nucleoside form or in single-stranded DNA, o-Me-y-
OH-PdGs exist in cyclic form. However, in double-stranded
DNA, the ring-opened form of the lesion containing a free
aldehyde group is dominant. Kozekov et al. (24) demonstrated
that double-stranded oligonucleotides that contain a single o-S-
Me-y-OH-PdG or a-R-Me-y-OH-PdG spontaneously formed
DNA interstrand cross-links. The reaction of forming DNA
interstrand cross-links was very slow, taking a few days to a
few weeks, although the reaction with a-R-Me-y-OH-PdG was
significantly faster than that with o-S diastereomer. When
double stranded oligonucleotides containing a single o-S-Me-
y-OH-PdG or at-R-Me-y-OH-PdG were mixed with the peptide
(Lys-Trp-Lys-Lys), the DNA—protein cross-links were also
formed (25) within an hour. DNA interstrand cross-links and
DNA—protein cross-links have been documented in acetalde-
hyde-exposed mammalian cells and may lead to chromosomal
aberrations and sister chromatid exchanges. o-Me-y-OH-PdG
adducts may contribute to the development of alcohol-induced
cancers.

Studies of various Japanese drinking populatlons have shown
that deficient ALDH2 encoded by the ALDH2%1/2*2 genotype
is a high risk factor for esophageal cancer. For example, heavy
drinkers with the ALDH2*1/2*2 genotype have a high odd ratio
(16.4) of getting esophageal cancer (/4). We demonstrated that
the level of acetaldehyde-derived DNA adducts in the alcoholics
with the 4LDH2*1/2*2 genotype is much higher than that in
alcoholics with the ALDH2*1/2*1 genotype. Our results strongly
indicate that the ALDH2 genotype plays a crucial role in the
formation of acetaldehyde-derived DNA adducts.

Ishikawa et al. demonstrated that micronuclei frequency
in peripheral blood lymphocytes of ALDH2-deficient
habitual drinkers were slightly, but significantly higher than that
of ALDH2-proficient habitual drinkers (26). Morimoto and
Takeshita reported that lymphocytes from habitual drinkers with
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the deficient ALDH2 enzyme had significantly higher frequen-
cies of sister chromatid exchanges than those from ALDH2-
proficient individuals (27). These observations suggest that the
ALDH?2 genotype may affect thé risk of cancer initiation by
acetaldehyde in humans. In this study, we showed more direct
evidence that the formation of acetaldehyde-derived DNA
adducts, N?-Et-dG and a-Me-y-OH-PdG, was closely related
to the ALDH2 genotype in populations that are continuously
exposed to high Jevels of acetaldehyde by alcohol consumption.
Taken together, the observations from biochemical, epidemio-
logical, and molecular epidemiological studies discussed above,
in conjunction with this study, well fit the scenario that
acetaldehyde is a primary causative factor for alcohol-induced
cancers. :
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Abstract

It is important to evaluate the health effects of low-dose-rate or low-dose radiation in combination with chemicals as humans
are exposed to a variety of chemical agents. Here, we examined combined genotoxic effects of low-dose-rate radiation and 4-
(methylnitrosamino)-1-(3-pyridyl)- 1-butanone (NNK), the most carcinogenic tobacco-specific nitrosamine, in the lung of gpt delta
transgenic mice. In this mouse model, base substitutions and deletions can be separately analyzed by gpt and Spi~ selections,
respectively. Female gpt delta mice were either treated with y-irradiation alone at a dose rate of 0.5, 1.0 or 1.5 mGy/h for 22 h/day
for 31 days or combined with NNK treatments at a dose of 2 mg/mouse/day, i.p. for four consecutive days in the middle course
of irradiation. In the gpt selection, the NNK treatments enhanced the mutation frequencies (MFs) significantly. but no obvious
combined effects of y-irradiation were observable at any given radiation dose. In contrast, NNK treatments appeared to suppress
the Spi~ large deletions. In the Spi~ selection, the MFs of deletions more than 1 kb in size increased in a dose-dependent manner.
When NNK treatments were combined, the dose-response curve became bell-shaped where the MF at the highest radiation dose
decreased substantially. These results suggest that NNK treatments may elicit an adaptive response that eliminates cells bearing
radiation-induced double-strand breaks in DNA. Possible mechanisms underlying the combined genotoxicity of radiation and NNK
are discussed. and the importance of evaluation of combined genotoxicity of more than one agent is emphasized.
© 2006 Elsevier B.V. All rights reserved.

Keyiords: Combined genotoxic effects; Radiation: NNK; Lung cancer; gpr delta mice; Deletion

1. Introduction most causative factor associated with the increase
in cancer risk in humans. Tobacco smoking plays a

Environmental factors play important roles in the major role in the etiology of lung, oral cavity and
etiology of human cancer [1]. Of various environ- esophageal cancers, and a variety of chronic degen-
mental hazardous compounds, cigarette smoke is the erative diseases [2]. Although cigarette smoke is a

mixture of about 4000 chemicals including more than

60 known human carcinogens, 4-(methylnitrosamino)-

T Comesponding author, Tel: +81 3 3700 9873: 1-(3-pyridyl)- l.-butanone (mc(?tme—dc_anved mtrosamfno
fax: +81 3 3707 6950. ketone, NNK) is the most carcinogenic tobacco-specific
E-muil address: nohmi@nihs.go.jp (T. Nohmi). nitrosamine [3,4]. NNK induces lung tumors in mice,

[383-5718/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi; 10.1016/j. mrgentox.2006.07.003
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rats and hamsters, and International Agency for Research

on Cancer has concluded that exposure to NNK and |

NNN (N -nitrosonornicotine) is carcinogenic to humans
[5]. NNK is metabolically activated by CYP (P-450)
enzymes in the lung and generates O%-methylguanine
in DNA, which leads to G:C to A:T mutations, and the
subsequent activation of Ki-ras proto-oncogene, an ini-
tiation of tumor development [6,7].

Radiation, on the other hand, is one of the most
causative physical factors that induce human cancer.
Radiation induces double-strand breaks (DSBs) in DNA,
which lead to chromosome aberrations and cell deaths,
and generates a variety of oxidative DNA damage [8].
Because of the genotoxicity, radiation at high doses
clearly induces various tumors in humans [9]. Even at
low doses, residential exposure to radioactive radon and
its decay products may account for about 10% of all lung
cancer deaths in the United States and about 20% of the
lung cancer cases in Sweden [10,11].

Since humans are exposed to a variety of chemical
and physical agents that may induce cancer, these fac-
tors may interact with each other and the action of one
agent may be influenced by exposure to another agent
[12]. The risk from combined exposure to more than one
agent may be substantially higher or lower than predicted
from the sum of the individual agents. In fact, low-
dose radiation can induce an adaptive response, causing
rodent or human cells to become resistant to genotoxic
damage by subsequent higher doses of radiation [13].
Pre-exposure to alkylating agents at low doses induces
another adaptive response that provides mechanisms by
which the exposed bacterial cells can tolerate the higher
challenging doses of genotoxic agents [14]. In addition,
mitomycin C, bleomycin, hydrogen peroxide, metals and
quercetin may also induce an adaptive response [15].

To explore the mechanisms underlying the interactive
effects of chemical and physical agents on carcinogen-
esis, we examined the combined genotoxic effects of
NNK and v-irradiation in the lung of gpt delta trans-
genic mice [16]. In this mouse model, point mutations
and deletions are separately analyzable by gpt and Spi~
selections, respectively [17]. Point mutations such as
base substitutions are induced by a number of chemical
carcinogens including NNK [18]. Spi~ selection detects
deletions in size between 1 bp and 10kb [19]. Deletions
in size more than 1 kb, which we call large deletions in
this study, are efficiently induced by y-ray, X-ray and
carbon-ion irradiation [20], and are thought to be gener-
ated by non-homologous end joining (NHET) of DSBs
in DNA [21].

We report here that low-dose-rate v-irradiation
enhanced the mutation frequencies (MFs) of the large

deletions in the lung of gpr delta mice in a dose-
dependent manner. When combined with NNK treat-
ments, however, the MF at the highest radiation dose,
i.e., 1.02 Gy, was reduced by more than 50%, suggesting
that NNK treatments may induce an adaptive response
against radiation-induced deletion mutations. We dis-
cuss possible mechanisms of the adaptive response and
emphasize the importance of the risk assessment of com-
bined genotoxic effects of radiation and chemicals in
vivo.

2. Materials and methods
2.1, Treatment of mice

gpt delta C57BL/6J transgenic mice were maintained in
the conventional animal facility of National Institute of Radi-
ological Sciences, Chiba, Japan, according to the institutional
animal care guidelines. They were housed in autoclaved alu-
minum cages with sterile wood chips for bedding and given
free access to standard laboratory chow (MB-I, Funabashi
Farm Co., Japan) and acidified water under controlled light-
ing (12h light/dark cycle). Seven-week-old female gpt delta
mice were divided to eight groups each consisting of six
mice. Three groups were +y-irradiated at a dose rate of 0.5,
1.0 or 1.5 mGy/h for 22 h/day for 2 weeks (Fig. 1). After the
irradiation, three groups of mice were treated with a single
i.p. injection of NNK (Toronto Research Chemicals, Toronto,
Canada) dissolved in saline at a daily dose of 2 mg/mouse
for four consecutive days. The irradiation continued during
the 4-day treatments, and the mice were kept in the cage for
another 2 weeks with irradiation. Three control groups were
~y-irradiated as described but received saline instead of NNK.
The whole irradiation period was 31 days, and the total esti-
mated doses were 0.34,0.68 and 1.02 Gy. respectively. Another
control group of mice was treated with NNK as described but
without y-irradiation. The third control was kept in the cage for
31 days without y-irradiation or NNK treatments. The source
of radiation was '¥’Cs, and the dose rate was estimated by a
fluorescent glass dosimeter. The non-irradiated control groups
were placed behind a concrete wall of 1 m thickness. The mice
were sacrificed by cervical vertebral dislocation. The liver and
lung were removed, placed immediately in liquid nitrogen, and
stored at —80 *C until analysis.

2.2. DNA isolation and in vitro packaging of DNA
High-molecular-weight genomic DNA was extracted from
the lung and the liver using the RecoverEase DNA Isolation Kit

(Stratagene, La Jolla, CA). Lambda EG 10 phages were rescued
using Transpack Packaging Extract (Stratagene, La Jolla, CA).

2.3. gpt mutarion assay

The gpr mutagenesis assay was performed according to
previously described methods [17]. Briefly, Escherichia coli
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NNK
2 mg/mouse/day x 4_(i.p.)
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2 mg/mouselday x 4 (i.p.}
LA A A A
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Fig. |. Anexperimental design to examine the combined genotoxicity
gpt delta mice were divided into eight groups each composed of six mi
for 22 h/day for 14 days and treated with NNK at a daily dose of2m

treatments and the following 14 days before sacrifice. The total radiation doses were 0.34, 0.68 and 1.02 Gy,
mice were y-irradiated but without NNK treatments. Another control group was treated with NNK but without y-

14 17 31 (days)

of y-irradiation and NNK treatments in the lung of mice. Female 7-week-old

ice. Three groups of mice were irradiated at a dose rate of 0.5, 1.0or 1.5mGy/h
ga/mouse for four consecutive days. The irradiation continued during the NNK

respectively. Control three groups of
irradiation. The third control was

kept in the cage for 31 days without y-irradiation or NNK treatments. Transgene AEG10 DNA was rescued from the lung of mice, and the base
substitutions and deletions were analyzed by gpr and Spi~ selection, respectively.

YG6020 expressing Cre recombinase was infected with the res-
cued phage. The bacteria were then spread onto M9 salts plates
containing chloramphenicol (Cm) and 6-thioguanien (6-TG),
and incubated for 72 h at 37 °C for selection for the colonies
harboring a plasmid carrying the Cm acetyltransferase (cat)
gene and a mutated gpt gene. The 6-TG-resistant colonies
were streaked again onto the same selection plates for con-
firmation of the resistant phenotype. All the confirmed gpt
mutants recovered from the lung were sequenced and the iden-
tical mutations from the same mouse counted one mutant. The
gpt MFs in the lung were calculated by dividing the num-
ber of the gpr mutants after sequencing by the number of
rescued plasmids, which was estimated from the number of
colonies on plates containing Cm but without 6-TG. Since
no gpt mutants recovered from the liver were sequenced, the
MFs in the liver were calculated by dividing the number of
confirmed 6-TG-resistant colonies by the number of rescued
plasmids.

2.4. PCR and DNA sequencing analysis of 6-TG-resistant
mutants

A 739 bp DNA fragment containing the gpr gene was ampli-
fied by polymerase chain reaction (PCR) using primers I and
2 [17]. The reaction mixture contained 5 pmol of each primer
and 200mM of each dNTP. PCR amplification was carried
out using Ex Tag DNA polymerase (Takara Bio. Shiga. Japan)
and performed with a Model PTC-200 Thermal Cycler (MJ
Research. Waltham, MA). PCR products were analyzed by
agarose gel electrophoresis to determine the amount of the
products. DNA sequencing of the gpr gene was performed with
BigDye™ Terminator Cycle Sequencing Kit (Applied Biosys-
tems. Foster City. CA) using sequencing primer gptA2 (5'-
TCTCGCGCAACCTATTTTCCC-3). The sequencing reac-
tion products were analyzed on an Applied Biosystems model
310 genetic analyzer (Applied Biosystems. Foster City, CA).

2.5. Spi~ mutation assay

The Spi~ assay was performed as described previously
[17]. The lysates of Spi~ mutants were obtained by infec-
tion of E. coli LE392 with the recovered Spi~ mutants. The
lysates were used as templates for PCR analysis to determine
the deleted regions. Sequence changes in the gam and redAB
genes, and the outside of the gam/redAB genes were identified
by DNA sequencing analysis [22). The appropriate primers
for DNA sequencing were selected based on the results of
PCR analysis. The entire sequence of ANEG10 is available at
http://dgm2alpha.nhis.go.jp.

2.6. Statistical analysis

All data are expressed as mean = standard deviations of the
MFs of six mice for lung and those of four mice for liver. Dif-
ferences between groups were tested for statistical significance
using a Student’s -test. A p value less than 0.05 denoted the
presence of a statistically significant difference.

3. Result

3.1. gpt MFs in the lung of NNK-treated and
y-irradiated gpt delta mice

We measured the gpt MFs in the lung of gpt delta
mice untreated or treated with NNK in the absence
or the presence of vy-irradiation (Fig. 2). NNK treat-
ments significantly enhanced the MFs over the control
groups. The mean MFs (X 107%) of NNK-treated versus
saline-treated groups were 14.34 6.9 versus 4.2+4.0,
20.7 % 5.1 versus 4.7+£3.0, 15.2+7.3 versus 2.0+ 2.1
and 17.2+7.9 versus 2.7 £ 1.4 at the dose rates of 0,
0.5, 1.0 and 1.5 mGy/h, respectively. The vy-irradiation
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Fig. 2. gpt MFs in the lung of mice untreated or treated with NNK in
the absence or the presence of +y-irradiation. An asterisk (*) denotes
p<0.05 (n=6) in a Student’s t-test of MF of NNK-treated vs. the cor-
responding untreated mice. Vertical bars show the standard deviations
with mice as the unit of comparison.

alone, i.e., the saline-treated group, did not enhance the
gpt MF under the conditions. Hence, the increases in
MFs are due to NNK treatments. Although the individual
MFs slightly varied, there was no significant difference
among the four MFs of the NNK-treated groups. Thus,
we suggested that the irradiation did not modify the
genotoxicity of NNK in the lung of mice.

To confirm the results in the lung, we analyzed the gpt
MFs in the liver of the NNK-treated and saline-treated
groups. The mean MFs (x107%) of NNK-treated ver-
sus saline-treated groups were 134 #- 48 versus 8.1 & 3.8,
105 4= 31 versus 8.7 £ 3.5, 101 =& 18 versus 8.0 = 4.2 and
128 4 76 versus 6.8 3= 0.6 at the dose rates of 0, 0.5, 1.0
and 1.5 mGy/h, respectively. Although NNK treatments
induced mutations much more strongly in the liver than
in the lung, there were no significant modulating effects
of radiation on the NNK-induced mutations in the liver.

The irradiation might modulate specific types of
mutations without affecting the total gpt MFs. To exam-

<=
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ine the possibility, we determined the mutation spectra
of the gpt gene in the lung and examined whether the
radiation affected specific types of mutations (Table 1).
NNK treatments induced G:C to A:T, G:C to T:A, A:T
to T:A and A:T to C:G mutations. In particular, A:T to
T:A mutations were induced more than 20-fold by NNK
treatments. We observed, however, no remarkable vari-
ations of mutation spectra associated with the dose rates
of combined radiation. Thus, we concluded that the irra-
diation did not enhance or suppress the base substitutions
induced by NNK in the lung of gpt delta mice signifi-
cantly.

3.2. Spi~ MFs in the lung of NNK-treated and
y-irradiated gpt delta mice

Next, we measured the Spi~ MFs in the lung of
gpt delta mice untreated or treated with NNK in the
absence or the presence of +y-irradiation. The mean
Spi~ MFs (x 10~%) of NNK-treated versus saline-treated
groups were 5.15 +2.34 versus 4.11 £ 0.98,5.47+ 1.98
versus 5.06 £3.50, 5.36 £ 1.56 versus 4.09 4 0.80 and
5.394+2.56 versus 4.65 & 1.78 at the dose rates of 0, 0.5,
1.0 and 1.5 mGy/h, respectively. These results suggest
that neither NNK treatments nor the irradiation enhanced
the Spi™ MFs in the lung significantly.

To investigate the combined effects of NNK and
vy-irradiation on specific types of deletion mutations,
we identified all the Spi~ mutations by DNA sequenc-
ing analysis (Table 2). Of various classes of deletions
observed, only the MFs of largé deletions in the size of
more | kb increased in a dose-dependent manner in the
saline-treated group. To examine the dose-response in
more detail, we determined the MFs of the large deletions

-
o

o
n

Specific mutation frequency (10%) %
e
o

of Spi-deletions with more than 1 kb

0mGy/h 05mGy/h 1.0 mGy/h 1.5 mGy/h

Saline + Radiation (B) NNK + Radiation

2.0

1.5 15
I *

Jm 1.0

0.5 1

0.0
0mGy/h 05 mGy/h 1.0 mGy/h 1.5 mGy/h

Fig. 3. Specific MF of large deletions with the size of more than 1 kb in the lung of unirradiated or y-irradiated mice. The mice were not treated (A)
or treated with NNK (B). An asterisk (*) denotes p < 0.05 (n=5) in a Student’s r-test of MF of y-irradiated vs. the corresponding unirradiated mice.
Vertical bars show the standard deviations with mice as the unit of comparison.
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Table |
gpr mutation spectra in the lung of NNK-treated and y-irradiated gpr delta mice
Treatment: saline  0mGy/h 0.5 mGy/h 1.0 mGy/h 1.5mGy/h
No. MF % No. MF %o No. MF % No. MF %
(x107%) (x107%) (x107%) (x107%)
Base substitution
Transition
G:C— AT 15(6) 1.81 43 12(6) 1.76 38 5(2) 0.61 29 8(4) 0.81 30
AT - G:C 2 0.24 6 4 0.59 13 [ 0.12 6 2 0.20 7
Transversion
G C—-TA | 0.12 3 5(2) 073 16 1 0.12 6 6(1) 0.61 22
G C—-CG I 0.12 3 0 0.00 0 0 0.00 0 22y 020 7
AT—T:A I 0.12 3 1 0.15 3 1 0.12 6 | 0.10 4
A:T—C:G 3 0.36 9 1 0.15 3 I 0.12 6 1 0.10 4
Deletion 8 0.97 23 6 0.88 19 7 0.85 41 6 0.61 22
—1bp 3 2 5 3
>2bp 5 4 2 3
[nsertion 3 0.36 9 3 0.44 9 I 0.12 6 1 0.10 4
Others ) 1 0.12 3 0 0.00 0 0 0.00 0 0 0.00 0
35 423 100 32 4.69 100 17 2.06 100 27 2.73 100
Treatment: NNK  0mGy/h 0.5 mGy/h 1.0mGy/h 1.5mGy/h
No. MF e No. MF % No. MF % No. MF %
(x107%) (x107%) (x10-%) (x107%)
Base substitution
Transition
GC— AT 24(2) 5.1 36 45(8) 8.02 39 32(5) 5.85 39 54(6) 8.51 50
A:T-> G:C 0 0.00 0 7 1.25 6 6 1.10 7 2 0.32 2
Transversion .
G C—-TA 9(2) 1.92 13 10(1) 1.78 9 (1) 1.28 3 7(1) 1.10 6
G:C—CG 0 0.00 0 2 0.36 2 0 0.00 0 3 047 3
AT-TA I3 2.77 19 26 4.64 22 17 3.11 21 17(1) 2.68 16
AT—-CG 15 3.19 22 12 2.14 10 8 1.46 10 12(1) 1.89 i1
Deletion 5 1.06 8 12 2.14 10 9 1.65 i1 12 1.89 11
—tbp 5 6 4 5
>2bp 0 6 5 7
Insertion I 0.21 2 0 0.00 0 4 0.73 5 i 0.16 I
Others 0 0.00 0 2 0.36 2 0 0.00 0 | 0.16 1
67 14.26 100 116 20.68 100 33 15.18 100 109 17.18 100

No. stands for the number of mutations.

of each mouse and calculated the mean MF and stan-
dard derivations. The mean MFs (X 10~%) and standard
derivations were 0.2530.28, 0.66+0.63, 0.773:0.49
and 0.82+0.55 at the dose rates of 0, 0.5, 1.0 and
1.5 mGy/h, respectively (Fig. 3A). The values at 1.0
and 1.5mGy/h were about three-fold higher than the
value at 0 mGy/h, and the differences were statistically

significant (p=0.04). In contrast, the dose-response
curve of large deletions in NNK-treated group was a
bell shaped (Fig. 3B). The mean MFs (x107%) and
standard derivations of large deletions in the NNK-
treated group were 0.29 & 0.47, 0.85 £ 0.66, 0.78 - 0.26
and 0.35+048 at the dose rates of 0, 0.5, 1.0 and
1.5mGy/h, respectively. It should be noted that the
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Table 2
Spi~ mutation spectra in the lung of NNK-treated and +y- irradiated gpt delta mice
Treatment: saline 0 mGy/h 0.5 mGy/h 1.0 mGy/h 1.5 mGy/h
No. MF % No. MF % No. MF % No. MF %
(x 106y (x107%) (x10™%) ' (x1076)
| bp deletion
Simple
Guanine 9 0.49 12 7 0.59 12 5 0.34 8 4 0.30 7
Adenine 4 0.22 5 0 0.00 0 2 0.14 3 I 0.08 2
In run
Guanine 13 0.71 17 15 1.27 25 12 0.82 20 1 0.99 21
Adenine 31 1.70 4] 19 1.60 32 22 1.50 37 25 1.91 ., 41
With b.s. 0 0.00 0 0 0.00 0 0 0.00 0 0 0.00 0
>2 bp deletion 15 0.82 20 17 1.43 28 17 1.16 28 13 0.99 21
2bp~1kb 2 0.11 3 7 0.59 12 3 0.20 5 I 0.08 2
>l kb 5 0.27 7 7 0.59 12 Il 0.75 18 10 0.76 16
Complex 8 0.44 11 3 0.25 5 3 0.20 5 2 0.15 3
Insertion 3 0.16 4 2 0.17 3 2 0.14 2 5 0.38 8
75 4.11 100 60 5.06 100 60 4.09 100 61 4.65 100
Treatment: NNK 0 mGy/h 0.5 mGy/h 1.0 mGy/h 1.5 mGy/h
No. MF % No. MF % No. MF % No. MF %
(x107%) (x10-%) (x1076) (x107)
| bp deletion
Simple
Guanine 5 0.61 12 4 0.46 8 4 0.50 9 4 0.48 9
Adenine 3 0.37 7 0 0.00 0 4— 0.50 9 1 0.12 2
In run
Guanine 9 1.10 21 19 2.17 40 9 1.12 21 14 1.68 31
Adenine 12 1.47 29 10 1.14 21 9 1.12 21 15 1.80 33
With b.s. 0 0.00 0 0 0.00 0 2 0.25 5 0 0.00 0
>2 bp deletion 12 1.47 29 10 1.14 21 11 1.37 26 11 1.32 24
2bp~1kb 6 0.74 14 2 0.23 4 3 0.37 7 0.84 16
>l kb 2 0.25 5 7 0.80 15 7 0.87 16 2 0.24 4
Complex 4 0.49 10 I 0.11 2 1 0.12 2 2 0.24 4
Insertion 1 0.12 2 5 057 10 4 0.50 9 0 000 0
42 5.15 100 48 5.47 100 43 5.36 100 45 5.39 100

No. stands for the number of mutations. Specific MFs of large deletions more than | kb in size are italicised.

MF at 1.0mGy/h (0.78 x 1076) was about three-fold
higher than that of 0mGy/h (p=0.04) but the MF at
1.5mGy/h (0.35 x 1075) was very similar to that of
0mGy/h (0.29 x 107°). The p values of the differences

of MFs between saline-treated and NNK-treated groups
at dose rates of 0, 0.5, 1.0 and 1.5 mGy/h were 0.44,
0.32, 0.48 and 0.09, respectively. From the results, we
suggested that NNK treatments suppressed the induc-

Fig. 4. Molecular nature of large deletions recovered from the lung of gpr delta mice untreated or treated with NNK in the absence or the presence
of y-irradiation. Horizontal bars represent the deleted regions of mutants. Most of the mutants lack the entire gum gene and part of the redAB genes,
but some lack the gam gene and the upstream region. The gam and redAB genes make an operon and the transcription starts from the upstream of
the gam gene. Short homologous sequences in the junctions of the mutants are underlined. Underlined sequences, i.e., T or CTTA. in the middle of

two sequences are inserted sequences in the junctions.
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reciof F /!
\ <« A
redABigam Delesion Sequence of the junction of deletion No.of  Mouse
Saline P size (bp) muant 1.D.
Y -ray Coh
(mG/h) | - 1242 TGAATGETTCGCEGCEGC GTGTTTGTGCATCCATCT 2 2,34
0 — -2912 AGAGCAGGCGGTACGCAT TAATCCTTAACTTTGCCC 1 34
R UU— -3393 GGTAAATCCGGCATGTAC AGCCAGGGGATCTCTCCC | 34
N 1 -7626 CAGCCAGCGTTECGAGTG CGGTTGCTTTATGCATGG I 3
- 1608 GCTATCACGTTGTGAACT TCGGATTTAGTGCGCTTT 2 911
-2912 AGAGCAGGCGGTACGCAT TAATCCTTAACTTTGCCC i 9
0.5 - 3630 ACTGTTGGTTAATACGCT AAAGCTCCAAGCTCAACA 1 41
-5339 GATGCGGCTAACGTATGA TGCCTTTGCGGCTTGTAA 1 1
-5582+1 CGCCTGTCTCTGCCTAAT T ATACTCTCTAATCTTGGC | 10
- 6789 CATCCTGAACCCATTGAC ACCACAGCGTGATGGGCT 1 10
1164 ATGGTTCGCGGCGGCATT TTGCGCTTACCCCAACCA | 50
- 1922 CACTGAATCATGGCTTTA AGAAGCAATAACCCGCAG 1 50
-3219 TTCTATTTCTGATGCTGA GTATCACACACCCCAAAG | 19
-3326 TGATGTATTGCTGGTTTC CTGGTTTTGCGCTTACCC 1 19
-3360 GATTTCAGAATTAGCCTG GGGTATCATGTAGCCGCT i 49
10 23473 GCGGCGTTTGATGTATIG TGTGGCAGTTGTAGTCCT 1 19
- 3966 TAACTTCCGGAGCCACAC GAAGACGCGATCTCGCTC i 17
-4716 TCCTTTGATGCGAATGCC GCATAATTACTCCTGATA 1 I8
- 5053 AATTCATGGAABAGGTCT GCGTARACTCCGCTGTCA | 50
- 5244 GTATCAGCAATGTTTATG GTAGCTTGGCTTCTACCT 1 17
r ] - 6140 ATCGGGGATTCAGTARCA CGCCTTCTGTCACCACCA 1 10
[ ] - 3645 GGTCTGCGTCAAATCCCC GGTTATCTGTATGTTTTT I 27
( ] - 3833 BATCGATGGTGTTACCAA AACCCGGCGCTGAGGCCG 1 57
[ } - 3879 TTGCTGGTTTCTTTCCCG  CTGAGGCCGGGTTATTCT 1 27
] 4014 TTTTCGATGAACTCCGGC CTTACCGGGTTATCCCCA i 26
15 i ) - 4035 CTTCCCAGCCAGCGTTGC CCTGCACCAGCGTGGTAR | 27
—" ] -4416 TAAAATARATCCCCGCGA TTGGCACATTGGCAGCTA 1 27
— ] 5194 ATAACTCTGTTGAATGGC ATATGATGACAATGTCGC 1 58
[ ] - 5366 TAACGCAGATCGGATGAT CCGCCAGTGGCGCACTAT | 38
[ ) - 5903 GGAACAGAGCGGCAATAA CTGCCTGATTAGCGGCGA i 25
NNK [ ] - 6629 CCGCAATTTCITTTGTGG CCTTCAACARACAAAARA 1 26
r-ray
(mG/h) [ ] - 4283 TGATGATGCGGGACCAGC GACCACGCCTTTGGGGCG 1 38
o [ ] - 6283 TTGCCAGGCTTAAATGAG ATCTAAGGCCGTCACCTG - 1 5
I & - 1035 ATCACCTTTAARATGCCGT AACCCCCCGCGATTGGCA i 15
‘= - 1315 CAGTGCTTTAGCGTTEAC ATAGCTGTGARAATATCG ] 45
[ | -2724 TGCTGGCCCCGTGGCGTT  CTCCAGCCCCTATCCCCC 1 43
[ om— -4318 CCTTTTTCCATGTCGTCT CAGCGGGTACGGTTGGCG I 13
05 o o -5146 CGAGAAGATGITGAGCAA TCTGCCAGTTCTGCCTCT ! 5
——— -3273 GCTGACGCCGCCTTGCCC CCCGCGATTGGCACATTG 1 14
i ] - 9265 TGTGCCACGCATCATCCC ATGGATGCAGCCTCCAGA 1 15
1 S1373 GTGAGCAATGGTTTCAAC TGGCGATAGTGGGTATCA ] 23
x| - 3466 AGGATTCATTGTCCTGCT GTTCGCCACCCAACCCGC I 53
( ] - 3445 GTTTAACATGCCGATTGC AGCGCGCGTAATCCGGCG | 54
1.0] I 3] -5974 ATCCGGATGARGCCGCTIT GCAATGTATGTCGTTTCA 1 21
[ Ca— -6666+4  GCCGTAAGTCTTGATCTC CTTA CCTCATCAGTGGCTCTAT 1 22
[ .7430 TTTGAATGGTTCGCGGCG CGTAGCGGTGGAAGTGGC | 21
i } - 9265 TTGTGCCACGCATCATCC  ATGGATGCAGCCTCCAGA | 21
[ 0 23219 GTAATAGCGATGCGTART AGGRAAACAGGAAAGGGG I 61
1.5 I 1 - 7081 TCAGCCAGCTTCCCAGCC  GGTGGAAGTGGCGATGAA ! 30
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tion of large deletions at a dose rate of 1.5mGy/h of
~-irradiation.

To further characterize the large deletions induced
by the irradiation, we identified the size and junctions
of all the 51 deletion mutants (Fig. 4). The size of dele-
tions distributed from 1035 to 9265 bp. About half of the
mutants had short homologous sequences up to 11 bp in
the junctions while another halfhad no such short homol-
ogous sequences. Two mutants had | or 4 bp insertions
in the junctions. There was no hot spot of the junctions
so that only 2 out of 51 deletions were identified in two
mice. There were no obvious differences between large
deletions induced by radiation alone and those induced
by radiation plus NNK treatments. These results sug-
gest that radiation-induced DSBs in DNA caused large
deletions either in the absence or the presence of NNK
treatments.

4. Discussion

Humans are exposed to a variety of exogenous and
endogenous genotoxic agents. Thus, biological effects
of radiation at low doses or low-dose-rate should be
evaluated in combination with chemical exposure [12].
In fact, survey of chromosome aberrations in habitats
in high-background radiation area in China indicates
that cigarette smoking has stronger effects on induc-
tion of chromosome aberrations than has the elevated
level of natural radiation [23]. Epidemiological studies
on underground mineworkers exposed to high levels of
radon or plutonium suggest the complexity of interac-
tions between radiation and cigarette smoke in induc-
tion of lung tumors [24,25]. Hence, it is important to
understand the fundamental mechanisms underlying the
interactive genotoxicity and carcinogenicity of cigarette
smoking and radiation for the risk assessment on human
health.

To elucidate the mechanisms involved, we exam-
ined the combined genotoxicity of low-dose-rate +y-
irradiation and a tobacco-specific nitrosamine NNK in
the lung of gpr delta mice. In this study, we focused
on whether vy-irradiation would modulate NNK-induced
base substitutions and whether NNK treatments would
modulate radiation-induced deletions. The mice were
irradiated at dose rates 0of 0.5, [.0and 1.5 mGy/h for22 h
for 2 weeks and treated with NNK, i.e., 2 mg/mouse/day
for four consecutive days, with irradiation (Fig. 1). The
mice were irradiated at the same dose rates for another
2 weeks before sacrifice. Base substitutions and dele-
tions in the lung detected by gpt and Spi™ selection,
respectively, were analyzed at the molecular levels. We
chose the doserates, i.e., 0.5, 1.0 and 1.5 mGy/h of y-ray,
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since Sakai et al. [26] report the suppression of carcino-
genicity of 3-methylchoranthrene in ICR female mice by
chronic low-dose-rate irradiation of y-ray at 0.95 mGy/h.
According to the report, there is an optimum dose rate
of about 1 mGy/h to observe the suppressive effects, and
the higher or lower dose rates fail to suppress the tumor
induction.

In the present study, NNK treatments significantly
enhanced the gpr MF (Fig. 2). We observed, however,
no modulating effects, i.e., enhancement or suppression,
of «y-irradiation at any given dose rate, on the NNK-
induced mutations (Fig. 2). This conclusion holds true
even when we analyzed the detailed mutation spectra
(Table 1). NNK treatments induced similar pattern of
base substitutions, i.e., G:C to A:T, G:C to T:A, A:T to
T:A and A:T to C:G regardless of the dose rates of com-
bined radiation. In contrast, we observed a suppressive
effect of NNK treatments on the radiation-induced dele-
tions. vy-Irradiation enhanced the MF of large deletions
in the size of more than | kb in a dose-dependent man-
ner (Fig. 3A and Table 2). When combined with NNK
treatments, however, the dose-response curve became
bell-shaped and the MF at the highest dose rate, i.e.,
1.5 mGy/h, was reduced by more than 50% (Fig. 3B and
Table 2). The total radiation dose at the highest dose rate
was 1.02 Gy. The size of the large deletions was between
about 1 and 9kb, and about half of the large deletions
had short homologous sequences in the junctions while
other did not (Fig. 4). These features are similar to those
of large deletions induced by high dose irradiation with
heavy ion, X-ray and vy-ray [20]. Thus, we suggest that
NNK induced an adaptive response that eliminated the
cells bearing radiation-induced DSBs in DNA.

Previous studies show that low-dose radiation can
induce an adaptive response, which causes cells to
become resistant to damage by subsequent high doses
of radiation {13,27]. Although the exact mechanisms
of the adaptive response are not well understood, it is
assumed that some proteins are induced by low-dose
radiation and they recognize and remove the cells bear-
ing DSB in DNA. Tucker et al. [28] report that the
frequency of DIb-/ mutations in the small intestine
in female F1 mice obtained by crossing SWR/J and
CS7BL/6 increases along with the total radiation doses
of ~y-ray, but it saturates and slightly decreases at high
doses, i.e., 2-3 Gy (55 mGy/day x 42 or 63 days). Inter-
estingly, our results also suggest that the MFs of the large
deletions saturated slightly at the highest dose of 1.02 Gy
(Fig. 3A). Thus the adaptive response might be induced
slightly at the highest radiation dose even without NNK
treatments. Nevertheless, concomitant NNK treatments
much clearly suppressed the occurrence of large dele-
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tions at the highest radiation dose. We speculate that
NNK treatments plus radiation at the highest dose may
induce p53-dependent apoptosis, which eliminates the
cells bearing radiation-induced DSBs in DNA [29]. The
involvement of p53 in the maintenance of genome sta-
bility is associated with several pathways such as cell
cycle arrest, apoptosis and DNA repair. Low levels of
DNA damage appear to enhance p53-dependent DNA
repair while high levels induce apoptosis [30]. We envis-
age that NNK treatments plus radiation at the highest
dose introduce genotoxic damage to the cells, the levels
of which are enough to trigger the apoptosis. Zhou et
al. [31] examined the combined effects of NNK and -
particle irradiation with human—hamster hybrid cultured
cells and concluded that the induction of chromosome
deletions were additive when the NNK dose was low but
a suppressive effect was observed at a higher NNK con-
centration. In vivo studies also suggest that exposure to
high levels of cigarette smoke decrease the risk of lung
cancer induced by radon in dogs [32]. However, a mul-
tiplicative effect of smoking and radon is observed in
rats [33]. In humans, the definitive interaction models
have not been established between smoking and radia-
tion exposure [24,25]. Thus, further work is needed to
clearly establish the interactive genotoxic mechanisms
between radiation and cigarette smoking in vivo.

NNK, a tobacco-specific nitrosamine, is metaboli-
cally activated by a-hydroxylation of the methyl and
methylene groups [34]. Methylene hydroxylation leads
to DNA methylation while methyl hydroxylation leads
to pyridyloxobutylated DNA [35]. DNA methylation
occurs at N7 and 0% of guanine and O* and 0? of
thymine. Itis suggested that O%-methylguanine (0%-mG)
and pyridyloxobutylated DNA are responsible for G:C to
A:T and G:C to T:A mutations, respectively, which acti-
vate Ki-ras oncogene in the mouse lung tumors induced
by NNK [6]. In the present study, G:C to A:T and G:Cto
T:A mutations were induced by NNK treatments signifi-
cantly (Table 1). Tiano et al. [36] examined the genotox-
icity of NNK in AS52 hamster cells expressing human
CYP2A6 and analyzed the induced mutations with the
gpt gene as a reporter gene for mutations. Because of the
lack of 0%-mG methyltransferase in the cell line, about
80% of mutations were G:C to A:T transitions. Interest-
ingly, most of the G:C to A:T transition hotspots occur
at the second G of the GGT sequence motif, which is the
motif of codon 12 in the Ki-ras oncogene [37]. When
we define the hotspot as the site where more than four
G-C to A:T mutations were identified, we identified 13
hotspots in the gpr gene among 155 G:C to A:T mutants
recovered from NNK-treated mice. They are nucleotide
27, 64, 86, 87, 92, 107, 110, 113, 115, 116, 128, 274,

281, 287, 402, 409, 417 and 418 when A of ATG of the
start codon of the gpt gene is set as nucleotide 1. Tiano
et al. [36] identified four hotspots of the second G of
GGT in nucleotide 23, 116, 128 and 281 in the gpt gene,
three of which are included in the hotspots identified by
us. However, we identified other hotspots such as the
second G of GGA at nucleotide 87, 274, 402 and 418,
the second G of GGG at nucleotide 27, 64, 92 and 417
and the second G of GGC at nucleotide 113. Thus, we
conclude that NNK preferentially induces G:C to A:T
rmutations at the second G of GGX where X represents
any of A, T, G and C. In addition to G:C to A:T and
G:C to T:A mutations, we observed an increase in the
MFs of A:T to T:A and A:T to C:G in the NNK treated
mice (Table 1). Substantial increases in the MFs of A:T
to T:A and A:T to C:G are also reported by Hashimoto
et al. [38], who examined the genotoxicity of NNK with
lacZ transgenic mice (Muta™ Mouse). Since reporter
genes for mutations, such as gpt, cll or lacZ, are not
expressed in vivo and are not imposed by any selection
bias, they can reflect any genotoxic events occurring in
the genomic DNA. In contrast, oncogenes such as the ras
gene can only detect mutations that can activate the onco-
genic activity of the gene products. Thus, we assume that
NNK induces modifications in DNA such as O*-methyl
or O2-methyl thymine in the lung, which may account for
the induction of A:T to C:G and A:T to T:A mutations,
respectively [8]. Although the toxicological significance
of these mutations is currently unknown, these mutations
may contribute to the carcinogenicity of cigarette smoke
as well. .

~-Irradiation at dose rate of 1.0 and 1.5 mGy/h clearly
enhanced the MFs of large deletions when no NNK treat-
ments were combined (Fig. 3A). The total estimated
doses were 0.68 and 1.02 Gy, which may be the low-
est radiation doses that gave positive results in trans-
genic mice mutation assays [16]. In contrast, we could
detect no significant increase in the MF of large deletions
induced by NNK treatments (Table 2 and Fig. 3A and B).
Thus, we suggest that NNK induces mostly base sub-
stitutions but not deletions in vivo. Interestingly, NNK
treatments induce deletions in cultured mammalian cells.
Tiano et al. [36] report that about 20% of mutations
induced by NNK treatments are deletions in AS52 ham-
ster cells expressing human CYP2A6. Zhou et al. [31]
report that about 80% of NNK-induced mutations are
large deletions in the human-hamster hybrid (AL) cell
assay. We speculate that NNK may have a potential to
induce both base substitutions and large deletions in
vitro but the latter can be eliminated in vivo by the p53-
dependent mechanism. Chinese hamster cell lines such
as CHO and V79 harbor missense mutation in the p53
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gene [39,40]. Large deletions might have been detected
in the cultured cells because of inefficient p53 functions.

In summary, we have examined the combined geno-
toxicity of y-irradiation and NNK treatments in the lung
of gpt delta mice. Although radiation did not modulate
the NNK-induced base substitutions, NNK treatments
suppressed the induction of large deletions in size more
than 1kb induced by the irradiation. NNK treatments
might induce an adaptive response, which eliminates
the cells bearing radiation-induced DSBs in DNA. This
finding may be helpful in understanding the molecular
mechanisms of genotoxicity as a result of interactions of
more than one genotoxic agents in vivo.
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