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Fig. 5. Complicated DNA reamengements in thymidine kinase (TK)-
deficicnt mutants from TSCES cclls. a: DNA scquences of the junctions of
six mutants with complicated DNA resrangements (Fig. 4). Sequences
with small letters are owside of the junction. Blue-left arrows and green-
right arrows show inverted and right directed sequences in parts of deleted
region, respectively. Sequences indicated by red capitals indicate the
microhomology at junctions, bt A model for mechanisms cliciting the
complicared DNA rearrangements produced by double-strand breaks

[Haber, 2000; Jackson, 2002]. Interestingly, six other mu-
tants exhibited complicated DNA rearrangements that in-
volved a deletion combined with an inverted sequence that
was part of the deleted sequence (Fig. 5a), Clone NGO§
exhibited a particularly complicated rearrangement consist-
ing of an inverted sequence and a forward sequence. Be-
cause these inverled sequences also joined through a 0- to
5-bp microhemology, EI probably contributed to the rear-
rangement. We also examined these rearranged mutants by
SKY analysis. There was, however, no apparent alteration
in chromosome 17q and no translocated chromosome frag-
ments derived from chromosome 17 in the mutants {data not
shown),

HR Always Resulted in Nen-Crossing-Over Gene
Conversion

We also analyzed 38 TSCER2 revertants, Every revertant
showed LOH at the [-Scel site accompanied by an increased
band intensity of the intact allele (Fig. 1b). This means that
HR between homologous chromosomes produced the rever-
1ants, as expecled, resulting in homozygous LOH. Extended
LOH analysis revealed that no reveriant showed LOH at any
polymorphic marker surrounding the TK gene (Fig. 3).
Every LOH was limited to the TX gene, implying that these
revertants were the result of gene conversion without cross-
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(DSBs). Two broken ends of DSBs on sister chromatids in G, phase cells
are uncqually processed by exonuclease, and fuse 1o each other o form a
chromatid bridge, The dicentric chromatid is torn by cell division, produc-
ing daughter cells with broken chrorosomes, which fuse with telomcric
chromosome fragments. Some broken chromosomes enter a breakage-
fusion-bridge (BFB) cycle, leading to more complicated rearrangements
with inverted and right directed sequences at the junction.

ing-over. The tract length of the gene conversion varied in
the revertants. At least 14 (37%) of the revertants were
generated by >876-bp tract gene conversion.

No Small Deletions or Small Tract Gene Conversions
Were Observed in Nonselected Cells

After transfecting TECSS cells with the [-Scel expression
vector pCMV3xnls-I-Scel, we isolated a tota) of 1,442 in-
dependent clones withont TFT selection and analyzed their
I-Scel sites by PCR. All clones except one had the intact
I-Scel site and were identical to parental TSCES cells. The
exceptional clone, however, had a deletion of >1 kb that
included exons 5 and 6 {(data not shown).

DISCUSSICN

Contribution of E} and HR for Repairing a
Chromosome DSB

The assay system we established in the present study can
trace the faie of a DSB in the human genome, We succeeded
in integrating an [-Scel site into an endogenous single-copy
gene by two gene-targeting steps to niinimize the introduc-
tion of other exogenous DNA sequences. It is likely that the
DSB generated at the I-Scel site was similar to DSBs



induced by low-dose irradiation in an intact genomic region,
and the fate of the DSB seemed to depend on the physio-
logical response to the exogenous DNA damage. The I-Scel
induced DSBs in G, phase were chromosomal breaks, while
during late S and G, phases they were single or double
chromatid breaks. EJ can operate throughout the cell cycle
but may be more important during G, phase, while HR is a
post-DNA-replication repair pathway [Johnson and Jasin,
2000; Hendrickson, 1997]. HR likely repairs chromatid
breaks occurring in the late S and G, phascs, and for
chromosomal breaks that escape from E) in the G, phase
and turn into sister-chromatid breaks after DNA replication.
Breaks on both sister chromatids can be repaired only by
inter-allelic HR, although either chromatid break could be
effectively repaired by sister-chromatid HR, which can not
be demonstrated in our system [van Gent et al., 2001).
Because the haman lymphoblastoid cells used in this study
were unsynchronized and more than 50% were in G, phase
{Little et al., 1995], the genetic consequences of DSB repair
in the present system are mainly a reflection of chromo-
somal DSBs.

By transfecting the I-Scel expression vector into the cells,
TK-delicient mutants from TSCES cells and TK-proficient
revertants from TSCER2 cells were recovered 130- and
200-fold more frequently than spontaneous mutants, respec-
tively, suggesting that DSBs can stimulate intcr-allelic HR
as well as EJ. Because the revertant frequency was much
less than the mutant frequency, however, almost all DSBs
appear to be repaired by EJ, The relative contribution of EJ
and HR for repairing DSBs in mammalian cells varies in the
cells and the systems used to detect them, but EJ is the
predominant mechanism for DSB repair in most cases
| Takata et al., 1998; Essers et al., 2000). Liang et al. [1998]
and Johnson and Jasin |2000] demonstrated that approxi-
mately 30-50% of DSBs generaled at an I-Scel site in
tandem repeated recombination substrates were repaired by
HR, with the rest repaired by EJ. The system is, however,
strongly biased in favor of detecting intra-chromosomal
recombination between the repeated sequences. Almost 1%
of DSBs in LINE-1 scquences (a repetitive element found
throughout the mammalian genome at approximately 1 X
10° copies) was repaired by HR [Tremblay el al., 2000]. The
contribution of HR for repairing chromosomal DSBs in a
single copy mammalian gene must be quite low, however,
because only the homologous allele is available as a recom-
bination partner. Recently, Stark and Jasin [2003] estimated
that an I-Scel-induced DSB in a single-copy gene in mouse
ES cells is repaired at least 1,000-fold more efficiently by EJ
than by inter-allelic HR. Our present study strongly sup-
ported their estimation; nearly 100% of chromosomal DSBs
were repaired by EJ in human TK6 cells, and HR rarely
contributed to the repair.

The assay system described in the present study cannot
recover every genetic consequence of EY and HR. Because
the I-Scel site is inserted in intron 4 of the functional TK
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allele, in a position 75 bp upstream of exon 5, a small
deletion caused by EJ that does not affect the TK function
will not be recovered as a TFT-resistant mutant. Similarly,
a small-tract gene conversion not extending to the point
mutation in exon 5 (base 23 of exon 5) also will not be
rescued in the reversion assay (Fig. 1a). If small deletions
and small-tract gene conversions are the major producis of
El and HR, respectively, the mutants and revertants recov-
ered in this assay system may not accurately reflect DSB
repair. In fact, Lin ct al. | 1999] reported that 1-Scel induced
DSBs in mouse chromosomes were mainly repaired by EJ,
resulting in very few nucleotide deletions. To clarify this
issue, we isolated 1,442 independent clones from TSCES
cells without drug selection after transfection with the 1-Scel
expression vector and examined their I-Scel site. No small
deletions or small-tract gene conversions were observed; the
one mutant clone detected had « 1-kb deletion, which shouid
have been detected as a TK-deficient mutant. Although the
efficiency of inducing DSBs by transfection of the I-Scel
expressing vector is not clear and the number of analyzed
clones may not be sufficient, this result would indicate that
our assay system detected most of the genetic consequences
resulting from the repair of [DSBs and was not strongly
biased in favor of specific genctic events.

Genetic Consequences of Chromosomal DSBs
Repaired by EJ

Around 70% (16/22) of the small deleticns we analyzed
by PCR and sequencing exhibited simple deletions ranging
from 109 to 3,964 bp with a (- to 6-bp micrchomology at
the junction of the deletion, These deletions can be ex-
plained by an NHEJ model, which is a general EJ mecha-
nism found in mammalian cells as well as in other species
[Haber, 200{); Jackson, 2002]). Single-strand annealing
(SSA), which is a special form of HR that works efficiently
on repeated sequences flanking DSBs in yeast and mamma-
lian cclls |Paques and Haber, 1999; Lin et al., 19901, can
cause simple deletions in a ncnconservative manner. This
mechanism can be excluded for generating the delctions,
however, because it would need at least a 30-bp homology
at the sequence junctions [Sugawara et al., 2000]. SSA may
not function for DSB repair in a single-copy gene, but it
may have been responsible for some of the unanalyzed large
deletions. In contrast, six other mutants exhibited compli-
cated DNA rearrangements in which a deletion was com-
bined with an inverted sequence that was part of the deleted
sequence (Fig. 5a). Because these inverted sequences also
joined through 1- to 5-bp microhomologies, EI probably
contributed (o the rearrangements. We speculate that some
DSBs occumring ir late S or G, phase could lead to the
rearrangements (Fig. 5b). DSEs induced by 1-Scel expres-
sion occur at the same positicn on both sister chromatids
after DNA replication, The ends of the broken sister chro-
matids that are unequally prozessed by exonuclease may
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occasionally fuse 10 each other to form a chromatid bridge.
A dicentric chromatid torn by cell division produces daugh-
ter cells with broken chromosomes, and the telomeric chro-
mosome fragment may fuse again. Clone NGO8 exhibited a
more complicated rcarrangement consisting of an inverted
sequence and a forward sequence, implying that a breakage-
fusion-bridge (BFB) cycle occurred. A BFB cycle resulting
from telomere loss is associated with chromosome instabil-
ity and sometimes results in high-copy gene amplification or
nonreciprocal translocation, which is commonly cbserved
in tumor cells [Kuo et al., 1994; Coquelle et al., 1997].
These specilic DNA rearrangements, however, may be ob-
served in 1-Scel-induced mutagenesis at a high frequency
because of the simultaneous occurrence of DSBs at the
same position on both sister chromatids. In spite of the
complex DNA rearrangement, these mutants did not reveal
any gross changes in chromosome 17q. Lo et al, [2002) and
Pipiras et al. [1998) reported that DSBs induced by 1-Scel
caus¢ chromosomal instability, and sometimes result in
large interstitial deletions and intra-chromosomal amplifi-
cations through a BFB cycle. Other unanalyzed mutants
from TSCES in this study, which are expected to have
delctions of =5 kb, may show gross structural changes
initiated by a BFB cycle, although they would be a minor
consequence of DSBs.

Genetic Consequences of Chromosomal D$Bs
Repaired by HR

In the HR repair mode}, recombinational intermediates
(Holliday junctions) may be resolved as a reciprocal ex-
change (crossing-over) or a nonreciprocal trunsfer of ge-
netic information (gene conversion withoul crossing-over)
[Szostak et al., 1933). Both products appear equully for
meiotic recombination at some loci [Cromie el al,, 2001].
Molecular analysis of 38 reverlants from TSCER2 cells,
however, clearly demonstrated that gene conversion was
preferred for repairing DSBS, because no revertants showed
LOH at any of the distal microsatellite markers. HR for
repairing DSBs gencrally occurs during postreplication, and
inter-allelic recombination is also thought to occur between
chromatids in the late S and G, phase. Theoretically, recip-
rocal exchange can produce revertants that retain distal
heterozygosity if the two chomatids involved as recombi-
nation partners are co-segregated by cell division, Because
co-segregation presumably will occur 50% of the timc,
resulting in LOH at distal markers, the participation of
reciprocal exchange for the generation of these revertants
can be excluded. In contrast, most HR products occurring
spontaneously or induced by ionizing irradiation in autoso-
mal recessive gene mutation assays in mouse and human
cells are the result of reciprocal exchange [Honma et al,,
1997h, 2000, 2001}, This may be because of the strong bias
for recovery of HR products with crossing-over involving
nontargeted mutagencsis; reciprocal exchange thut affects a

particular target {e.g., the TK gene) must occur at relatively
a low frequency. Quintana et al. {2001 developed a cell line
from TK6 that has a compound heterozygous TK gene
{TK ‘") and examined TK-proficient revertants induced by
ionizing irradiation and a chemical muagen. These inves-
tigators also did not recover any reverlants with crossing-
over, and they estimated that non-crossing-over is approx-
imately 700-fold more frequent than reciprocal cxchanges
on a yield-per-kilobasc basis. A preference for recovery of
gene conversion rather than reciprocal exchanges in mitosis
also was reported in yeast and mammalian cells [Paques and
Haber, 1999; Cromie et al., 2001]. In yeast, howcver, about
10% of inter-allelic HR events involved crossing-over
[Nickoloff et al., 1999], while almost all inter-allelic HR in
mammalian cells was of a non-crossing-over type [Stark
and Jasin, 2003]. Thus, Holliday intermediates must be
resolved with bias, especially in mammalian cells. The
strong suppression of reciprocal exchanges may contribute
to the maintenance of genomic integrily because reciprocal
exchange could bring about large-scale genetic alterations,
including translocations [Richardson et al., 1998].

Although the present study showed that the contribution
of HR for repairing chromosomal DSBs is quite low, HR
must be essential for maintaining genomic integrity in mam-
malian cells. Knocking out Rad51 and other genes involved
in HR, such as Rad52, Xrce2, and Xree3, is lethal, enhances
sensitivity o jonizing irradiation and chemicals, andfor in-
fluences the fidelity of HR |Rijkers et al., 1998; Cui et al.,
1999; Takata et al., 2001; Sale ct al., 2001; Brcnneman et
al., 2002]. These ohservations indicate that HR has an
important role in overcoming some genetic stresses. Most
spontancous DSBs in mammalian cells is thought to be
produced by replication stress rather than exogenous effects
[Haber, 1999]. Single-strand breaks are frequently con-
verted during nucleotide and base excision repair to DSBs
when replication folks are encountered. These types of
DSBs could be repaired efficiently by HR between sister
chromatids in the late § and G, phases, which would be
critical for maintaining genomic integrity as well as cell
viability, Thus, HR may be important for repairing chroma-
tid breaks generated by the replication swess [Kadyk and
Hartwell, 1992], but not [or chromosome breaks. The role of
inter-allelic HR remains unclear, although it is clearly in-
duced by DSBs. Inter-allelic HR contributes greatly to
genomic instability, in particular LOH in tumorigenesis, and
may be associated with genetic and environmental factors
|Lasko et al., 1991; Moynahan and Jasin, 1997].

We conclude that almost all chromosomal DSBs arg
repaired by EJ in human cells, and that when HR is in-
volved, it is in the form of gene conversion without cross-
ing-over. These findings strongly support the preferences of
mammalian DSB repair pathways reported previously. The
present system established in the present study can trace the
fate of DSBs in mammalian cells quantitatively as well as
gualitatively, and holds promise lor elucidating genetic and



environmental factors that influence DSB repair [Palmer ct
al., 2003].
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Abstract

Transgenic mouse assays have revealed that the mouse intestine, despite its resistance to carcinogenesis, is sensitive to
the mutagenicity of some heterocyclic amines (HCAs). Little is known, however, about the level and localization of that
sensitivity. We assessed the mutagenicity of four orally administered (20 mg/kg per day for 5 days) HCAs—2-amine-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) hydrochloride, 2-amine-3-methylimidazo[4,5-f]quincline (IQ), 2-amino-3,4-
dimethylimidazo[4,5-f]quineline (MeIQ), and 3-amino-1-methyl-5H-pyrido[4,3-b]indole (Trp-P-2) acetate—in the intestine
of male Muta™Mice. Two weeks after the last administration, we isolated epithelium from the small intestine, cecum, and
colon and analyzed lacZ and ¢JT transgene mutations, PhIP increased the lacZ mutant frequency (MF) in all the samples, and
in the small intestine, ¢f7 and lacZ MFs were comparable. In the ¢I7 gene, G:C to T:A and G:C to C:G transversions were
characteristic PhIP-induced mutations (which has also been reported for the rat colon, where PhIP is carcinogenic). In the
small intestine, PhIP increased the ¢JI MF to four-fold that of the control, but IQ, MeIQ, and Trp-P-2 did not have a significant
mutagenic effect. In the cecum, c/f MFs induced by 1Q and MeIQ were 1.9 and 2.7 times those in the control, respectively. The
MF induced by MeIQ in the colon was 3.1 times the control value, Mutagenic potency was in the order PhIP > M¢IQ > 1Q;
Trp-P-2 did not significantly increase the MF in any tissue. The cecum was the most susceptible organ to HCA mutagenicity.

© 2003 Elsevier B.V. All rights reserved.
Subj. Class.: 105650-23-5 (PhIP hydrochloride); 76180-96-6 (IQ); 77094-11-2 (MelQ); 72254-58-1 (Trp-P-2 acetate)
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1. Introduction mutagens and carcinogens such as the heterocyclic
amines (HCAs) found in well-cooked meat. In exper-

Spontaneous cancers are common in the human imental animals, however, the organ is resistant to the
intestine, where there is frequent exposure to dictary carcinogenic effects of the majority of genotoxic com-

- . 1 RRAALT0G: pounds [1]. Although five HCAs—2-amino-6-met-
e e hyldipyrido[1,2-:3' 2'-dJimidazole (Glu-P-1), 2-ami-
E-mail address: ohnishi@basic.med tokushima-u.ae.jp nodipyrido{1,2-a:3',2'-dJimidazole (Glu-P-2), 2-ami-
(Y. Ohnishi). no-3-methylimidazo[4,5-/Jquinoline (1Q), 2-amino-

1383-5718/$ — see front matter © 2003 Elsevier B.V. All rights reserved.
doi:10.1016/51383-5718(03)00134-7
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3,4-dimethylimidazo[4,5-f]quinoline (MelQ), and 2-
amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (Ph-
IP)—induce intestinal tumors in rats, they have rarely
been shown to do so in mice [2,3].

The weak carcinogenicity of HCAs in the mouse
intestine is not due to a lack of local mutagenic ac-
tivity, as has been shown by somatic mutation assays
based on endogenous markers and transgenic shuttle
vectors [4,5]. Transgenic mouse assays reveal that
HCAs increase mutant frequencies (MFs) in the in-
testines at least as much as they do in the target
organs for carcinogenesis. Although PhIP is muta-
genic in several organs, it is most potent in the small
and large intestine of lacZ transgenic Muta™Mice
[6] and the colon of gptA transgenic mice [7). In
female Big Blue® transgenic mice, MelQ induces
lacl mutations at a much higher rate in the colon
than in the liver and forestomach, which are target
organs for carcinogenesis [8]. MeIQx (2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline), a hepatocarcino-
gen, induces lac mutations in the mouse ¢olon as well
9

We know that the mouse intestine is sensitive to
HCAs, but we know little about the level of sensitivity
in specific areas, PhIP is mutagenic in both small and
large intestine [4-6], but the mutagenic potencics of
other HCAs have been reported for only a part of the
intestine or not at all,

We used the male Muta™Mouse intestine to study
the genotoxic potential of four HCAs—PhIP hy-
drochloride, IQ, MelQ, and 3-amino-1-methyl-5H-
pyrido[4,3-blindole  (Trp-P-2) acetate. After the
animals were treated, we isolated epithelium from
the small intestine, cecum, and colon and extracted
the DNA, which we subjected to an in vitro pack-
aging reaction. We assayed lambda shuttle vectors,
recovered as viable phages, for lacZ and lambda if
mutations. We analyzed the frequency and muta-
tional specificity of ¢IF mutants induced by PhIP, and
showed that PhIP induced the same mutations in the
small intestine of mice and the large intestine of rats,
despite differences in their susceptibility to carcino-
genicity, We compared cIf MFs induced by HCAs and
showed that the epithelium in each intestinal region
was distinct in its susceptibility to HCA mutagenesis.
The transgenic mouse intestine served as a useful
model for the study of genotoxic potency of intestinal
carcinogens.

2. Materials and methods

2.1. Chemicals

PhIP hydrochloride, 1Q, MelQ, and Trp-P-2 ac-
ctate were purchased fiom Wako Pure Chemicals
(Tekyo). Just before administration, PhIP hydrochlo-
ride and Trp-P-2 acetate were dissolved in physio-
logical saline while IQ and MelQ were dissolved or
suspended in comn oil, at a concentration of 2 mg/ml.
Phenyl-B-D-galactopyranoside (P-gal) and 5-bromo-4-
chloro-3-indolyl-B-b-galactopyranoside (X-gal) were
purchased from Sigma Chemical (St. Louis, MO).

2.2, Animals and treatment

Male /acZ transgenic mice (Muta™Mouse) with
a CDF1 (BALB/c x DBA/2 F1) genetic background
were obtained at 4-7 weeks of age from Covance Re-
search Products (Denver, PA). The Mutal™Mouse test
system carrying integrated lambda gtl10 shuttle vec-
tors containing the bacterial lacZ gene has been de-
scribed in detail elsewhere [ 10]. The mice were housed
in plastic cages with hard wood chips for bedding
and were fed a standard diet (Criental MF, Oriental
Yeast, Tokyo) and tap water ad libitum. A week be-
fore administration of the test compounds, the diet was
switched to AIN-76 purified diet (Crea Japan, Tokyo).
Administration of the compounds started when the
mice were 10 weeks old. The mice in the HCA treat-
ment groups (n = 5-7) were fed a HCA daily in a vol-
ume of 10ml’kg body weight for 5 days. The control
mice received the same volume of com oil daily for
5 days. We used the carcinogenic potency database to
set the dose of HCA at 20mg/kg per day [11], which
approximates to the TDsg values for PhIP, IQ, MeIQ,
and Trp-P-2: 28.6, 19.6, 12.3, and 12.6 mg/kg per day,
respectively [3].

2.3. Tisstie and DNA isolation

Two weeks after the last administration of HCA,
the mice were killed by post-caval incision under
anesthesia and the intestines were removed. The
lumen was flushed with phosphate-buffered saline
(PBS), and the intestine was divided into small intes-
tine, cecum, and colon. Each section was cut along
the mesenteric line, washed with PBS, quickly frozen
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with liquid nitrogen, and stored at —80°C. Before
use, each frozen segrment was placed in a plastic dish
containing 30 mM EDTA-PBS solution at <4°C and
left to defrost for 30min. After removing the Jumi-
nal contents and mesenteric nodes, we placed the
segments lumen-side-up in a plastic dish and, with
the aid of a microscope, stroked them gently with
the back of mosquito forceps to isolate crypt-villus
units (sheets) from the mucosal layer. We collected
the units in a tube and immediately incubated them
with proteinase K solution at 50°C for 3h. We ex-
tracted DNA as described previously [12]. Without
bias (distal or proximal), we cut the colon segment
into pieces and randomly partitioned them into two
portions. We used one portion (consisting of about
two thirds of the total amount of cut pieces) for DNA
isolation from the mucosal epithelium and the other
pertion for DNA isolation from the whole colon.

2.4. lacZ mutation analysis

A 5-10pl aliquot of DNA solution was re-
moved and used for lambda prophage rescue with a
MutaPlax™ packaging extract (Epicentre Technolo-
gies, Madison, WI). Screening for lacZ mutant phages
was carried out by P-gal-based positive selection with
Escherichia coli strain C (lac”galE™), and all mu-
tants were confirmed on X-pal plates as previously
described [13].

2.5. Lambda cll mutation analysis

We used a MutaPlax cll-Select™Kit (Epicen-
tre Technologies) for the lambda cIf assay. The kit
contained lambda packaging extracts and cultores
of it E. coli strain G1217 for the determination
of recovered phage titers and 1~ E. coli G1225 for
the selection of mutant phages. Lambda packaging
and positive selection for ¢l mutants was performed
according to the manual in the packaging insert, es-
sentially as described by Jakubcezak et al. [14] with
slight modification. Briefly, 500 ul of the packaged
phage solution was incubated with the same volume
of strain G1225 cells (ODggp = 1.0) at room temper-
ature for 30 min, mixed with 11 ml LB top agar, and
plated on four 9cm dishes containing 6ml bottom
agar. The plates were incubated at 24.5 £ 0.5°C for
48h. For titration, a 100 pl aliguot of a 1:100 dilu-

tion of the packaged phage was mixed with the same
volume of strain G1225 cells and 6ml LB top agar,
plated on two dishes, and incubated at 37 °C for 24 h.
Wild-type phage recovered from Muta"™Mouse has
a cf~ phenotype, which pemmitted plaque formation
on the kfi~ strain at 37°C but not at 25°C. We de-
termined the MF by dividing the number of mutant
plaques by the total number of recovered phage titers
evaluated from each animal. Generally, we analyzed
>2 x 10° plaque forming units in each case.

2.6. Sequencing of cIl mutants

We determined mutations in the lambda cff trans-
gene using the DNA cycle sequencing method de-
scribed elsewhere [15]). The cif gene region (294 bp)
was PCR-amplified directly from mutant plaques us-
ing the primer pair 5-AAAAAGGGCATCAAATT-
AAACC-3 and 5-CCGAAGTTGAGTATTTTTGC-
TGT-3. A 446bp PCR product was purified and used
for the sequencing reaction with a BigDye™ Ter-
minator Cycle Sequencing Kit (Applied Biosystems,
Tokyo). PCR amplification and DNA sequencing was
performed using a Program Temp Control System
PC-800 (Astec, Tokyo) and an ABI Prism™ 310
Genetic Analyzer (Applied Biosystems), respectively.

2.7. Statistical analysis

We expressed MF as mean & 8.D. We compared
between-group means by the unpaired ¢-test and vari-
ance among groups by one-way analysis of variance
(ANOVA). We used the Dunnet test for multiple com-
parisons. Identical mutations from the same mouse
were counted as a single event.

3. Results
3.1. Mutagenicity of PhIP

Comparison of lacZ MFs in the whole colon and
colon epithelium of the same animals exposed to PhIP
or com oil (control) is shown in Fig. . The sponta-
neous MF in the colon epithelium was about twice
that in the whole colon. The MF in the PhIP treat-
ment group was significantly higher than in the con-
trol group in both the whole colon (P < 0.05) and the
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Fig. 1. lacZ mutant frequencies induced by PhIP in the whole colon and colon epithelium of male Muta™Mouse. The animals were orally
fed 20 mg/kg PhIP or comn oil (control) daily for 5 days and sacrificed 2 weeks afier the last administration. The MFs in the whole colon
and colon epithelium of the same animals (n = 5) were analyzed. Asterisks indicate significantly dif%rent levels of induced MF in the
control and PLIP treatment groups as determined by the unpaired s-test (* P < 0.05, *** P < 0.0005). Values are mean + S.D,

colon epithelium (P < 0.0005). Because the degree of
increase in mean MF in treated animals was greater in
the colon epithelium than in the whole colon (4.7 ver-
sus 3.5 times the control value, respectively), we used
epithelium for the remainder of the experiments. The
MFs in the PhIP treatment group were significantly
higher than those in the control group in the epithe-

1200 -

lium of the small intestine, cecum, and colon (Fig. 2).
The induced MFs did not differ significantly among
the various sections of the organ (one-way ANOVA).

The effect of PhIP tieatment on the MF of the
lacZ and clf genes in the small intestine are shown in
Table 1. The MF was lower for the clf gene than the
lacZ gene in both control and PhIP-treated mice. The

1000 4
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600 -+
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IscZ mutant frequency {10°8 plagues)

L=]
L

[] contret

Small intestine

Cecum

Coloh

Fig. 2. lacZ mutant frequencies induced by PhIP in the intestina! epithelia of the small intestine, cecum, and colon. The animals are
treated as described in the legend to Fig. 1. The MFs in the small intestines and ceca of seven animals were determined. Asterisks
indicale significantly different Jevels of MF in the control and PhIP treatment groups as determined by the unpaired #-test (** P < 0.005,

*#* P < 0.0005). Values are mean £ §.D.
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Table 1

Spontaneous and PhIP-induced mutant frequencies of JecZ and ¢l loci in small intestine epithelium

103

Locus Compound*® n’ Number of plaques Mutant frequency®
Total Mutant Mean & S.D.
lucZ Cantrol 7 1909100 190 112.3 £ 30.6
PhIP 7 1006992 741 672.0 £ 198.09
ol Control 6 1602500 54 49.6 & 41.7
PhIP 5 736000 165 199.4 + 87.8°

* Animals were treated orally with 20mg/ke per day PhIP for 5 days and killed 2 weeks afier the last ireatment.

b Number of anatyzed animals.

€ Mutant frequencies (x 10~¢ plaques) were analyzed in DNA extracted from the small intestine epithelium.

9 Significantly different from the control value at P < 0.0005,
¢ Significantly different from the control value at P < 0.005.

PhIP-induced increase in MF was six times the con-
trol value in the lacZ gene and four times the control
value in the /T gene.

3.2. oIl mutant sequences

We subjected 33 PhIP-induced mutants and 31
spontaneous mutants to sequence analysis. The muta-
tions are characterized in Table 2 and summarized in
Table 3. Spontaneous mutations from the control mice
consisted mainly of base substitutions. G:C — A:T
transitions were predominant, with 72% (13/18) oc-
curring at 5'-CpG-3' dinucleotide sequences. Other
base substitutions (21%) and single base pair deletions
(16%) were also observed. PhIP-induced mutations
also consisted mainly of base substitutions (32/33),
but the majority of those (72%) were G:C — T:A
transversions compared with 8% of the spontaneous
base substitutions. No obvious hot spots were seen,
and mutations were distributed over the whole coding
region.

3.3. Mutagenicity of IQ, MelQ, and Tip-P-2

One-way ANOVA revealed a significant variance
in the cecum and colon but not in the small intestine
(Fig. 3). In the cecum (B), significant differences from
the control were found in the IQ {P < 0.0005) and
MelQ groups (Dunnet test, £ < 0.0005). The MFs in
the 1Q, MelQ, and Trp-P-2 groups were 1.9, 2.7 and
1.4 times those of the control, respectively, MelQ also
significantly increased the MF in the colon (C) (P <

0.0005, Dummet test), The MFs in the IQ and MelQ
groups were 1.5 and 3.1 times those of the control, re-
spectively. We observed no significant increase in MF
in any sample from the Trp-P-2 treatment group. We
observed no significant variance in spontaneous MFs
of the control groups in the colon, cecum, or small
intestine (one-way ANOVA).

4, Discussion

In the transgenic mouse assays, isolation of prolifer-
ative tissues is important for sensitive detection of gene
mutation, since DNA lesion (adduct formation, etc.) is
fixed as a mutation during DNA repair and replication.
In the present study, the isolated colon epithelium was
more sensitive to PhIP than the whole colon (Fig. 1).
The cell turnover in the epithelium is more prolifera-
tive than that in the other smooth muscle and connec-
tive tissues. The presence of resting or quiescent cells
in the crude intestine could level down the apparent
MFs, because the mutational target genes are rescued
from not only proliferating cells, but also quiescent
cells, which are in the inactive state of mutation fixa-
tion that arises as a consequence of DNA damage [16].

Almost uniform induction of lacZ mutation in the
mouse intestine was reproduced in our experiments
using the epithelia of the small intestine, cecum,
and colon (Fig. 2). It is known that a long-term
feeding of HCA in the diet is more effective for
inducing mutations [5,9], but, as confirmed in this
study, short-term exposure followed by appropriate
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Table 2

PhIP-induced and spontanecus ¢/f mutations from the small intestine epithelium of Muta™ Mouse

Mutant no. Position Nucleotide change CpG®* Sequence Amino acid change

Ph1P-induced mutants
F1 3 GtoT ATG GTT CGTGCA AAC Met to lle
P2 25 GtT CGCAACGAGGCTCTA Glu to Stop
P3 28 GtoT AACGAG GCTCTACGA Ala to Ser
P4 34 CtoT * GCT CTA CGA ATCGAG Arg to Stop
P5 34 Cto G GCT CTA CGA ATC GAG Arg to Gly
Pé 35 Gto C GCTCTACGA ATCGAG Arg to Pro
P7 40 GtoT CGA ATC GAG AGT GCG Glu to Stop
P38 40 Gto A * CGA ATCGAGAGT GCG Glu to Lys
P9 64 Gt C AAAATC GCAATG CTT Ala 1o Pro
P10 88 GtoT AAG ACA GCGGAAGCT Ala to Ser
PIl 100 GtoT GCT GTG GGC GTT GAT Gly to Cys
P12 103 AG GTG GGC GTT GAT AAG Frameshift
P13 111 GtoT GTT GAT AAG TCG CAG Lys to Asn
P14 115 Cto G AAGTCG CAG ATC AGC Gln to Ghu
P15 115 CtoT AAG TCG CAGATCAGC Gln to Stop
P16 123 Cto A CAG ATC AGC AGG TGG Ser to Arg
P17 125 “GtoT ATCAGCAGGTGG AAG Arg to Met
P18 134 GtoT TGG AAG AGG GAC TGG Arg to Met
PI9 145 Cto A TGG ATT CCAAAGTTC Pro to Thr
P20 146 Cto A TGG ATT CCAAAGTIC Pro to Gln
p21® 163 CtoT ATGCTG CTTGCTGTT Lue to Phe
P22 163 CtoA ATCCIGCITGCTGTT Lue to Ile
P23 166 GtoT CTIGCITGCTGTTCTT Ala to Ser
P24 167 Cto A CIGCTTGCTGTITCIT Ala to Asp
P25 175 GtT GTTCTT GAATGG GGG Glu to Stop
P26 179 GtoT CTTGAATGG GGG GTC Trp to Lue
P27 179 GtoT CTTGAATGQ GGG GTC Trp to Lue
P28 193 Gto A * GTT GAC GACGAC ATG Asp 1o Asn
P29 196 GtoT GACGAC GACATGGCT Asp to Thr
P30 210 GtoT GCTCGATTG GCGCGA Leu to Phe
P31 212 CoA CGATIG GCGCGACAA Ala to Glu
P32 220 GtoT CGA CAA GTTGCTGCG Val to Phe
P33 220 GtaT CGA CAA GTTGCTGCG Val to Phe

Spontaneous mutants
Cl 25 Gto A * GCCAACGAGGCTCTA Ghu to Lys
C2 34 CtoT * GCT CTA CGA ATCGAG Arg to Stop
C3 34 CtoT * GCT CTA CGA ATCGAG Arg to Stop
C4 40 Gto A * CGA ATCGAG AGT GCG Glu to Lys
Cs 89 CtoT ¥ AAGACAGCGGAAGCT Ala to Val
Cé 89 CwT * AAG ACAGCGGAAGCT Ala 10 Val
c7 89 CwT * AAGACAGCGGAAGCT Ala to Val
Cc8 94 GtoT GCG GAA GCTGTG GGC Ala to Ser
c9 94 Gto A GCG GAA GCTGTG GGC Ala to Thr
Clo 101 Gto A GCTGIGGGCGTT GAT Gly to Asp
Cll 101 Gto C GCTGTIG GGCGTT GAT Gly to Ala
Cl2 113 CtoT * GAT AAG TCG CAG ATC Ser to Leu
Ci3 113 CtoT * GAT AAG TCG CAG ATC Ser to Leu
Cl4 116 AtoG AAGTCG CAGATCAGC Gln to Arg
Cl5 123 Cto A CAG ATC AGC AGG TGG Ser to Arg
Clé 125 Gto A ATCAGCAGGTGG AAG Arg to Lys
c17 131 AtwC AGGTGG AAG AGG GAC Lys to Thr
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Table 2 {Continued }
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Mutant no. Position Nucleotide change CpG* Sequence Amine acid change
C18 150 AG ATTCCAAAGTICTCA Frameshift
Cl9 163 AC ATCCTIGCTTGCTGTT Frameshift
C20 170 TG CITGCTGITCITGAA Val to Gly
C21 179-184 AG GAATGG GGG GTCGTT Frameshif
C22 183-184 GGt T GAATGG GGG GTCGTT Frameshift
C23 196 Gwo A * GACGACGACATGGCT Asp 10 Asp
C24 214 CtoT ¥ TIG GCG CGA CAA GTT Arg to Stop
C25 214 CtoT * TIGGCG CGA CAAGTT Arg to Stop
C26 214 CtoT * TIGGCG CGACAAGTT Arg to Stop
c27 217 CtoT GCGCGA CAAGTTGCT Gln to Stop
C28 217 CtoT GCGCGA CAAGTTGCT Gln to Stop
C29 220 GtoC CGACAAGTTGCTGCG Val to Len
C30 241246 AA ACCAATA44 444 CGC Frameshift
C31 249-251 AC AAACGCCCGGCGGCA Frameshift

*C to T transition at CpG site (*).
b Identica} mutation from same mouse.

expression (manifestation) time is sufficient to induce
gene mutation in the intestinal epithelia.

In the cII gene in the small intestinal epithelium of
the male Muta™Mouse, PhIP was the only HCA that
increased MF (Table 1 and Fig. 3). MelQ induced cif
mutations in the cecum and colon, but 1Q was muta-
genic only in the cecum. In both the cecum and colon,

Table 3
Classification of PhIP-induced and spontancous ¢ff mutations from
small intestine epithelium of Muta™Mouse

Mutation type PhIP-induced Spontaneocus
Number % Number %
Base substitutions
Transitions
G:.Cto AT (at CpG) 5 (3) 15¢(9) 18(13) 58 (42)
AT te G:C 0 0 1 3
Transversions
ATto TA 0 0 0 0
AT to C.G 0 0 2 6
G Cto TA 23 70 2 6
G:C to C:G 4 12 2 6
Single base pair deletion
G:C 1 3 5 16
AT 0 0 0 0
Other mutations 0 0 1 3
Total* 33 100 31 100

? Jdentical mutations from the same mouse were counted as
single event.

the MFs induced by MelQ were higher than those in-
duced by IQ. PhIP, in contrast, induced MFs uniformly
throughout the intestinal tract. These results suggest
that PhIP is the most potent mutagen for the mouse
intestine, followed by MelQ and then IQ (Trp-P-2 was
not mutagenic), and the epithelium in the cecum is the
most susceptible to HCAs.

The reasons for regional differences in HCA sus-
ceptibility are not clear. Differences of the distribution
of DNA adducts may play a role. Metabolic activation
leading to the formation of DNA adducts is critical
to the genotoxicity of HCAs. These compounds are
first metabolized by cytochrome P450 and are con-
verted in the liver to N-hydroxy intermediates and re-
leased back into the gut [17]. The intermediates are
converted into ultimate mutagens, capable of binding
to DNA in the intestinal epithelium. The distribution
of 32P-post-labeled DNA adducts in the small intes-
tine, cecum, and colon of male CDF] mice given di-
etary PhIP are almost the same [18]. The distribution
in those given IQ, on the other hand, is higher in the
cecum than in the colon, and IQ-DNA adduct forma-
tion is lowest in the small intestine [19]. Such differ-
ences in the distribution of DNA adducts may help to
explain the tissue-specific difference in HCA-induced
mutagenesis.

The regional differences in HCA susceptibil-
ity were shown in the intestine of the male CDF1
MutaT™Mouse, but mutation alone is not sufficient to
explain differences in carcinogenicity. PhIP induces
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Fig. 3. clf mutant frequencies induced by IQ, MelQ, and Trp-P-2 in the epithelium of small intestine (A), cecum (B) and colon {C). The
animals were fed 20 mg/kg HCA or corn oil (control) daily for § days and sacrificed 2 weeks afler the last dose. The MFs in the same
animals (n = 4-5) in each treaiment grovp were analyzed. Asterisks indicate significantly different levels of MF in the contro] and HCA
treatment groups as determined by Dunnet's test (P < 0.0005). Values are mean £ S.D.
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colon cancer in male F344 rats but not in females
[20] and not in either sex of CDF1 [21] and C57BL/6
mice [22], yet there is no marked difference in the fre-
quency and spectrum of lacl mutations in the colon of
both sexes of C57BL/6 Big Blue® mice and F344 Big
Blue® rats [23]. In the present study (Tables 2 and 3),
analysis of the ¢/l mutants recovered from the small
intestine of PhIP-treated Muta™Mice showed that
the mutations were similar to those induced by PhIP in
the colons of Big Blue® rats, where G:C — T:A and
G:C — C:G transversions were induced in both the
cfT [24] and lacT genes [25). Thus, these mutational
characteristics have been well conserved between the
small intestine of mice and the large intestine of rats,
although the organs differ in susceptibility to PhIP
carcinogenicity.

MelQ is an intestinal carcinogen in female C57BL/6
mice but not in male or female CDF1 mice [26,27],
and it induces Jac] mutations in the colon of female
Big Blue® mice [8]. Although we used the male CDF1
Muta™Mouse in the present study, MelQ signifi-
cantly induced eIl mutations in the cecum and colon.
1Q induces tumors in the large and small intestines of
F344 rats but not of CDF1 mice [28], and it induces
lacI mutations in the colon of Big Blue® rats [29]. We
believe that the present study is the first to show IQ
mutagenicity in the mouse intestine. The difference
in the intestinal carcinogenicity of HCAs was not
attributable to differences in mutational specificity in
the intestinal epithelia but might be due to differences
in a post-initiation stage in carcinogenesis.

Since two non-transcribed transgenes such as lacZ
and lambda clf are not expected to differ in rates of
DNA damage or repair, it is tempting to attribute the
differences in mutagenic responses observed in this
study to differences in either target size or sequence
context. The spontaneous MF of the ¢J7 gene was about
a half that of JacZ gene even though the cIl was much
smaller than lacZ (294 bp versus 3096 bp), suggesting
that ¢l is more mutable than JacZ. In response to PhIP
treatment, however, c¢lf and lacZ were nearly identical.
Observations made with other mutagenic chemicals
also suggest that the response of the c/I gene is similar
to that of the lacZ gene [30-32).

In both lacl of Big Blue® mice and lacZ of
Muta™Mice, PhIP preferentially induces single G:C
basc pair deletions in the sequence 5'-GGGA-3'
[24,25,33]. The Il gene, however, contains only one

5'-GGGA-3' sequence, and we found no PhIP muta-
tional hot spot. Although all 33 PhIP-induced mutants
in this study had a G:C base pair mutation, we found
no increase in the frequency of PhIP-induced G:C
base pair deletions. This has been also demonstrated
in the cf and lacl genes in the Big Blue® rat colon
[24). Compared with the spontancous mutational
spectra from the colons of untreated rats, the propor-
tion of —1 frameshifts (almost exclusively deletion of
a G:C base pair) in PhIP-induced mutants is elevated
more than 10-fold in the lac! but not the clIl gene
[24]. This suggests that clI differs from lacZ and lacl
in its mutagenic response to PhIP.
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Abstract

Phenanthrene, a simplest angular polycyclic aromatic hydrocarbon with a bay-region in its molecule, is reported to be
non-mutagenic, although most angular (non-linear) polycyclic aromatic hydrocarbons, such as benzo[alpyrene and chry-
sene, are known to show genotoxicity after metabolic transformation into a bay-region diol epoxide. On the other hand,
benzo[f]quinoline {BfQ), benzo[A]quinoline (BhQ), and 1,7-phenanthroline (1,7-Phe), which are all aza-analogs of phenan-
threne, are mutagenic in the Ames test using Salmonella typhimurium TA100 in the presence of a rat liver 89 fraction. In
this report, we undertook to investigate the in vivo mutagenicity of BfQ, BhQ and 1,7-Phe by an in vivo mutation assay
system using the lacZ transgenic mouse (Muta™Mouse). BfQ and BhQ only slightly induced mutation in the liver and lung,
respectively. BfQ- and BhQ-induced eff mutant spectra showed no characteristics compared with that of the control. These
results suggest that the in vivo mutagenicities of BfQ and BhQ were equivocal. On the other hand, 1,7-Phe induced a potent
mutation in the liver and a weak mutation in the lung. Furthermore 1,7-Phe depressed the G:C to A:T transition and increased
the G:C to C:G transversion in the liver like quinoline, a hepatomutagen possessing the partial structure of 1,7-Phe, compared
with the spontaneous mutation spectrum. These results suggest that the in vivo mutagenicity of 1,7-Phe might be caused by
the same mechanism as that of quinoline, which induced the same mutational spectrum change (G:C to C.G transversion),
© 2004 Elsevier B.V. All rights reserved.

Keywords: Tricyclic aza-arene; In vivo mutagenesis assay; Mutation spectrum

1. Introduction

Carcinogenic aza-arenes are widely distributed in
the environmental pollutants such as cigarette smoke
{1] and urban air [2—4]. Although numerous studies
about the in vitro mutagenicity of aza-arenes have
been reported, the metabolic activation mechanism

* Corresponding author. Tel.: 481-52-836-3485;
fax: +81-52-834-9309,
E-mail address: saeki@pharnagoya-cu.acjp (K.-1. Saeki).

of aza-arenes has not yet been elucidated, except
for that of heterocyclic amines. Furthermore, there
are only a few reports about the in vivo mutagenic-
ity of aza-arenes. We have investigated the in vitro
and in vivo mutagenicity of aza-arenes with special
attention to their metabolic activation mechanisms.
10-Azabenzo[alpyrene, a carcinogenic aza-analog
[51 of benzolalpyrene, was reported to be as mu-
tagenic as benzo[a]pyrene in the Ames test using
Salmonella typhimurium TA100 in the presence of
a rat liver 89 fraction [6-8]. In our previous study,

1383-5718/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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Fig. 1. Structures of BfQ), BhQ and 1,7-Phe,

10-azabenzo[a]pyrene showed significant mutagenic-
ity only in the liver and colon in an in vivo muta-
tion assay system using the lacZ transgenic mouse
(Muta™Mouse) [9). We have also reported that the
total dose of 200mg/kg (50 mg/kg per day x 4 days)
of quinoline, a hepatocarcinogenic [10,11] aza-analog
of naphthalene, showed a potent mutagenicity and

induced primarily G:C to C:G transversions in the

liver of Muta™Mouse [12-14].

Phenanthrene, a simplest angular polycyclic aro-
matic hydrocarbon with a bay-region in its molecule,
has been reported to be non-mutagenic [15], although
most angular (non-linear) polycyclic aromatic hydro-
carbons, such as benzofa]pyrene and chrysene, are
known to show genotoxicity after metabolic transfor-
mation into a bay-region diol epoxide. On the other
hand, it was reported that benzo[f]quinoline (BfQ) and
1,7-phenanthroline (1,7-Fhe) (Fig. 1), which are envi-
ronmental contaminants and aza-analogs of phenan-
threne, were mutagenic in the Ames test using S. #y-
phimurium TA100 in the presence of a rat liver S9 frac-
tion [16-18]. Furthermore, benzo[/])quinoline (BhQ)
(Fig. 1), a positional isomer of BfQ), was reported to
be weakly or equivocally mutagenic in S. typhimurium
TAI100 with a rat liver 89 fraction [19,20]. In our pre-
vious report, it was suggested that metabolic activation
of these tricyclic aza-arenes might take place in the
pyridine moiety, like quinoline, to form the ultimate
genotoxic form, an enamine epoxide (N,d-hydrated

a,b-epoxide) (Fig. 2) [18).
OH
P-450
L —
N
H

\ —
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N
enamine structure

enamine epoxide
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In the present study, we undertook to investigate
the in vivo mutagenicity of BfQ, BhQ and 1,7-Phe
by the in vivo mutation assay system using the lacZ
transgenic mouse (Muta™Mouse).

2. Materials and methods
2.1. Materials

BfQ (CAS Registry No. 85-02-9) and BhQ (CAS
Registry No. 230-27-3) were purchased from Tokyo
Kasei Kogyo Co. Ltd. (Tokyo), 1,7-Phe (CAS Registry
No. 230-46-6) from Aldrich, phenyl-B-D-galactoside
(P-gal) from Sigma Chemical Co. (St. Louis, MO,
USA), proteinase K and olive ¢il from Wako Pure
Chemicals (Osaka), and RNase from Boeringer
Mannheim,

2.2. In vivo mutagenesis assay using Muta™Mouse

2.2.1. Animals and treatments

Seven-week-old male Muta™Mice, supplied by
COVANCE Research Praducts (PA, USA), were ac-
climatized for 1 week before use and divided into
seven groups of four mice each. BfQ, BhQ, and
1,7-Phe dissolved in olive oil (10 mlkg body weight)
were injected intraperitoneally into two, one, and two
groups, respectively, at single doses of 100, 100, and
50mg/kg, respectively, for four consecutive days.
The remaining two groups were given olive oil as the
control.

2.2.2. Tissues and DNA isolation

All mice were killed by cervical dislocation 14 days
(BfQ-, BhQ-, 1,7-Phe- and olive oil-treated groups) or
56 days (BfQ-, 1,7-Phe- znd olive oil-treated groups)
after the last injection of a test chemical. The liver,
spleen, lung, kidney, and bone marrow were immedi-

OH

X DNA oH
pe=lib®:

N N “ona

DNA adductl

Fig. 2. Proposed metabolic activation pathway for the pyridine moiety (enamine epoxide theory).
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ately extirpated, frozen in liquid nitrogen, and stored at
—80°C until DNA extraction. The genomic DNA was
extracted from each tissue by the phenol/chloroform
method as previously reported [12]. The isolated DNA
was precipitated with ethanol, air-dried, and dissolved
in an appropriate volume (20-200 1) of TE-4 buffer
(10mM Tris~HCl at pH 8.0 containing 4 mM EDTA)
at room temperature overnight. The DNA solution thus
prepared was stored at 4 °C.

2.2.3. In vitro packaging

The lambda gtl0/lacZ vector was efficiently re-
covered by the in vitro packaging reactions [21].
Cur home-made (HM) packaging extract consisting
of a sonic extract (SE) of Escherichia coli NM759
and a freeze—thaw lysate (FTL) of E. coli BHB2688
was prepared according to the methods of Gun-
ther et al. [22). As the general procedure for han-
dling the HM extract, approximately 5 g DNA was
mixed with 15 ul of FTL and 30 pl of SE and in-
cubated at 37°C for 90 min. Then the SE and FTL
were combined again and the mixture was incubated
for another 90min. The reaction was terminated
by the addition of an appropriate volume of SM
buffer (50mM Tris-HCI at pH 7.5, 10mM MgSOj,
100mM NaCl, 0.01% gelatin) and stored at 4°C.
By this procedure, the Agtl0 vector was efficiently
rescued from genomic DNA to form an infectious
phage.

2.2.4. Mutation assays

2.2.4.1. lacZ mutant frequency determination. The
positive selection for lacZ mutants was performed
as previously reported [12,23]). Briefly, the phage
solution was absorbed to E. coli C (lac™ galE™) at
room temperature for 20-30min. For titration, an
aliquot of the phage-E. coli solution was mixed with
LB top agar (containing 10mM MgSOy4) and plated
onto dishes containing bottom agar. The remaining
phage-E. coli solution was mixed with LB top agar
containing phenyl-B-D-galactoside (P-gal) (3 mg/ml)
and plated as described above. The mutant frequency
(MF) was calculated by the following formula:

mutant frequency
__ { total number of plaques on selection plates
B ( total number of plaques on titer plates )
x dilution factor.

The significance of differences in the mutant fre-
quency between the treated and control groups was
analyzed by using Student’s f-test.

2.2.4.2. cIll mutant frequency determination. We
also examined the mutagenicity in the lambda cll
gene integrated as a lambda vector gene, which serves
as another selective marker as reported previously in
the lacl transgenic BigBlue mouse [24]. The positive

-61 -31
AAAAAGGGCATCAAATTAAACCACACCTATGGTGTATGCATTTATTTGCATACATTCA

Primer 1

K] 30
ATCAATTGTTATCTAAGGAAATACTTACATATGGTTCGT GCAAACAAACGCAACGAGGCT

&0 20
CTACGAATCGAGAGTGCGTTGCTTAACAAAATCGCAATGCT TGGAACTGAGAAGACAGCG

120 150
GAAGCTGTGGGCGTTGATAAGTCGCAGATCAGCAGGT GGAAGAGGGACTGGATTCCAAAG

180
TTCTCAATGCTGCTTGCTGTTCTTGAATGGGGGGTCGTTGACGACGACATGGCTCGATTG

240
GCGCGACAAGTTGCTGCGATTCTCACCAATAAAAAACGCCCGGCGGCAACCGAGCGTTCT

210

270

300 330
GAACAAATCCAGATGGAGTTCIGAGGTCATTACTTGATCTATCAACAGGAGTCATTATGA

CAAATACAGCAAAAATACTCAACTTCGG

Primer 2

Fig. 3. Sequence map of the cff gene. The primers, used for PCR amplification and sequencing, are shown by arrows. The PCR gives
446bp products that involve the entire (294 bp) cil gene. Initiation and stop codons are underlined
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Table 1
Mutant frequencies induced by BRQ, BhQ and 1,7-Phe in five organs of Muta™Mouse for the expression time of 14 days
Tissue  Treatment [acZ assay ¢ll assay
Individual animal data Average + SD.  Individual animal dzta Average + 8.D.
No.of  No.of  MF x 10° MF x 10° No.of  No.of MFx 10° MF x 10°
phages mutants phages mutants .
analyzed analyzed
Liver Control 1120000 106 95 70+ 1.6 449400 12 27 2106
{olive oil) 816000 59 7.2 938400 24 2.6
1198000 73 6.1 764400 11 14
791500 41 5.2 699000 11 1.6
BfQ 634500 32 5.0 9.6 + 3.1 304600 12 15 38+ 16
590000 51 8.6 662400 35 53
158500 20 12.6 426300 23 54
221500 27 12.2 883200 28 32
BhQ 442000 29 : 6.6 59+ 11 1188000 53 4.5 26%11
677000 39 58 1134600 21 1.9
257500 11 43 671700 17 2.5
645500 46 7.1 1011000 15 1.5
1,7-Phe 272000 4] 15.1 159 & 0.5 813600 44 54 41 0.8*
183000 30 16.4 562800 19 34
263000 43 16.3 720000 25 3.5
184000 29 15.8 606000 25 4.1
Spleen  Control 855500 116 13.6 73X 36 623100 i2 19 24+ 03
{olive 0il} 533000 29 5.4 1502400 41 2.7
446500 25 5.6 546900 15 2.7
461000 22 4.8 569400 13 23
BfQ 210500 13 .62 6.1 £ 0.6 2098200 25 12 35+28
244500 16 6.5 441000 13 29
403000 27 6.7 785400 65 83
256500 13 5.1 786600 13 1.7
BhQ 297000 12 4.0 65+ 16 277800 10 36 29X 06
354500 25 7.1 ) 828300 22 2.7
396500 26 6.6 946200 31 33
544000 46 85 1608600 34 2.1
1,7-Phe 426500 34 8.0 7010 967200 20 2.1 24+ 07
502500 27 54 1023000 24 23
320000 24 7.5 1026900 16 1.6
462500 34 7.4 905400 32 3.5
Lung Control 1539500 127 8.2 60x 13 1027800 21 2.0 214+ 04
{olive 0il) 1111500 60 54 738000 21 28
678000 35 52 1142700 20 1.8
1473600 76 52 831600 15 1.8
BfQ} 553000 39 7.1 6.0 X 0.6 1107600 18 1.6 26+ 06
332000 18 54 903300 22 2.4
353000 21 5.9 1124700 36 32
266000 15 5.6 445200 14 3.1
BhQ 401500 51 12.7 10.3 £ 2.4 1705500 37 2.2 35+ 10
481500 54 11.2 1071000 33 3.1
572500 72 126 2403000 99 4.1

372000 25 6.7 2083200 98 4.7
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Table I {Continued}

Tissue Treatment lacZ assay cll assay
Individual animal data Average & 5.D. Individual animal data Average & S.D.
No.of  No.of 'MF x10° MF x 10 No.of  No.of MF x 10° MF x 10
phages mutants phages mutants
analyzed analyzed
1,7-Phe 335500 29 8.6 103 + 1.9° 1103400 26 24 29+05
351000 46 13.1 1012200 27 27
244500 27 11.0 909600 34 37
211000 18 8.5 892200 26 2.9
Kidney Control 219500 15 6.8 68 +14 551100 21 38 27+£10
(olive oil) 190000 17 8.9 426600 16 38
349500 17 49 588000 11 1.9
301000 20 6.6 771000 12 1.6
BRQ 682500 46 6.7 74 1.1 1035000 25 24 39409
550500 51 9.3 825000 36 4.4
474000 33 7.0 649800 30 4.6
484000 32 6.6 1599000 66 4.1
BhQ 020500 55 6.0 74 £1.2 1323600 26 2.0 22£05
622000 51 82 ‘ 945000 27 29
113000 10 88 1408800 23 1.6
244500 16 6.5 1018200 23 23
1,7-Phe 486500 30 6.2 68 £ 0.5 814800 15 1.8 33+ 16
558000 38 6.8 660300 40 6.1
177000 12 6.3 520200 13 25
319500 24 1.5 1664700 48 29
Bone marrow Contral 311000 32 10.3 7.1 £ 30 644100 14 22 1.3+ 06
(olive 0il) 465000 27 5.8 1041000 16 1.5
70500 2 2.8 111300 1 0.9
96500 9 9.3 154500 1 0.6
BfQ 325500 17 52 64 £ 09 1075200 16 1.5 26 £ 09
256500 17 6.6 528000 12 23
326000 25 7.7 572100 22 38
708500 44 6.2 1144800 32 2.8
BhQ 257000 13 5.1 57£05 1757100 20 1.1 1.7 £ 04
617000 38 6.2 1349400 24 1.8
683000 41 6.0 1040400 22 2.1
1,7-Fhe 502500 24 438 47+ 05 963600 12 1.2 1.6 £ 0.6
397500 19 4.8 962400 11 1.1
622000 33 53 1341000 21 1.6
332000 13 39 916900 24 2.6

* Significantly different from the control group, P < 0.05.
** Significantly different from the control group, P < 0.01.

selection for clf mutants was performed according to
the method of Jakubczak et al. [24] with slight modi-
fication as previousty reported [14]. Briefly, the phage
solution was absorbed to E. coli G1225 (Af17) at room
~ temperature for 20-30min. For titration, an appropri-

ately diluted phage-E. coli solution was mixed with
LB top agar (containing 10mM MgSOy), plated onto
dishes containing bottom agar, and incubated for 24 h
at 37°C. The remaining phage-E. coli solution was
mixed with LB top agar and plated onto dishes con-



