616

direct effects of chemicals to the receptor-signal transduction
systems. Our new assay, based on the hormone receptor
mechanism, can rapidly screen a large number of the chemicals
for their hormonal activities.

Since other hormone receptors employ similar mechanism as
ER for the activation of the gene expression, it is possible to
develop same assays for other hormone receptors. A newly
developed ER assay is both reliable and efficient as a primary
screening method of chemicals for estrogenic activities.
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Abstract

We have previously reported the in vivo mutagenicity of aza-polycyclic aromatic hydrocarbons (azaPAHs), such as quinoline,
benzo[f]quinoline, benzo[Alquincline, 1,7-phenanthroline and 10-azabenzo[alpyrene. The 1,10-diazachrysene (1,10-DAC) and
4,10-DAC, nitrogen-substituted analogs of chrysene, were shown to exhibit mutagenicity in Salmonella typhimurium TA100 in
the presence of rat liver S9 and human liver microsomes in our previous report, although DACs could not be converted to a
bay-region dio! epoxide, the ultimate active form of chrysene, because of their nitrogen atoms. In the present study, we tested in
vivo mutagenicity of DACs compared with chrysene using the /acZ transgenic mouse (Muta™ Mouse) to evaluate the effect of
the nitrogen substitution. DACs- and chrysene-induced mutation in all of the six organs examined (liver, spleen, lung, kidney,
bone marrow and colon). The mutant frequencies obtained with chrysene showed only small differences between the organs
examined and ranged from 1.5 to 3 times the spontaneous frequency. The 4,10-DAC was more mutagenic than chrysene in all
the organs tested. The highest lacZ mutation frequency was observed in the lung of 4,10-DAC-treated mice and it was 19 and
6 times the spontaneous frequency and the frequency induced by chrysene, respectively. The 1,10-DAC induced lacZ mutation
in the lung with a frequency 4.3- and 1.5-fold higher than in the control and chrysene-treated mice, respectively, although the
mutant frequencies in the other organs of 1,10-DAC-treated mice were almost equivalent to those of chrysene-treated mice. Not
only chrysene but also DACs depressed the G:C to A:T transition and increased the G:C to T:A transversion in the liver and
lung. These results suggest that the two types of nitrogen substitutions in the chrysene structure may enhance mutagenicity in
the mouse lung, although they showed no difference in the target-organ specificity and the mutation spectrum.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Aza-substitution; In vivo mutagenesis assay; Mutation spectrum

—_ 1. Introduction
* Corresponding author. Tel.: +81 52 836 3485;
fax: +81 52 834 9309. We have been investigating the mutagenicity of
E-mail address: sacki@pharnagoya-cu.ac.jp (K. Saeki). aza-polycyclic aromatic hydrocarbons (azaPAHs) with

1383-5718/% — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j. mrgentox.2005.05.012 .
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Fig. 1. Chemical structures of 1,10-DAC, 4,10-DAC and chrysene.

special attention to their metabolic activation mecha-
nism. The 10-azabenzo[alpyrene (10-azaBaP), a 10-
aza-analog of benzo[a]pyrene (BaP), was reported to
be as mutagenic as BaP in Salmonella typhymurium
TA100 in the presence of PCB-treated rat liver S9
[1,2], although 10-azaBaP could not be converted to a
bay-region diol epoxide, the ultimate mutagenic form
of BaP [3,4], because of its nitrogen atom. We have
previously reported that 10-azaBaP showed a higher
mutagenicity than BaP in the Ames test using pooled
human liver S9 [5]. However, in the in vivo mutage-
nesis assay system using the lacZ transgenic mouse
(Muta™Mouse), 10-azaBaP was mutagenic only in
the liver and colon and showed much less mutagenic-
ity than BaP, which showed high mutagenicity in all
of the organs tested [5]. Thus, 10-azaBaP interest-
ingly showed differences in mutagenicity between the
in vitro and in vivo assay systems.

We have also reported that quinoline, an aza-analog
of naphthalene, one of simplest azaPAHs and a hep-
atocarcinogen [6,7], showed mutagenicity only in the
liver of Muta™Mouse [8]. We also observed that it
caused remarkable induction of G:C to C:G transver-
sion [9] and suggested that it might be metabolically
activated in the pyridine moiety to the ultimate muta-
genic form [10]. Its active form was supposed to be
an enamine epoxide (1,4-hydrated 2,3-epoxide), which
would be responsible for the mutagenic modification
of DNA [11-14). Furthermore, three trycyclic aza-
PAHS, i.e., benzo[flquinoline, benzo[/]quinoline and
1,7-phenanthroline, were shown to exhibit mutagenic-
ity in Muta™Mouse in our previous report [15].
Benzo[A]quinoline and 1,7-phenanthroline were sug-
gested to be converted to the ultimate genotoxic form
in the pyridine moiety [16].

1,10-Diazachrysene (1,10-DAC) and 4,10-DAC
are diaza-analogs of chrysene (Fig. 1), consisting of
two quinoline moieties, and have structires similar
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to 10-azaBaP. We have previously reported that these
DACs showed mutagenicity in Ames tests in the
presence of rat liver S9 or human liver microsomes
{17], although formation of the bay-region diol
epoxide from DACs seemed impossible because of
their nitrogen atoms. DACs have not been found in our
living environments, but these are expected io be useful
compounds to investigate the nature of mutagenicity in
azaPAHs.

In the present study, we undertook to investigate
the in vivo mutagenicity of DACs in comparison with
chrysene by the in vivo mutation assay systemusing the
lacZ transgenic mouse (Muta’™Mouse) to evaluate the
nitrogen-substitution effect in the chrysene skeleton on
their mutagenicity.

2. Materials and methods
2.1. Materials

Chrysene (CAS Registry No. 218-01-9) and phenyl-
B-p-galactoside (P-gal) were purchased from Sigma
Chemical Co. (St. Louis, MO), proteinase K and olive
oil from Wako Pure Chemicals (Osaka) and RNase
from Boehringer Mannheim. The 1,10-DAC (CAS
Registry No. 218-21-3) and 4,10-DAC (CAS Reg-

- istry No. 218-34-8) were synthesized in this laboratory

according to the reported methods [18].

2.2. Invivo mutagenesis assays using
Muta™ Mouse

2.2.1. Animals and treatments

Male Muta™Mice, at 7-8 weeks of age, were sup-
plied by COVANCE Research Products (PA, USA) and
acclimatized for 1 week before use. Chrysene and 4,10-
DAC dissolved in olive oil (10 mL/kg body weight)
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were injected intraperitoneally into four mice each at
a single dose of 200 mg/kg once a week for 4 con-
secutive weeks (800 mg/kg in total). The 1,10-DAC
dissolved in olive oil (10mL/kg body weight) was
injected into four mice at a single dose of 100 mg/kg
similarly (400 mg/kg in total). Four control mice were
given 10mL olive oil/kg.

2.2.2. Tissues and DNA isolation

All mice were killed by cervical dislocation 7
days after the last administration of test chemicals.
The liver, spleen, lung, kidney, bone marrow and
colon were immediately 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 according to the
Muta™Mouse/PS Mutation Assay Manual (Corning
Hazleton, 1995). The isolated DNA, which was pre-
cipitated with ethanol, was air-dried and dissolved in
an appropriate volume (20-200 L) of TE-4 buffer
(10mM Tris-HCI at pH 8.0 containing 4 mM EDTA)
at room temperature overnight. The DNA solution thus
prepared was stored at 4 °C.

-6l
|

2.2.3. Invitro packaging

The lambda gt10/lacZ vector could be efficiently
recovered by in vitro packaging reactions [19]. Our
homemade packaging extract (HM) consisting of
sonic extract (SE) of Escherichia coli NM759 and
freeze—thaw lysate (FTL) of E. coli BHB2688 was pre-
pared according to the method of Gunther et al. [20].
As a general procedure for handling the HM extract,
approximately, 5 pg DNA was mixed with 15 pL of
FTL and 30 pL of SE and incubated at 37 °C for 90 min.
Then SE and FTL were added again and the mixture
was incubated for another 90 min. The reaction was
terminated by the addition of an appropriate volume of
SMbuffer (50 mM Tris-HClatpH 7.5, 10 mM MgSOsy,
100 mM NaCl and 0.01% gelatin) and the mixture was
stored at 4 °C, By this procedure, the lambda gt10 vec-
tor to form an infectious phage was efficiently rescued
from genomic DNA.

2.2.4. Mutation assays

2.2.4.1. lacZ mutant frequency determination. The
positive selection for lacZ mutants was performed
as previously reported [21-23]. Briefly, the phage

-31
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AAAAAGGGCATCAAATTAAACCACACCTATGGTGTATGCATTTATTTGCATACATTCA

Primer 1

ATCAATTGTTATCTAAGGAAATACTTACATATGGTTCGTGCARACAARACGCAACGAGGCT

-1
J

6|0

90
|

CTACGAATCGAGAGTGCGTTGCTTAACAAAATCGCAATGCTTGGAACTGAGAAGACAGCG

120

[

15(|)

GAAGCTGTGGEGGCGTTGATAAGTCGCAGATCAGCAGGTGGAAGAGGGACTGGATTCCAAAG

180

21(])

TTCT‘CAATGCTGCTTGCTGTTCTTGAATGGGGGGTCGTTGACGACGACATGGCTCGATTG

240

|

27?

GCGCGACAAGTTGCTGCGATTCTCACCAATAAAAAACGCCCGEGGCGEGGCAACCGAGCGTTCT

300

33(|)

GAACAAATCCAGATGGAGTTCTIGAGGTCATTACTTGATCTATCARAACAGGAGTCATTATGA

CAAATACAGCAAARATACTCAACTICGG

Primer 2

Fig. 2. Sequence map of the cII gene; primers used for PCR amplification and sequencing are shown by arrows. The PCR gives 446 bp products
that involve the entire (294 bp) c/I gene. Initiation and stop codons are underlined. )
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Table 1
Mutant frequencies induced by 1,10-DAC, 4,10-DAC and chrysene in six organs of Muta™Mouse
Tissue  Treatment lacZ assay cll assay
Individual animal data Average +8.D.  Individual animal data Average £:S.D.
No. of No.of MFx 106 MFx 10° No. of No.of MFx10% MFx10¢
phages mutants phages mutants ‘
analyzed analyzed
Liver Control (olive 0il) 463000 36 71.8 1547000 31 20.0
173000 12 69.4 602000 20 332
1899000 247 130.1 1618000 47 29.0
396000 30 75.8 88.2 = 24.3 1398000 22 15.7 245+7.0
1,10-DAC 391000 77 196.9 1299000 90 69.3
1126000 127 1128 989000 40 40.4
371500 63 169.6 1805000 72 39.9
244000 36 147.5 156.7 & 30.8" 1095000 23 21.0 4274173
4,10-DAC 192000 72 375.0 731000 79 108.1
355500 193 542.9 1446000 182 1259
506500 225 4442 2080000 233 112.0
503000 308 6123 493.6 £ 90.9" 1751000 311 177.6 130.94+27.8"
Chrysene 452500 98 216.6 1025000 51 49.8
322500 88 2729 1220000 81 66.4
362500 88 2428 1343000 68 50.6
522000 89 1705 225.7 + 37.6"™ 1799000 60 33.4 500+11.7"
Spleen  Control (olive oil) 866000 47 543 966000 14 14.5
1145000 59 515 1180000 25 212
870000 36 414 1024000 34 33.2
653500 23 35.2 456 + 7.7 1039000 15 14.4 208+7.7
1,10-DAC 1700500 150 88.2 1550000 70 452
769000 77 100.1 909000 . 59 64.9
1252000 125 99.8 2119000 129 60.9
1316000 131 99.5 96.9 £ 50" 1837000 110 59.9 57.7+7.5"
4,10-DAC 469500 109 2322 550000 56 101.8
1506000 525 348.6 1754000 260 148.2
1410000 374 265.2 2071000 268 129.4
1115000 271 243.0 2723 £+ 457" 1438000 219 152.3 132.9+£19.9"
Chrysene 2225000 339 1524 470500 12 25.5
638000 66 103.4 970000 72 74.2
1433500 202 1409 2313000 102 44.1
247500 34 1374 133.5 + 182" 612000 13 212 4134209
Lung Control (olive oil) 310000 10 323 376000 14 37.2
296500 28 944 263500 11 41.7
646000 63 97.5 2016000 73 36.2
1402000 73 52.1 69.1 &+ 27.8 1429000 23 16.1 328499
1,10-DAC 1911000 539 282.1 1855000 255 1375
1691000 342 2022 1921000 151 78.6
1242000 430 3462 1807000 183 101.3
1826500 652 357.0 2969 & 61.77° 2152000 281 130.6 112.0423.6™
4,10-DAC 979500 1402 14313 1112000 530 476.6
1489000 1659 11142 1747000 771 4413
1497000 2343 . 1565.1 1900000 1093 575.3
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Table 1 (Continued)
Tissue Treatment lacZ assay cll assay
Individual animal data Average +S8.D. Individual animal data Average £5.D.
No. of No.of MFx10% MFx 10° No. of No.of MFx 106 MFx 108
phages mutants phages mutants
analyzed analyzed
1673000 1702 1017.3 1282.0 £ 224.0™ 1847000 1005 544,1 5093 £53.0"
Chrysene 1033000 121 117.1 1577000 61 38.7
1526000 371 243.1 2067000 231 111.8
1101000 241 2189 1566000 115 73.4
871000 177 203.2 195.6 + 47.5" 1254000 69 55.0 69.7£27.2
Kidney Control (olive oil) 447000 36 80.5 546000 21 385
741500 61 82.3 925000 23 24.9
1726000 62 359 2183000 70 32.1
1948000 72 37.0 58.9 225 2244000 57 25.4 30.2+5.6
1,10-DAC 1609000 214 133.0 2570000 109 42.4
1510000 138 91.4 2278000 127 55.8
1410000 114 809 2621000 96 36.6
945000 119 125.9 107.8 £ 22.1° 1658000 67 40.4 438:472°
4,10-DAC 1378000 175 127.0 1695500 115 67.8
2101000 412 196.1 2526000 270 106.9
1447000 235 1624 2217000 153 69.0
1355000 402 296.7 1955 £ 63.3" 2014000 232 115.2 89.7+21.5"
Chrysene 1177000 161 136.8 2304000 101 43.8 ‘
1583000 239 151.0 2415000 157 65.0
1187500 241 202.9 2224000 115 51.7 .
1785000 257 144.0 158.7 == 26.0™ 2968000 147 495 52.54+7.8"
Bone marrow  Control (olive oil) 421000 20 475 580000 12 207
1034000 48 46.4 1094000 25 22.9
1080000 61 56.5 1202000 38 31.6
1352000 48 35.5 465 + 7.4 906000 17 18.8 235449
1,10-DAC 1131000 78 69.0 1406000 57 40.5
764500 86 1125 916000 39 42.6
1209000 108 89.3 1525000 58 38.0
732000 72 984 92.3 £ 15.8" 858000 48 55.9 443+69™
4.10-DAC 503500 147 292.0 779000 90 1155
621000 239 384.9 1074000 191 1778
1010000 200 198.0 1075000 104 96.7
829000 196 236.4 277.8 £ 70.2° 945000 124 1312 130.3 +£30.0™
Chrysene 757500 65 85.8 1179000 20 17.0
819000 55 67.2 1046000 46 44.0
799500 49 61.3 1331000 33 24.8
853500 60 70.3 71.1 £ 9.1 1392000 25 18.0 2594109
Colon Control (olive oil) 369500 17 46.0 1058000 43 40.6
1064000 77 724 1052000 40 38.0
660000 63 95.5 840000 36 429
676000 55 81.4 73.8 £ 18.0 1187000 33 27.8 373458
1,10-DAC 306500 4] 133.8 1715000 85 49.6
207000 120.8 1250000 57 45.6

25
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Table 1 (Continued)

Tissue  Treatment  JacZ assay cll assay
Individual animal data Average £S.D.  Individual animal data 4erage £S.D.
No. of No.of  MFx 108 MF x 10 No. of No.of  MFx10° MF x 10
phages mutants phages mutants
analyzed analyzed
988000 91 92.1 1396000 74 53.0
577000 75 130.0 119.2 + 16.3° 951000 62 65.2 533473°
4,10-DAC 469000 42 89.6 734000 48 65.4
369500 211 571.0 1425000 292 204.9
1004000 245 244.0 1089000 152 139.6
395000 188 4759 345.1 £ 189.5 954000 187 196.0 151.5£55.7
Chrysene 266500 29 108.8 980000 44 44.9
379000 52 1372 1034000 68 65.8
1223000 222 181.5 1612000 78 48.4
615000 93 151.2 144.7 £ 262" 1178000 . 44 374 49.1+£104
Significantly different from the control group.
" P<0.05.
* P<001.

solution was absorbed to E. coli C (lac— galE™)
at room temperature for 20-30min. For titration,
appropriately diluted phage—F. coli solution was
mixed with LB top agar (containing 10 mM MgSO4)
and plated onto dishes containing bottom agar. The
remaining phage-F. coli solution was mixed with
LB top agar containing phenyl-B-p-galactoside
(3mg/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/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 r-test and Welch's -test
in combination with the F-test.

2.2.4.2. cll mutant frequency determination. In the
present study, we examined the mutagenicity in the
lambda cII gene, which is also integrated as a lambda
vector gene, which serves as another selective marker
as reported previously in the lacl transgenic BigBlue
mouse [24]. The positive selection for cIl mutants was
performed according to the method of Jakubczak et al.
[24] with a slight modification as previously reported
[9]. Briefly, the phage solution was absorbed to E,
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coli G1225 (Aft™) at room temperature for 20—-30 min,
For titration, appropriately diluted phage~E. coli solu-
tion was mixed with LB top agar (containing 10 mM
MgS04) and plated onto dishes containing bottom agar
and the plates were incubated at 37 °C for 24h. The
remaining phage~E. coli solution was mixed with LB
top agar and plated onto dishes containing bottom agar.
The plates were incubated at 25 °C for 48 h for selec-
tion of ¢/l mutants. The wild-type phage, recovered
from MutaT™Mice, has a ¢/~ phenotype, which per-
mits plaque formation with the Afi— strain at 37 °C but
not at 25 °C. The mutant frequency was calculated by
the following formula:

mutant frequency =(total number of plaques on
selection plates/total number of plaques on titer
plates) x dilution factor.

The significance of differences in the mutant fre-
quency between the treated and controi groups was
analyzed by using Student’s /-test and Welch’s r-test
in combination with the F-test.

2.2.5. Sequencing of mutants

The entire lambda clI region was amplified directly
from mutant plaques by Tag DNA polymerase
(Takara Shuzo, Tokyo, Japan) with primers P1, 5'-
AAAAAGGGCATCAAATTAAACC-3' and P2, 5'-
CCGAAGTTGAGTATTTTTGCTGT-3 as previously
reported [9] (Fig. 2). A 446 bp PCR product was puri-
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fied with a microspin column (Amersham Pharmacia,
Tokyo, Japan) and then used for a sequencing reaction
with the Ampli Taq cycle sequencing kit (PE Biosys-
tems, Tokyo, Japan) using the primer P1. The reaction
product was isolated by ethanol precipitation and ana-
lyzed with the ABI PRISM™ 310 genetic analyzer
(PE Biosystems). In this study, about 40 mutants were
subjected to sequence analysis in each group both in
the liver and lung.

Table 2

3. Results

3.1. Mutant frequencies by 1,10-DAC, 4,10-DAC
and chrysene

Chrysene andits diaza-analogs, 1,10-DACand4,10-
DAC, were tested for in vivo mutagenicity using lacZ
transgenic mice (MutaT™Mice). Chrysene and 4,10-
DAC were injected at the total dose of 800 mgkg

Sequences of cIl mutations in the liver of 1,10-DAC-treated Muta™Mouse

Mutant no. Position Mutation Sequence Amino acid change
C1 117 Gto T TCG CAG ATC Gln to His
C2 42 GiwoT ATC GAG AGT Glu to Asp
C3 126 Gto T AGC AGG TGG Arg to Ser
c4 40-43 -GA GAG AGT GCG * Frameshift
C5 166 Gto T CTT GCT GIT Alato Ser
C6 233 Tto A ATT CTC ACC Leu to His
C7 132 Gto T TGG AAG AGG Lysto Asn
Ccs8 89 CtoT ACA GCG GAA Alato Val
c9 11 Cto TA CGT GCA AAC Frameshift
C10 178 T A GAA TGG GGG Tip to Arg
C11 197 AtoG GAC GAC ATG Asp to Gly
C12 179 GtoT GAA TGG GGG Trp to Leu
C13 29 CoA GAG GCT CTA Ala to Asp
Cl14 101 GtoT GTIG GGC GTT Gly to Val
C15 89 CtoT ACA GCG GAA Alato Val
Clé6 117 Gt C TCG CAG ATC Gln to His
Cc17 40 Gto A ATC GAG AGT Glu to Lys
C18 294 AtwC TT1C TGA - Stop to Cys
C19 150 GtoT CCA AAG TIC Lys to Asn
C20? 294 AtoC TTC TGA - Stop to Cys
c21 211 Gto A TG GCG CGA Alato Thr
C22 111 GtoT GAT AAG TCG Lys to Asn
C23 123 CtoA ATC AGC AGG Ser to Arg
C24 160 Ciwo A ATG CI1G CTIT Leu to Met
C25 173 Tto C GTIT CIT GAA Leu to Pro
C26 125 GtoC AGC AGG TGG Arg to Thr
c27 -3 Cto G tta cat ATG Base substitution in the 5'-flanking region
C28 29 Cto A GAG GCT CTA Alato Asp
C29* 111 GtoT GAT AAG TCG Lys to Asn
C30 38 Tto A CGA ATC GAG Ile to Asn
C31 40 GtoT ATC GAG AGT Glu to Stap
C32 163 CtoT CTG CTT GCT Leu to Phe
C33 79 GtoT ACT GAG AAG Glu to Stop
C34 57 Cto A CIT AAC AAA Asnto Lys
C35 89 CtoT ACA GCG GAA Alato Val
C36 179-184 -G TGG GGG GTIC Frameshift
c37 113 Cto A AAG TCG CAG Ser to Stop
C38 89 Cto G ACA GCG GAA Alato Gly
C39 123 Cto G ATC AGC AGG Ser to Arg
C40 125 Gto A AGC AGG TGG Arg to Lys

2 Ascribable to the same mutation obtained in an identical mouse.
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intraperitoneally, based on the tolerance dose. The total
dose of 1,10-DAC was 400 mg/kg because 1,10-DAC
showed more toxicity than 4,10-DAC and chrysene ina
preliminary test. The mutant frequencies observed with
the DNA preparations extracted from the six organs at
7 days after the last injection are shown in Table 1.
More than 10 mutant plaques were analyzed in all
organs.

Table 3

K. Yamada et al. / Mutation Research 586 (2005) 1-17

The spontaneous mutant frequencies observed in the
control group were similar among the six organs in both
lacZ and clI assays, in the rate ranges of 46 x 10~° to
88 x 1076 and 21 x 107° to 37 x 1079, respectively.
These results were comparable to our previous studies
[5,8-10,15,25].

All the test compounds significantly increased the
mutant frequencies in all the tested organs in the lacZ

Sequences of ¢/l mutations in the liver of 4,10-DAC-treated Muta™ Mouse

Mutant no. Position Mutation Sequence Amino acid change
D1 113 CtoT AAG TCG CAG Ser to Leu
D2 86 CwoA AAG ACA GCG Thr to Lys
D3 65 CtoA ATC GCA ATG Alato Glu
D4 106 GtoT GTT GAT AAG Asp to Tyr
D5 101 GtoT GTG GGC GTT Gly to Val
Dé 101 Gt C GTG GGC GTT Gly to Ala
D7 29-30 - CTto TC GAG GCT CTA Ala to Val
D8 74 GtoT CTT GGA ACT Gly to Val
D9 115 CtoA TCG CAG ATC Gin to Lys
D1¢? 113 CtoT AAG TCG CAG Ser to Leu
D11 42 GtoT ATC GAG AGT Glu to Asp
Di2 119 Tto A CAG ATC AGC Ile to Asn
D13 150 GtoT CCA AAG TTC Lys to Asn
D14 190 GtoT GTT GAC GAC Asp to Tyr
D15 103 Gto T GGC GTT GAT Val to Phe
D16 106 GtoT GTT GAT AAG Asp to Tyr
D17 101 Gto A GTG GGC GTT Gly to Asp
DI§ 196 Gio A GAC GAC ATG Aspto Asn
D19 226 Gt C GCT GCG ATT Alato Pro
D20 214 CtoT GCG CGA CAA Arg to Stop
D21 47 CtoG AGT GCG TTG Ala to Gly
D22 91 GtoT GCG GAA GCT Glu to Stop
D23 86 CtoG AAG ACA GCG Thr to Arg
D24 132 GtoT TGG AAG AGG Lys to Asn
D25 123 Cto A ATC AGC AGG Ser to Arg
D26 196 Gto C GAC GAC ATG Asp to His
D27 52 CtoT TTG CTT AAC Leu to Phe
D28 64 GtoC ATC GCA ATG Ala to Pro
D29 163 CtoT CTG CTT GCT Leu to Phe
D30* 132 GtoT TGG AAG AGG Lysto Asn
D31 125 Gto A AGC AGG TGG ArgtoLys
D32 196 Gto A GAC GAC ATG Aspto Asn
D33 179-184 -G TGG GGG GTC Frameshift
D34 148 At C CCA AAG TTC Lysto Gln
D35 117 Gt T TCG CAG ATC Gln to His
D36 141 GtoT GAC TGG ATT Trp to Cys
D37 103 GtoT GGC GTT GAT Val to Phe
D38 160 CtoA ATG CTG CTT Leu to Met
D39 125-126 GGtoTT AGC AGG TGG Argtolle
D40 166 GtoC CTT GCT GTT Ala to Pro

2 Ascribable to the same mutation obtained in an identical mouse.
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assay and/or cll assay. The 4,10-DAC showed the high-
est mutagenicity among the test compounds, and the
highest [acZ mutant frequency of 4,10-DAC, observed
in the lung, was 19-, 6- and 4-fold over the spon-
taneously, chrysene- and 1,10-DAC-induced frequen-
cies, respectively. The highest lacZ mutant frequency
of 1,10-DAC was also observed in the lung. Mutant
frequencies obtained with chrysene were not different
between the organs examined and ranged from 1.5- to
3-fold over the spontaneous frequency. The mutant fre-

Table 4

Sequences of cll mutations in the liver of chrysene-treated Muta™ Mouse

quencies in the I assay showed a tendency similar to
those in the JacZ assay.

3.2, Mutation spectra of DACs and chrysene in the
liver and lung

Thirty-six and 38 control mutants in the liver and
lung, respectively, were subjected to sequence analy-
sis, together with 37 and 39 chrysene-induced mutants,
40 and 43 induced mutants of 1,10-DAC and 40

Mutant no. Position Mautation Sequence Amino acid change
Bl 210 GtoT CGA T1G GCG Leu to Phe
B2 214 CtoT GCG CGA CAA Arg to Stop
B3 107 At G GTIT GAT AAG Asp 1o Gly
B4 150 GtoT CCA AAG TTC Lys to Asn
BS 113 CtoT AAG TCG CAG Ser to Leu
Bé6 220 GtoT CAA GTT GCT Val to Phe
B7 132 GtoT TGG AAG AGG Lysto Asn
B8 34 CtaT CTA CGA ATC Arg to Stop
B9 40 GtoA ATC GAG AGT Gluto Lys
B10 272273 —A TCT GAA CAA Fravieshift
B11 190-198 —GAC GAC GAC GAC Deletion
Bi2 107 AtoG GTT GAT AAG Asp to Gly
BI13 42 GtoT ATC GAG AGT Glu to Asp
Bl14 125 GtoT AGC AGG TGG Arg to Met
BIS 57 Cio A CIT AAC AAA Asn to Lys
Blé 141 GtoC GAC TGG ATT Trp to Cys
Bi17® 190-198 —GAC GAC GAC GAC Frameshift
BI18 74 GtoA CTT GGA ACT Gly to Glu
B19 86 Cto G AAG ACA GCG Thr to Arg
B20 196 Gt C GAC GAC ATG Asp to His
B21 91 GtoT GCG GAA GCT Glu to Stop
B22 178 TG GAA TGG GGG Trp to Gly
B23 212 CtoA TIG GCG CGA Ala to Glu
B24 127 TtoA AGG TGG AAG Trp to Arg
B25 88 Gt C ACA GCG GAA Ala to Pro
B26 196 GtoA GAC GAC ATG Aspto Asn
B27 129 GtoT AGG TGG AAG Trp to Cys
B28 88 GtoA ACA GCG GAA Ala to Thr
B29 99-101 -G GTG GGC GTT Frameshift
B30 212 Cto A TTG GCG CGA Ala to Glu
B31 124 AwT AGC AGG TGG Arg to Tip
B32 179-184 -G TGG GGG GTC Frameshift
B33 91 GtoT GCG GAA GCT Glu to Stop
B34 101 GtoA GTIG GGC GTT Gly to Asp
B35 89 CtoT ACA GCG GAA Ala to Val
B36 89 CtoA ACA GCG GAA Alato Glu
B37 163 CtoG CTG CTT GCT Leu to Val

3 Ascribable to the same mutation obtained in an identical mouse.
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Table 5
Sequences of cIl mutations in the liver of control Muta™Mouse

Mutant no. Position Mutation Sequence Amino acid change
Al 40 GtoA ATC GAG AGT Gluto Lys
A2 205-213 —CGATTGGCG Deletion
A3 34 CtoT CTA CGA ATC Arg to Stop
A4 115 Cto A TCG CAG AIC Gln to Lys
AS 212 CtoT TTG GCG CGA Ala to Val
A6 89 Cto A ACA GCG GAA Ala to Glu
A7 119-208 —~ATGGCTCGAT Deletion
A8 122 GtoT ATC AGC AGG Ser to Ile
A9 233 Tt C ATT CTC ACC Leu to Pro
Al0 212 CtoT TTG GCG CGA Ala to Val
All? 89 Cto A ACA GCG GAA Ala to Glu
Al2 150 GtoT CCA AAG TIC Lys to Asn
Al3 205 CtoT GCT CGA TTG Arg to Stop
Al4 95 Cto A GAA GCT GTG Alato Asp
Al5 89 CtoT ACA GCG | GAA Ala to Val
Al6 212 CtoT TTG GCG CGA Ala to Val
Al7 122 GtoT ATC AGC AGG Ser to Ile
Al8 150 GtoT CCA AAG TTC Lysto Asn
Al9 113 CtwoT AAG TCG CAG Serto Leu
A20 210 GtoT CGA TTG GCG Leu to Phe
A21 212 CtoT TTG GCG CGA Ala to Val
A22 34 CtoT CTA CGA ATC Arg t= Stop
A23 110 AtoT GAT AAG TCG Lys to Met
A24 241-246 —A AAA AAA CGC Frameshift
A25 196 Gto A GAC GAC ATG Asp to Asn
A26* 34 CtoT CTA CGA ATC Arg to Stop
A27 107 AtoC GTT GAT AAG Aspto Ala
A28 89 CtoT ACA GCG GAA Ala to Val
A29 196 GtoA GAC GAC ATG Asp to Asn
A30 212 CtoT TTG GCG CGA Ala to Val
A3l 3 Gto A - ATG GIT Met to Ile
A32 179-184 -G TGG GGG GTC Frameshift
A33 95 CtoG GAA GCT GTG Ala to Gly
A34 110 AtoC GAT AAG TCG Lys to Thr
A35? 89 CtoT ACA GCG GAA Ala to Val
A36* 110 ] At C GAT AAG TCG Lys to Thr

4 Ascribable to the same mutation obtained in an identical mouse.

and 42 induced mutants of 4,10-DAC in the respec-
tive two organs. The mutations are characterized in
Tables 2~9 and summarized in Tables 10 and 11. In
Tables 10 and 11, the same mutations from an identical
mouse were treated as a single event.

In the liver, spontaneous mutations consisted mainly
of G:C to A:T transitions (14/30) followed by G.C
to T:A transversions (7/30) as shown in the previous
report on the ¢/l mutant spectrum in the liver of control
Muta™Mouse [9,26].

The majority of chrysene-induced mutations were
G:Cto T:A transversions (13/36), followed by the G:C
to A:T transitions (9/36). Both 1,10-DAC- and 4,10-
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DAC-induced mutations also consisted mainly of G:C
to T:A transversions (17/38 and 18/38, respectively).
The cll mutant spectra by all the test compounds in
the lung showed a tendency similar to those in the
liver. '

4. Discussion

1,10-DAC and 4,10-DAC, the tetracyclic azaPAHs
and diaza-analogs of chrysene, could not be converted
to the bay-region diol epoxide form because of their
nitrogen atoms in the benzene rings of the bay-region



K. Yamada et al. / Mutation Research 586 (2005) 1-17

Table 6

Sequences of ¢l mutations in the lung of 1,10-DAC-treated Muta™ Mouse

Mutant no. Position Mutation Sequence Amino acid change
cl 163-164 CT to AA CTG CIT GCT Leu to Asn
c2 215 GtoC GCG CGA CAA Arg to Pro
c3 132 GtoT TGG AAG AGG Lys'to Asn
c4 79 GtoT ACT GAG AAG Glu to Stop
c5 160-161 CT to AG ATG CTG CIT Leu to Arg
c6 178 TtoA ATG CTG CTT Trp to Arg
c’ 100-101 GG to AT GIG GGC GTT Gly to lle
c8 65 Cto A ATC GCA ATG Ala to Glu
c9 150 GtaT CCA AAG TTC Lysto Asn
cl0? 79 GtoT ACT GAG AAG Glu to Stop
cll 132 Gt T TGG AAG AGG Lys to Asn
cl2 34 CtoT CTA CGA ATC Arg to Stop
cl3 140 GtoC GAC TGG ATT Trp to Ser
cl4 179-184 -G - TGG GGG GTC Frameshift
cl5 212 CtoT TTG GCG CGA Ala o0 Val
cl6 141 GtoT GAC TGG ATT Trp to Cys
cl? 62 TtoC AAA ATC GCA Ile to Tar
cl8 196 GtoT GAC GAC ATG Asp to Tyr
cl9 212 Cto G TTG GCG CGA Ala to Gly
c20 42 GtoT ATC GAG AGT Glu to Asp
c2l 160 Cto A ATG CTG CTT Leu to Met
c22 215 Gt C GCG CGA CAA Arg to Pro
c23 127 Tto G AGG TGG AAG Trp to Gly
c24 64 GtoT ATC GCA ATG Alato Ser
c25 100 Gio A GTG GGC GTT Gly to Ser
c26 111 GtoT GAT AAG TCG Lysto Asn
c27 62 Tto G AAA ATC GCA lle to Ser
c28 196 GtoT GAC GAC ATG Asp to Tyr
c29 179-184 -G TGG GGG GTC Frameshift
c30 122 GtoT ATC AGC AGG Ser to Ile
c3l 126 GtoC AGC AGG TGG Arg to Ser
c32 128 GtoT AGG TGG AAG Trp to Leu
c33 161 TtoA ATG CTG CIT Leuto Gin
c34 129 GtoT AGG TGG AAG Trp to Cys
c35 179-184 -G TGG GGG GTC Frameshift
c36 164-165 -T CTG CTT GCT Frarieshift
c37 150 GtoT CCA AAG TTC Lysto Asn
c38 178 TtoG GAA TGG GGG Trp to Gly
c39 167 Cto G CIT GCT GTT Alato-Gly
c40 106 Gto T GIT GAT AAG Asp to Tyr
c4l 51 G C GCG TTG CTT Leu to Phe
c42 133 AtoT AAG AGG GAC Arg to Trp
c43 169 GioC GCT GTT CTT Val to Leu

3 Ascribable to the same mutation obtained in an identical mouse.

epoxide or diol moiety. Nevertheless, 1,10-DAC and
4,10-DAC showed in vitro mutagenicity in the Ames
tests using rat liver S9 or human liver microsomes
in our previous study [17]. Therefore, these DACs
might be converted to ultimate mutagenic forms by a
mechanism different from that of chrysene. We have

investigated the in vivo mutagenicity of some aza-
PAHs, such as quinoline and 10-azaBaP [5,8-10,15].
The 1,10-DAC and 4,10-DAC consist of two quinoline
moieties and also have a structure similar to 10-azaBaP.
In the present study, we attempted to investigate the in
vivo mutagenicity of DACs compared with chrysene
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Table 7
Sequences of cll mutations in the lung of 4,10-DAC-treated Muta™Mouse
Mutant no. Position Mutation Sequence Amino acid change
d1 123 Cto A ATC AGC AGG Ser to Arg
138 CtoA AGG GAC TGG Asp to Glu
d2 29 Cto A GAG GCT CTA Ala to Asp
d3 117 GtoT TCG CAG ATC Gin to His
d4 212 CtoT TTG GCG CGA Ala to Val
d5 125 GtoT AGC AGG TGG Arg to Met
dé 160 CtoA ATG CTG CTT Leu to Met
d7 128 GtoT AGG TGG AAG Trp to Leu
ds 293 GtoT TTC TGA - Stcp to Leu
d9 220 GtoT CAA GIT GCT Val to Phe
dio 57 Cto A CTT AAC AAA Asnto Lys
dll 111 GtoT GAT AAG TCG Lys to Asn
di2 115 CtoA TCG CAG ATC Ginto Lys
di3 51 GtoT GCG TTG CTT Leu to Phe
dl4 179-184 -G TGG GGG GTC Frameshift
dl5 115 CtoT TCG CAG ATC Gln to Stop
d16 88 GtoC ACA GCG GAA Ala to Pro
d17 132 GtoT TGG AAG AGG Lysto Asn
dis 117 GtoT TCG CAG ATC Gln to His
d19 65 Cto A ATC GCA ATG Alato Glu
d20? 115 Cto A TCG CAG ATC Gln to Lys
d21® 88 GtoC ACA GCG GAA Ala to Pro
d22 145 Cto G ATT CCA AAG Pro to Ala
d23 103 GtoT GGC GTT GAT Val to Phe
d24 167 CtoG CTT GCT GTT Alato Gly
d25 212 CtoG TTG GCG CGA Alato Gly
d26 163 CtoT CTG CTT GCT Leu to Phe
d27 224 Cto A GTT GCT GCG Ala to Asp
dz28 175 GtoT CTT GAA TGG Glu to Stop
d29 40 GioA ATC GAG AGT Ghj to Lys
d3o 160 Cto A ATG CTG CTT Leu to Met
d31? 103 GtoT GGC GIT GAT Val to Phe
d32 89 CtoT ACA GCG GAA Ala t¢ Val
d33 179-184 -G TGG GGG GIC Frameshift
d34 95 CtoA GAA GCT GTG Ala to Asp
d3s 134 GtoT AAG AGG GAC Arg to Met
d36 101 GtoT GTG GGC GTT Gly to Val
d37 34 CtoT CTA CGA ATC Arg to Stop
d38 129 GtoT AGG TGG AAG Trp to Cys
d39 89 -C ACA GCG GAA Frameshift
d40 125 GtoT AGC AGG TGG Arg to Met
d41 65 CtoA ATC GCA ATG Ala to Glu
d42 122 GtoT ATC AGC AGG Serto Ile

3 Ascribable to the same mutation obtained in an identical mouse.

to understand the nature of the in vivo mutagenicity of
azaPAHs.

Table 12 summarizes the in vivo mutagenicity of
a series of azaPAHs with the pyridine moiety, inves-
tigated in our previous and present studies using
Muta™Mouse. One of the authors (T.S.) reported that

the median toxic dose (TDsg) of chemicals as used for
numerical description of their carcinogenic potency is
well correlated with in vivo mutagenic potency, which
was calculated by division of the chemical-induced
mutant frequency by the total injectiort dose of the
chemical in the transgenic mouse [27]. We calculated
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Table 8

Sequences of c/f mutations in the [ung of chrysene-treated Muta™Mouse

13

Mutant no. Position Mutation Sequence Amino acid change
bl 112 Tto C AAG TCG CAG Ser to Pra
b2 89 CtoT ACA GCG GAA Ala to Val
b3 34 CwT CTA CGA ATC Arg 12 Stap
b4 141 GtoA GAC TGG ATT Trp to Stop
b5 94 GtoC GAA GCT GTG Alato Pro
b6 126 GtoC AGC AGG TGG Arg to 3er
b7 214 CtaT GCG CGA CAA Arg to Stop
b8 34 CtoT CTA CGA ATC Arg to Stop
b9 190198 ~GAC GAC GAC GAC Deletion
b10 106 GtoT GIT GAT AAG Asp to Tyr
b1l 113 Cto A AAG TCG CAG Ser to Stop
b12 101 GtoT GTG GGC GTT Gly to Val
b13 122 GtoT ATC AGC AGG Ser to Ile
b14 196 GtoT GAC GAC ATG Asp to Tyr
b15? 113 Cto A AAG TCG CAG Ser to Stop
b16? 190-198 —-GAC GAC GAC GAC Deletion
b17 34 CtoT CTA CGA ATC Arg to Stop
b18 215 GtoC GCG CGA CAA Arg to Pro
bl9 113 CtoT AAG TCG CAG Ser to Leu
b20 233 Tto A ATT CTC ACC Leu to His
b21 104 TwG GGC GTIT GAT Val to Gry
b22 42 GtoT ATC GAG AGT Glu to Asp
b23 25 GtoT AAC GAG GCT Glu to Stop
b24 117 GtoT TCG CAG ATC Gin to His
025 233 ~T ATT CIC ACC Frameshift
b26 123 Cto G ATC AGC AGG Ser to Arg
b27 169 Gt C GCT GTT CIT Val to Leu
b28? 215 GtoC GCG CGA CAA Arg to Pro
b29 155 CtoT TTC TCA ATG Ser to Leu
b30 26 Ao G AAC GAG GCT Glu to Gly
b31 34 CtoT CTA CGA ATC Arg to Stop
b32 40 GtoA ATC GAG AGT Glu to Lys
b33 117 GtoT TCG CAG ATC Gln to His
b34 179184 -G TGG GGG GTC Frameshift
b35 163 Cto A CTG CTT GCT Leu to Ile
b36 150 GtoT CCA AAG TTC Lys to Asn
b37 94 GtoC GAA GCT GTG Ala to Pro
b38 221 TtoC CAA GTIT GCT Valto Ala
b39 73 Gto A CTT GGA ACT Gly to Arg

2 Ascribable to the same mutation obtained in an identical mouse.

the mutagenic activity by the following formula to com-
pare the mutagenicity between azaPAHs:

fold-increase in lacZ MF (%) =lacZ MF obtained by
test chemical/spontaneous /acZ MF x 100.
Mutagenic activity = fold-increase in lacZ MF/total
dose of test chemical.

The organs given in capital letters in Table 12 indi-

cate those that showed significant mutation and those '

given in small letters indicate negative organs. The

underlined organs are those which showed the highest
increase in lucZ MF. When the test chemical induced
mutation in multiple organs, the mutagenic activity was
calculated using the data of the underlined organs.
Although the five azaPAHs tested in our previ-
ous reports (quinoline, benzo[f]quinoline,” benzo[A]
quinoline, 1,7-phenanthroline and 10-azaBaP) induced
mutation only in the specific organ such as the liver,
1,10-DAC and 4,10-DAC showed significant mutant
frequencies in all of the six organs examined and the
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Table 9
Sequences of cIl mutations in the lung of control Muta™Mouse
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Mutant no. Position Mutation Sequence Amira acid change
al 146 CtoT ATT CCA AAG Pro to Len
a2 196 Gto A GAC GAC ATG Aspto Asn
a3 113 CtoT AAG TCG CAG Serto Leu
a4 217 CtoT CGA CAA GTT Gln to Stop
a5 180 Gto A GAA TGG GGG Trp to Stop
a6 73 Gto A CTT GGA ACT Gly to Arg
al 132 GtoT TGG AAG AGG Lysto Asn
a8 58-61 —-A AAC AAA ATC Frameshift
a% 241-246 —-A AAA AAA CGC Frameshift
~al0 149-164 —AGTTCTCAATGCTGCT: Deletion
all 25 Gto T AAC GAG GCT Glu to Stop
al2 214 CtoT GCG CGA CAA Arg to Stop
al3 197 AtoG GAC GAC ATG Asp to Gly
al4 11 Gto T GAT AAG TCG Lys to Asn
al5 206 GtoC GCT CGA TTG Arg to Pro
alé 212 CtoT TTG GCG CGA Ala to Val
al7 38 Tto G CGA ATC GAG Ile to Ser
al8 40 Gto A ATC GAG AGT Gluto Lys
al9? 40 Gto A ATC GAG AGT Gli to Lys
a20 34 CiwoT CTA CGA ATC Arg to Stop
a2l 90-91 GGt T GCG GAA GCT Framashift
a22 113 CtoT AAG TCG CAG Ser to Len
a23 140 Gto A GAC TGG ATT Trp to Stop
a24 110 AtoT GAT AAG TCG Lys to Met
a25 175 Gto A CIT GAA TGG Glu to Lys
a26 172 CtoT GTIT CTT GAA Leu to Phe
a27 89 CtoT ACA GCG GAA Ala to Val
a28? 34 CwoT CTA CGA ATC Arg to Stop
a29 221 Tto G CAA GTT GCT Valto Gly
a30 273-275 ACA to CGATGCACG Insertion
a3l 212 CtoT TTG GCG CGA Ala to Val
a32 193 Gto A GAC GAC GAC Asp to Asn
a33 34 CtoT CTA CGA ATC Arg to Stop
a34 31 Cto G GCT CTA CGA Leu to Val
a3s 155 Cio A TIC TCA ATG Ser to Stop
a36 128 Gto A AGG TGG AAG Trp to Stop
a37 88 GtoT ACA GCG GAA Alato Ser
a3g? 34 CtoT CTA CGA ATC Arg to Stop

# Ascribable to the same mutation obtained in an identical mouse.

highest lacZ mutant frequency in the lung. Chrysene
also significantly induced mutation in all of the six
organs examined, although chrysene showed similar
mutant frequencies in all the six organs. These results
suggest that nitrogen substitution in the chrysene skele-
ton may enhance the inducibility of mutation in the
mouse lung.

4,10-DAC showed the highest mutagenic activity,
followed in order by: quinoline > 1,7-phenenthroline
a2 1,10-DAC >benzo[#]quinoline ~ 10-azaBaP =ben-
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zo[f]quinoline. The number of mutagenic activity of
chrysene is the same as that of benzo[f]quinoline,
which shows the lowest mutagenic activity among the
series of azaPAHs tested. The 4,10-DAC gave mutant
frequencies higher than 1,10-DAC in all the test organs
and the increase in JacZ MF obtained by 4,10-DAC
is more than twice that by 1,10-DAC in most of the
organs tested. Therefore, these results suggest that the
nitrogen-substituted position affects the strength of
mutagenicity of the DAC structure.
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Table 10
Summary of ¢I mutation spectra in the liver of Muta™Mouse
Mutation class Cantrol (%) 1,10-DAC (%) 4,10-DAC (%) Chrysene (%)
Total 30 (100) 38 (100) 38 (100) 36 (100)
Base substitution 26 (87) 35 (92) 35 (92) 32(89)
Transitions
GC to AT 14 (47) 7(18) 8 (21) 9(25)
AT to GC 1(3) 2(5) 0(0) 2(6)
Transversions
AT o TA 1(3) 3(8) 1(3) 2 (6)
AT 10 CG 2(7) 1(3) 1(3) 1(3)
GCto TA 7(23) 17 (45) 18 (47) 13 (36)
GCto CG 1(3) 5(13) 7(18) 5(14)
—1 Frameshifts 2(7) 1(3) 1(3) 2 3(8)
+1 Frameshifts 0(0) ) 0(0) 0(0) 0(0)
Deletion 2(7) 1(3) 0(0) 1(3)
Insertion 0(0) ’ 0(0) 0<0) 6{0)
Complex 0(0) 1(3) 2(5) 0(0)

The same mutations from an identical monse were counted as a single event.

We further attempted ¢l mutant spectrum analy-
sis in the liver and lung, which were shown to give
the highest lacZ mutant frequencies by chrysene and
DAC:s, respectively. In both organs, the spontaneous
mutations consisted mainly of G:C to A:T transitions
and the mutant spectrum in the control Muta™Mice
showed no difference between the liver and lung. The
G:Cto A:T transitions in the control mice are likely to
be ascribable to the deamination of 5-methylcytosine

at the CpG site as previously reported [28]. DACs pre-
dominantly induced the G:Cto T: A transversion in both
organs. It was especially noteworthy that there was no
difference in the c/I mutant spectrum of 4,10-DAC
between the lung and liver in spite of the quantita-
tive difference showed by 4,10-DAC with its 3.9-fold
higher c/7 mutant frequency in the lung than in the liver.
These results suggest that the high mutagenicity in the
hung of 4,10-DAC-treated mice might not arise from

Table 11
Summary of ¢II mutation spectra in the lung of Muta™ Mouse
Mutation class Contro} (%) 1,10-DAC (%) 4,10-DAC (%) Chrysene (%)
Total 35 (100) 41 (100) 39 (100) 35 (100)
Base substitution 30 (86) 34 (83) 35 (90) 32 (91)
Transitions
GC to AT 19 (54) 3(7) 6(15) 10 (29)
AT to GC 13) 12) 0(0) 3(9)
Transversions
ATto TA 1(3) 3(7) 0(0) 1(3)
AT to CG 2(6) 3(7) 0(0) 1(3)
GCto TA 5(14) 16 (39) 25 (64) 11 (31)
GCto CG 2 (6) 8(20) - 400) 6(17)
—1 Frameshifts 2(6) 4(10) 3(8) 2(6)
+1 Frameshifts 0(0) 0(0) 0(0) 0(0)
Deletion 1(3) 0(0) 0(0) 13)
Insertion 0(0) 0(0) 0(0) 0(0)
Complex 2 (6) 3(7) 1(3) 0(0)

The same mutations from an identical mouse were counted as a single event.
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theincrease of organ-specific adduct(s). In our previous
studies, quinoline and 1,7-phenenthroline induced the
G:C to C:G transversion [9]. On the other hand, 1,10-
DAC and 4,10-DAC induced the G:C to T:A transver-
sion. These results suggest that the enlargement of the
molecular size in azaPAHs might change the major
mutation pattern from the G:C to C:G transversion to
the G:C to T:A transversion. Chrysene also increased
the G:C to T:A transversion like DACs. Therefore, it
was suggested that the nitrogen substitution in the chry-
sene skeleton may give no influence on ths mutation
spectrum.

We have previously reported that quinoline, a par-
tial structure of DACs and one of simplest aza-
PAHs, showed mutagenicity in both in vitro [14,29]
and in vivo [8} and that metabolic activation of
quinoline might take place in the pyridine moiety
to form the ultimate genotoxic form, an enamine
epoxide (1,4-hydrated 2,3-epoxide) [10-14]. More-
over, benzo[h]quinoline and 1,7-phenanthroline, tri-
cyclic azaPAHs with the quinoline moiety as a partial
structure, may be activated in the pyridine moiety to
show the mutagenicity as reported in our previous paper
[16]. DACs, which consist of two quinoline moieties as
a partial structure, might be also converted to the enam-
ine epoxide structure in the pyridine moiety to be able
to induce mutation. We are trying to investigate further
to clarity the metabolic activation pathway of DACs.

In conclusion, it is suggested that the two types of
nitrogen substitution in the chrysene structure enhances
the mutagenicity in the mouse lung, although they have
no influence on the organ specificity and mutation spec-
trum,

From this study
From this study

lacZ MF obtained by test chemical/spontaneous flacZ MF x 100.
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Abstract: We have developed a comprehensive information platform, named KeyMolnet, for drug discovery and life
science research in the post-genome cra. Using KeyMolnet, we show new approaches to research into the biological
mechanism in DNA microarray analysis. Thanks (o the DNA microarray technology, it is now possible to obtain very
large quantities of genc expression data at a time. However, it is still difficult to extract meaningful information from such
large quantities of data and to analyze the relationship between gene expression data and biological function. We therefore
developed an advanced tool that can generate molecular networks upon demand, and beyond signaling “cross-talks,” can
connect them to physiological phenomena and medical and drug information. Here we show the methods of mechanism
analysis using the DNA microarray data and KeyMolnet, as well as the possible mechanism of inducing apoptosis in the
human promyelocytic leukemia cell line, HL-60, treated with 12-O-tetradecanoylphorbol 13-acetate (TPA), using the time
series of gene expression data from DNA microarray experiments. KeyMolnet enables practical approaches to rescarch
into biological mechanisms, which in turn contribute 10 new discoveries in the medical, pharmaceutical and life sciences.

Keywords: DNA microarray, proteomics, network, molecular relation, data mining, platform, apoptosis.

INTRODUCTION

DNA microarray analysis has been actively performed to
discover new clinical markers, establish prognostic
expectations, create tailor-made medications, discover new
drugs, etc. in recent years. We can now obiain large
quantities of gene expression data at a time, thanks to this
new technology. R&D in the medical, pharmaceutical and
life sciences is making great progress by using gene
expression profiles effectively. In fact, Alizadeh et al.
achieved significant results with prognostic implications that
had not been expected before, and identified distinct types of
diffuse, large B-cell lymphoma by gene expression profiling
using DNA microarray technology [1]. Differential gene
expression classification of the most common subtype of
non-Hodgkin’s lymphoma is clinically useful, however, the
biological significance has not been clear with the gene
expression classification alone so far. Tools for cluster
analysis and display systems for DNA microarray data are
already available, but they are not yet adequate for deriving
biological functions from comprehensive gene expression
data. Protein-protein interaction networks are needed to
provide biological functions. A platform and an application
for extracting significant data from large quantities of
available data, for generating networks based on the data,
and furthermore, for clarifying the biological functions based
on the networks and/or connecting networks, have long been
awaited.

*Address correspondence to this author at the Institute of Medicinal
Molecular Design, Inc. (IMMD), 5-24-5 Hongo, Bunkyo-ku, Tokyo 113-
0033, Japan; Tel: +81-3-5689-4052; Fax: +81-3-5689-4054. E-mail:
hiromis@immd.co.jp .

1570-1638/05 $50.00+.40

Even with a goldmine of information on genes and
prateins, it would still be difficult to clarify their biological
functions and biological phenomena without such a system.

For this reason we have developed the definitive mining
tool, KeyMolnet, which can generate networks from any
molecules and can connect the networks to biological
phenomena, and drug and disease information.

The KeyMolnet system consists of a “content database™
and “search software.” The content database stores pairs of
molecules, e.g. proteins and small molecules, based on their
relational information from the literature, review articles and
papers. From pairs of molecules in the content database,
networks can be generated upon demand, in real time, by the
search software. The content database stores information on
diseases and drugs besides the information on molecules and
molecular relations. All the information on molecules,
molecular relations, diseases and drugs is carefully curated
and manually collected by the researchers at the Institute of
Medicinal Molecular Design, Inc. (IMMD). Furthermore,
hundreds of canonical pathways including “signal
transduction pathways,” “metabolic pathways” and
“transcriptional regulations” are also manually compiled.
The content database also stores information from publicly
available databases such as Swiss Prot [2] and Gene
Ontology (GO) [3]. The client application performs various
search functions by combining mainly three searching
methods and some logical operations. The three searching
methods are “Keyword search,” “Related item scarch” and
“Network search.” “Related item search” involves
information on the relationships between molecules and
other items such as diseases, drugs and GO. “Network

¢ 2005 Beutham Science Publishers Td,
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search” involves the following relationships between
molecules in appropriate ways depending on users’ search
conditions. “Network search” is based on graph theory.

Users can analyze experimental data such as DNA
microarray and proteomics by importing the data into
KeyMolnet, and can also add the original information and/or
public data.

Furthermore, KeyMolnet also provides logical operation
functions such as AND, OR and DIFF (meaning
“subtraction”) operation functions. Using these functions,
users can extract intersectional and/or difference networks
for several datasets under different experimental conditions.

In this way, the networks and pathways derived from
gene expression data can be shown, and mechanisms can be
suggested by connecting the generated networks with
information on biological phenomena, diseases and drugs,
mediated by molecules common to them in KeyMolnet,

1t is well known that the human promyelocytic leukemia
cell line, HL-60 can be induced to differentiate into
macrophage-like cells by 12-O-tetradecanoylphorbo) 13-
acetate (TPA) [4]. TPA is a potent tumor promoter and can
~convert human promyelocytic leukemia cells into
nonproliferating cells with many characteristics of
macrophages [5, 6]. It is also known that TPA induces
apoptosis of the cell line during differentiation [7]. However,
so far further details on the mechanism of apoptosis
induction have been unclear, even that in the cells. Here we
show a possible mechanism for the pathway based on data
from the up-regulated genes obtained by DNA microarray
analysis to the induction of apoptosis in the TPA-treated
cells.

With the KeyMolnet client application, users can search
information in the content database, view the search results
interactively, compare and evaluale the search results.
Furthermore, users can also search and/or view while
interactively adding their original information such as
hypothetical and/or experimental data.

MATERIALS AND METHODS

KeyMolnet system is available from the Institute of
Medicinal Molecular Design, Inc. (IMMD) [8,
http://www.immd.co.jp].

Content Database

The tables of the content database fall into the following
five main categories: “Molecule Information Table,”
“Molecular Relation Table,” “Disease Information Table,”
“Drug Information Table” and “GO Table.” The “Molecule
Information Table” stores information on individual
molecules such as molecule 1Ds (referred to as “KeyMolnet
IDs™), molecule symbols, synonyms, comments and other
annotation data items. A “Molecule” is given as a node with
a unique “KeyMolnct ID” in an abbreviated form and is
represented as oval, rectangular, capsule-like and hexagonal
shapes, indicating proteins, small molecules, complexes and
exogenous molecules, respectively, on networks. The
“Molecular Relation Table” stores information on pairs of
molecules and additional data on the molecular relations

Sato e1 nl.

such as “Direct,” “Indirect,” “Transcriptional Regulation,”
“Positive” and/or “Negative,” and additional annotation data
items. When several molecules form a complex and the
complex reacts with other molecules, the relation between
the complex and its component molecules is described as
“Complex-Member” in KeyMolnet. The types of “Molecular
Relations™ are represented by different kinds of edges,
arrows and colors in figures. The “Disease Information
Table” stores extensive information on molecules (referred
to as “Mediating Molecules™) involved in the onset and/or
development of a certain disease, and on the symptoms,
signs, and causes of the disease and/or the results of changes
in the “Mediating Molecule” in the disease state (referred to
as “Pathological Event”). Furthermore, information on the
relation between the “Mediating Molecule” and the
“Pathological Event” is included in the “Disease Information
Table.” The “Drug Information Table” stores the “Drug
Molecule” of all FDA-approved drugs and their “Target
Molecule” that is quantitatively and/or qualitatively
subjected to the action of specific drugs. The “GO Table”
stores information on GO terms involved in the “Biological
Process™ of the GO of molecules that correspond to their
Swiss Prot IDs using GO Annotation (GOA) [9]. In
KeyMolnet, “Molecules” are basically defined as proteins
and small molecules. Therefore, a network in KeyMolnet is
given as a “protein network”, is not as a “gene neiwork.” All
information on molecules, molecular relations, diseases and
drugs was manually collected and carefully curated by the
IMMD researchers.

Search Software

System Architecture

KeyMolnet is implemented as a server-client system, The
content database is managed by the relational database
management system (RDBMS) and the client application is
written in the C++ language and runs on a Windows
platform.

Search Method

The KeyMolnet client application performs various
search functions by combining mainly threc searching
methods and three logical operations. The three searching
methods are “Keyword search,” “Related item search™ and
“Network search.” “Related item search™ is performed on
information on the relations between molecules and other
items such as diseases or GO. Furthermore, canonical
pathways such as the “Ras signaling pathway” and the “TCA
cycle” can be called up from the pathway list by the
“Pathway search,” because the canonical pathways are also
stored and manually compiled based on the pairs of
molecules in the content database. “Network search” is
performed by the following relationships between molecules
in appropriate ways depending on users’ search conditions.
“Network search” is based on graph theory.

Network Search Method

The following three patterns of network search method
are provided: “Neighboring search method,” *“N-points to N-
points search method” and “Common upstream/downstream
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