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ABSTRACT

Chinese hamster V-79 cells were exposed to a high dose (0.30-0.48 MM;
32% cell survival), an intermediate dose (0.04-0.10 MM;100% cell survi
val) or a low dose (0.01-0.02 MM;97% cell survival) of <+)-7A,8S-dihydroxy-
9S,10A-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene [(+)-BPDE] which is

the ultimate carcinogenic metabolite of benzo(a)pyrene. The mutation
frequency for cells treated with dimethyl sulfoxide vehicle or with low,
intermediate or high doses of (-i-)-BPDE were 1, 10, 52 or 514 8-azagua-
nine-resistant colonies/105 survivors, respectively. Independent 8-azagua

nine-resistant clones were isolated, and complementary DNAs were pre

pared by reverse transcription. The coding region of the hypoxanthine
(guanine) phosphoribosyltransferase (HPRT) gene was amplified by the
polymerase chain reaction and sequenced. Altogether, 368 (+)-BPDE-

induced mutant clones were examined. At all doses, base substitutions
were the most prevalent mutations observed (about 72% of the mutant
clones), followed by exon deletions (about 26% of the mutant clones) and
frame-shift mutations (about 6% of the mutant clones). At the high c>to-

toxic dose, 7 of 120 base substitutions occurred at AT base pairs (6%) and
113 at GC base pairs (94%). At the intermediate noncytotoxic dose, 20 of
82 base substitutions occurred at AT base pairs (24%) and 62 at GC base
pairs (76% ). At the low noncytotoxic dose, 27 of 76 base substitutions were
at AT base pairs (36% ) and 49 were at GC base pairs (64%). The results
indicated that decreasing the dose of i+ i-Hl'I >l decreased the proportion

of mutations at GC base pairs and increased the proportion of mutations
at AT base pairs. As the dose of (+)-BPDE was decreased, there was a
dose-dependent decrease in the proportion of GCâ€”Â»TAtransversions

(from 69% to 42% of the base substitutions) and a dose-dependent in
crease in the proportion of AT-Â»CGtransversions (from 1% to 25% of the

base substitutions). The data also indicated dose-dependent differences in
(+)-BPDE-induced exon deletions and hot spots for base substitutions at

GC and AT base pairs.
Although more than 99% of the (+)-BPDE-induced mutations at gua

nine occurred on the nontranscribed strand of DNA, (+)-BPDE-induced

mutations at adenine occurred on both the transcribed and nontran
scribed strands. The ratio of mutations at adenine on the transcribed
strand to mutations at adenine on the nontranscribed strand was 35:19 in
(+)-BPDE-treated V-79 cells. These observations suggest different mech

anisms of mutation induction at GC and AT base pairs and/or differences
in repair mechanisms for premutagenic lesions at GC and AT base pairs.
Several nucleotide sequences with frequent (-f)-BPDE-induced mutations

targeted at guanines in the coding region of the HPRT gene were identi
fied. These included AGGGGGGC, TGGA, AGGA, TGGT, AGGC,
TGGGA, AGGGA, and TGGGGA. Seventy % of all base substitution
mutations targeted at guanine were on these sequences. (+)-BPDE-induced

mutations in ras motifs (corresponding to ras codons 12, 13, 61) in the
coding region of the HPRT gene were more commonly observed than by
chance.

INTRODUCTION

Since mutations play an important role in carcinogenesis (1-4),

studies on factors that influence the formation of mutations in endog
enous genes should enhance our understanding of the etiology of
cancer. Earlier studies from our laboratory demonstrated that (+)-
BPDE2 is the major ultimate carcinogenic metabolite of benzo(a)-

pyrene, and this optically active diol-epoxide was also shown to be the

most potent mutagenic metabolite of benzo(o)pyrene at the HPRT
locus in Chinese hamster V-79 cells (5-7). Studies with the 4 meta-
bolically possible optically active bay-region 7,8-diol-9,10-epoxides
of benzo(a)pyrene demonstrated that only (-t-)-BPDE was both a
potent mutagen in V-79 cells and a potent carcinogen in mice (5-7).

We recently reported that 8-azaguanine-resistant mutant clones ob
tained from treating Chinese hamster V-79 cells with a low noncyto
toxic dose (0.04 /J.M)of ( + )-BPDE had a higher proportion of base

substitution mutations at AT base pairs in the coding region of the
HPRT gene than did mutant clones from cells treated with a high
cytotoxic dose (0.48 /AM)of ( + )-BPDE (8). In this earlier study, we
examined the types of mutations in ninety-two 8-azaguanine-resistant
clones from V-79 cells treated with two doses of (+)-BPDE. In the

present study, we have greatly extended our preliminary observations
by analyzing the kinds of mutations in the coding region of the HPRT
gene in three hundred sixty-eight 8-azaguanine resistant mutant clones
obtained by treating V-79 cells with a high cytotoxic dose, an inter
mediate noncytotoxic dose, and a low noncytotoxic dose of (+)-
BPDE. The results demonstrated dose-dependent differences in the
profile of mutations induced by ( + )-BPDE. The proportion of
GC^TA transversions decreased and the proportion of ATâ€”Â»CG
transversions increased when the dose of ( + )-BPDE was decreased.
Dose-dependent differences in hot spots for base substitutions and for

exon deletions were also observed.

MATERIALS AND METHODS

Materials. All reagents, polymerase chain reaction primers, sequencing
primers and enzymes were obtained and used as described previously (8).
( + )-BPDE was synthesized as described previously (9) and handled under

subdued light.
Exposure of V-79 Cells to (-t-)-BPDE and Isolation of 8-Azaguanine-

resistant Mutant Clones. Chinese hamster V-79-4 cells, obtained from the

American Type Culture Collection (Rockville, MD), were cultured and ex
posed to ( + )-BPDE for l h as described earlier (8, 10). Resistance to the lethal
effects of the purine analogue 8-azaguanine was used as the mutagenic marker.
The details for assessing cytotoxicity and isolating independent 8-azaguanine-
resistant mutant clones after ( + )-BPDE treatment have been described (8).
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charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact.

1The research described was supported by NIH Grant CA49756.

2 The abbreviations used are: <+ )-BPDE, ( + )-7Ã„,8S-dihydroxy-9S.IOÃ„-epoxy-7,8,
9,10-tetrahydrobenzo(a)pyrene (benzylic hydroxyl group trans to the epoxide oxygen);
HPRT. hypoxanthine (guanine) phosphoribosyltransferase; cDNA, complementary DNA;
DMSO. dimethyl sulfoxide.
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DOSE-DEPENDENT DIFFERENCES IN ( + 1-BPDE-INDUCED MUTATIONS

Table 1 Mutagenicin and cylotoxicity of(+i-BPDE in Chinese hamster V-79cells
Chinese hamster V-79 cells were treated with a high (0.30-0.48 JIM),intermediate

(0.04-0.10 Â¿IM)or low (0.01-0.02 JIM)dose of (+1-BPDEor with DMSO vehicle alone,
and mutation frequency and cytotoxicity were determined as described in the text. Each
number represents the mean Â±SE from 8-16 experiments.

ParametermeasuredMutations/105

survivingcells%
of cell survivalHigh

dose514Â±112

32 Â±3Intermediate

dose52

Â±13

100Â±3Low

dose10

Â±1

97 Â±1DMSO

controlI.0Â±0.2

100

Table 2 Kinds of mutations in the coding region of the HPRT gene in
1+i-BPDE-induced 8-azaguanine-resistant mutant clones

Chinese hamster V-79 ceils were treated with a high (0.30-0.48 JIM),intermediate
(0.04-0.10 MM)or low (0.01-0.02 JIM)dose of (+)-BPDE or with DMSO vehicle alone.
Independent 8-azaguanine-resistant clones were isolated, and mutations in the coding
region of the /yP/?7cDNA were characterized by polymerase chain reaction amplification
and direct DNA sequencing. Some mutant clones had more than one type of mutation.

MutantclonesNo.

analyzed%
with basesubstitutions%
with exondeletions%
with Â±1frame shiftsHigh

dose15775236Intermediatedose10473255Lowdose10769297DMSOcontrol25562024

Preparation, Amplification, and Sequencing of HPRT cDNA. cDNA
from each independent mutant clone was synthesized and amplified as de
scribed (8, 11). First-strand cDNA was prepared from mRNA in the crude
cell lysate of 100-1000 cells by reverse transcription. Double-stranded cDNA
was synthesized and amplified from the first-strand cDNA by two rounds of

polymerase chain reaction with nested primer sets as described previously
(8, 11). Amplified cDNA was sequenced directly by the dideoxy termination
reaction (12) with Sequenase and three sequencing primers as described
previously (8).

RESULTS

Dose-dependent Cytotoxic and Mutagenic Effects of (+)-BPDE.
Treatment of Chinese hamster V-79 cells with a low dose (0.01-0.02
/Â¿M),an intermediate dose (0.04-0.10 ftin), or a high dose (0.30-0.48
/AM)of ( + )-BPDE for l h resulted in 97, 100, and 32% cell survival,
respectively, and the frequency of mutations (8-azaguanine resistant
colonies/IO5 surviving cells) was increased 9-, 51-, and 513-fold,

respectively, over the mutation frequency for control cells treated with
DMSO (Table 1). The amount of DNA binding immediately after
treatment of V-79 cells with 0.48, 0.04, or 0.01 J^M[3H]-( + )-BPDE
for l h was 344, 35, or 10 adducts/107 nucleotides, respectively.3

Kinds of Mutations in the Coding Region of the HPRT Gene in
(+)-BPDE-induced 8-Azaguanine-resistant Clones. Independent
8-azaguanine-resistant colonies (mutant clones) were isolated from
( + )-BPDE-treated V-79 cells, cDNAs were prepared, and the coding

region of the HPRT cDNA was sequenced. The kinds of mutations
were determined for 157 mutant clones from the high dose group, 104
mutant clones from the intermediate dose group, and 107 mutant
clones from the low dose group. Base substitution mutations in the
coding region of the HPRT gene were the most common mutation
observed and were found in 69-75% of the mutant clones analyzed

(Table 2). Exon deletions (aberrant splicing mutations) were observed
in 23-29% of the mutant clones analyzed and Â±1 frame-shift muta
tions were observed in 5-7% of the mutant clones analyzed (Table 2).
Varying the dose of ( + )-BPDE did not influence the percentage of
mutant clones with base substitutions, exon deletions, or Â±1 frame-

shift mutations (Table 2).
Dose-dependent Differences in (+)-BPDE-induced Base Substi

tutions in the Coding Region of the HPRT Gene. Decreasing the
dose of ( + )-BPDE decreased the proportion of base substitution mu

tations at GC base pairs and increased the proportion of base substi
tutions at AT base pairs (Table 3). At the high dose, 7 of 120 base
substitutions occurred at AT base pairs (6%) and 113 at GC base pairs
(94%). At the intermediate dose, 20 of 82 base substitutions occurred
at AT base pairs (24%) and 62 at GC base pairs (76%). At the low
dose, 27 of 76 base substitutions were at AT base pairs (36%) and 49
were at GC base pairs (64%). The results indicated that as the dose of
(+)-BPDE was decreased, the proportion of mutations at AT base
pairs was increased. The dose-dependent differences in mutations at
GC and AT base pairs are statistically significant (P < 0.0001; x2

test). As the dose of ( + )-BPDE was decreased, there was a dose-
dependent decrease in the proportion of GCâ€”Â»TAtransversions (from
69% to 42% of the total base substitutions) and a dose-dependent
increase in the proportion of AT->CG transversions (from 1% to 25%
of the base substitutions). The dose-dependent effects of ( + )-BPDE
on GC^>TA and ATâ€”Â»CGtransversions are statistically significant
(P < 0.0001 ; x2 test). A smaller increase in the proportion of ATâ€”>GC

transitions was also observed as the dose of ( + )-BPDE was decreased.

When additional base substitution data from aberrant splicing mutants
were added to our results on base substitutions in the coding region of
the HPRT gene, the percentage of total base substitutions as GCâ€”Â»TA

transversions decreased from 71 % for the high dose group to 43% for
the low dose group, the percentage of total base substitutions as
ATâ€”Â»CGtransversions increased from 0.7% for the high dose group

to 20% for the low dose group, and the percentage of total base
substitutions as ATâ€”Â»GCtransitions increased from 3.5% for the high
dose group to 15% for the low dose group.1

Dose-dependent Differences in Hot Spots for (+)-BPDE-induced

Mutations. An evaluation of the frequency of mutations at specific
bases in the coding region of the HPRT gene indicated differences in
the profile of hot spots induced by the different doses of (+)-BPDE

(Fig. 1; Table 4). Hot spots were defined as target bases that had at
least 3.3% of the total base substitutions at the dose level studied
(significantly different from random mutations; P < 0.01). Eleven hot
spots were observed for the high dose group, 7 hot spots were ob
served for the intermediate dose group, and 6 hot spots were observed
for the low dose group. These results are consistent with more ex
tensive damage of the HPRT gene with high doses of (+)-

BPDE than with intermediate or low doses. Hot spots found in the
high dose group that were not seen in the low dose group occurred at
G-47, G-130, G-135, G-199, G-209, G-355, G-358, G-418, and
G-569. Hot spots that were found in the low dose group that were not
seen in the high dose group occurred at G-152, G-229, G-539, and
T-578. A hot spot at G-634 was observed in all three dose groups.

Table 3 Kinds of base substitutions in the coding region of the HPRT gene in
l +Ã­-BPDE-induced-8-azaguanine-resistantmutant clones

Chinese hamster V-79 cells were treated with a high (0.30-0.48 /AM),intermediate
(0.04-0.10 JIM)or low (0.01-0.02 >ÃŒM)dose of (+)-BPDE or with DMSO vehicle alone.
Independent 8-azaguanine-resistant clones described in Table 2 were examined for base
substitution mutations. Numbers in parentheses represent the percentage of total base
substitutions.

1Unpublished observations.

No. of mutationsobservedMutationsHigh

doseIntermediatedoseLowdoseDMSOcontrolAt
G-C basepairsG-C-Â»G-C->G-C-TotalT-AC-GA-T83237113(69)(19)(6)(94)4312762(52)(15)(9)(76)3211649(42)(14)(8)(64)2013(14)(0)(7)(21)At

A-T basepairsA-T
â€”¿�A-T-A-T-TotalG-CT-AC-G4217(3)(2)(1)(6)86620(10)(7)(7)(24)531927(7)(4)(25)(36)100111(71)(0)(7)(79)
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DOSE-DEPENDENT DIFFERENCES IN ( + >-BPDE-INDUCED MUTATIONS
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Fig. 1. ( + )-BPDE-induced mutations in the coding region of the HPRT gene in V-79 cells. Mutations obtained from the high dose of ( + )-BPDE (0.30-0.48 Â¿IM)are shown in green
above the wild-type sequence, mutations from the intermediate dose of ( + )-BPDE (0.04-0.10 /IAOare shown in reddish brown below the wild-type sequence, and mutations from the
low dose of ( + )-BPDE (0.01-0.04 /IM) are shown in blue below the wild-type sequence. The numbers indicate the nucleotide positions relative to the first base of the start codon. The
letters used for the base substitutions indicate the new bases found in the HPRT mutant clones. Caret (A ) indicates a single base addition; indicates a single base deletion in the region

underlined.

It was of interest that more hot spots were observed for the high
dose group than for the intermediate or low dose groups and that hot
spots observed in the high dose group were more likely to have
multiple base substitutions than hot spots in the intermediate or low
dose groups (Table 4; Fig. 1). Eight of the 11 hot spots (73%) from the
high dose ( + )-BPDE group had multiple base substitutions whereas

only 4 of 13 (31%) hot spots from the combined intermediate and low
dose groups had multiple base substitutions (Table 4).

Strand Distribution for Base Substitutions in the Coding Re
gion of the HPRT Gene of V-79 Cells Treated with (+)-BPDE.
Examination of the strand distribution for ( + )-BPDE-induced base

substitutions revealed that 222 of 224 mutations at guanine (99%)
were on the nontranscribed strand (Table 5). In marked contrast to
these observations, 35 of 54 ( + )-BPDE-induced mutations at adenine

(65%) occurred on the transcribed strand (Table 5). Although the ratio
of adenine to guanine mutations increased with decreasing dose, the
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DOSE-DEPENDENT DIFFERENCES [N ( + I-BPDE-INDUCED MUTATIONS

Table 4 Hut spots fur ( + t-BPDE-induced mutations in the HPRT gene

No. of base % of total Type of
substitutions base base

Dose analyzed Hot spot" substitutionssubstitutionHigh

(0.30-0.48 /IM) 120 G-47(5xiG-130I4X)G-135

<6X)G-199I4X)G-207

(5X)G-209I5X)G-355

(4X)G-358I4X)G-418I7X)G-569I6X)G-634

(5X)Intermediate

(0.04-0.10 UM) 82 G-47(3X)G-88
(3X)T-246I3X)G-419(3X)G-569I4X)G-599I5X)G-634

(4X)4.23.35.03.34.24.23.33.35.85.04.23.73.73.73.74.96.14.9G-T(5X)G->T(3X);

G-Â»A(1X)G->T
(3X); G-Â»C(3X)G^T(3X);G^C

(IX)G-TI5X)G^C

(3X);G^T(2X)Gâ€”
T(3X);G->A(IX)G-T(2X);G-Â»A(1X);G-Â»C(1X)G->T(6X);G-Â»C(1X)G-Â»C(5X);G^T(1X)G-T(5X)G^T(3X)Gâ€”

T(3X)T-A(3X)G-Â»T(2X);

G^A(IX)G--C
(4X)G->T(4X);
G^A(IX)G-TI4X)Target

sequence in Purine-containinj
nontranscribed strand*1 putative

5'â€”Â»3' targetstrandCCAGGCTATTATGGACAGACAGGACTGCTGTGTGCTTGAAGGGGGAAGGGGGGCTGGTGGOGATGGGGATGACACTGGTAAGTTGGATATAACTGGGAACCAGGCTATTGTCGAGGAACATTAAAGACTGGTAAAGTTGGATATTTCAGGGATAACTGGGAANTNTNTNTNTNTNTNTNTNTNTNTNTTNTNTNTNT1

Codon no. of rax sequence
with homology to

the HPRT hot spotsequenceH-13

(mouse)H-12
(mouse)H-12

and H-13(mouse)N-61
(human andmouse)'H-13

(mouse);N-12(human
andmouse)NoneK-13

(mouse)H-12
(mouse)K-12

(mouse)H-12
(mouse)H-12

(mouse);K-12(human
andmouse)H-13

(mouse)H-12
(mouse)NoneK-12

(human andmouse)H-12
(mouse)N-12

(human andmouse);H-61
(human)H-12

(mouse);K-12(human
and mouse)

Low (0.01-0.02 /IM) 76 G-I52(3X)
G-207 (5X)

G-229(4X)

G-539I6X)
T-578I8X)

G-634 (3X)

3.9
6.6

5.3

7.9
10.5

3.9

G->C (3X)
G->C (3X); G-Â»T(2X)

G-T(4x)

G->A <5X);

T-Â»G (8X)

G-Â»T(3x)

T (Ix)

GCCCGAGAT
TGAAGGGGG

TGCTGACCT

GTTGGATTT
GCCCTTGAC

AACTGGGAA

NT H-12 (mouse)
NT H-13 (mouse); N-12

(human and mouse)
NT K-61 (human and mouse)'

H-61 (mouse)'

NT H-12 (mouse)
T K-61 (human and mouse)'

H-61 (mouse)'

NT H-12 (mouse); K-12
(human and mouse)

" A hot spot is defined as a target base with at least 3.37r of the total base substitutions at the dose studied (significantly different from random mutations; P<().i)\ ). Numbers in

parentheses, number of occurrences of mutations. NT and T. nontranscribed and transcribed strands, respectively.
h Nucleotides that were mutated are shown in bold type and sequence homologies to ras hot spot sequences are underlined.
' The homologous sequence is on the transcribed strand.

Table 5 Strand distribution for base substitutions in the coding region of the HPRT
gene in ( +i-BPDE-induced 8-azaguanine-resistant mutant clones

Chinese hamster V-79 cells were treated with a high (0.30-0.48 /AM),intermediate
(0.04-0.10 JIM) or low (0.01-0.02 JIM) dose of (-H-BPDE or with DMSO vehicle alone.
Independent 8-azaguanine-resistant clones described in Table 2 were examined for base
substitutions at guanine and adenine in the transcribed and nontranscribed strands.

No. of base substitutionsobservedPutative

target strand for
mutationsAt

guanine
TranscribedstrandNontranscribed

strand

TotalAt

adenineTranscribed
strandNontranscribed
strandTotalHigh

dose0113113527Intermediatedose1616214620Lowdose1484916II27DMSOcontrol03301111

ratio of adenine mutations on the transcribeoVnontranscribed strand
was independent of dose, and essentially all of the guanine mutations
were found on the nontranscribed strand at all doses. The strand
distribution for base substitutions at adenine in the DMSO-treated
control group was very different from that in the ( + )-BPDE-treated
groups. All 11 base substitutions at adenine in the DMSO-treated

control group occurred on the nontranscribed strand (Table 5). These
results with DMSO-treated V-79 cells differ from earlier studies which

indicate that spontaneous mutations at adenine were equally divided
between the transcribed and nontranscribed strands (13).

Dose-dependent Differences in Exon Deletions in the Coding
Region of the HPRT Gene. Thirty-six exon deletion mutations were
observed in the high dose ( + )-BPDE group, 26 were observed in the

intermediate dose group, 31 were observed in the low dose group, and
11 were observed in the DMSO control group (Table 6). Comparison
of exon deletions in V-79 cells treated with a high or low dose of
(+)-BPDE suggested a smaller proportion of exon 2 and 5 deletions

in the low dose group and an increased proportion of exon 4 and 7
deletions in the low dose group when compared with the high dose
group. The differences in the distribution of exon deletions at exon 2,
4, 5, 7, and 9 among the three dose groups are statistically significant
(P = 0.02, Fisher exact test).

Preferential (-t-)-BPDE-induced Base Substitution Mutations at

ras Hot Spot Sequences in the Coding Region of the HPRT Gene.
It is of interest that all but 2 of the hot spots for ( + )-BPDE-induced

base substitutions described in Table 4 are located in nucleotide se
quences associated with codons 12, 13, or 61 of human or mouse H-,
K-, or N-rai protooncogenes (Table 4). Ninety-three % of the base

substitution mutations (101 of 109) described in Table 4 occurred in
motifs (>3 nucleotides) associated with a raÃ­hot spot. The results of

additional analysis of base substitutions in the coding region of the
HPRT gene for all doses of ( + )-BPDE combined indicated that 88%
of all ( + )-BPDE-induced base substitution mutations (245 of 278)
occurred in a motif (>3 nucleotides) with homology to a ras hot spot

and adjacent bases. Only 61% of the mutable bases (345 of 567) in the
coding region of the HPRT gene are in a motif (>3 nucleotides) with

homology to a ras hot spot and adjacent bases. The data indicate that
(+)-BPDE has a preference for causing mutations in motifs in the
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DOSE-DEPENDENT DIFFERENCES IN ( + Â»-BPDE-INDUCED MUTATIONS

Table 6 ( + )-BPDE-induced exon deletions in the coding region of the HPRT cDNA in Chinese hamster V-79 cells

Chinese hamster V-79 cells were treated with a high (0.30-0.48 Â¿IM),intermediate (0.04-0.10 /IM) or low (0.01-0.02 JIM)dose of (+)-BPDE or with DMSO vehicle alone. Independent
8-azaguanine-resistant clones described in Table 2 were examined for exon (E) deletions in the coding region of the HPRTcDNA. Numbers in parentheses, percentage of exon deletions.

No. of exon deletionsobservedDMSOExon

deletionsElE2E3K4E5E6E7E8Pan

ofE9TotalBase

no.1-2728-134135-318319-384385-402403^85486-532533-609610-626Highdose18241(1142436(3)(22)(6)(11)(28)(3)(ID(6)(11)(100)Intermediatedose07032225526(0)(27)(0)(12)(8)(8)(8)(19)(19)(100)Lowdose041124070331(0)(13)(3)(39)(13)(0)(23)(0)(10)(100)control03331010011(0)(27)(27)(27)(9)(0)(9)(0)(0)(100)

coding region of the HPRT gene that have sequence homology to
codons 12, 13, and 61 of H-, K-, and N-TOÃ•protooncogenes (P <

0.0001).
Nucleotide Sequences with Frequent (+)-BPDE-induced Muta

tions in the Coding Region of the HPRT Gene. Examination of all
278 ( + )-BPDE-induced base substitutions (for all doses combined) in

the coding region of the HPRT gene revealed several sequences that
are frequent targets for mutagenesis (Fig. 1). A particularly strong hot
spot region for ( + )-BPDE-induced mutations at guanine is
AGGGGGGC (G-207 to G-212). Twenty-four base substitutions, as

well as two single base deletions and one single base addition, were
observed in this string of guanines. Other nucleotide sequences that
have many ( + )-BPDE-induced base substitution mutations targeted at

guanines include TGGA, AGGA, TGGT, AGGC, TGGGA, AGGGA,
and TGGGGA (Fig. 1; Table 7). Mutations at guanine in the above 8
sequences accounted for 56% of the total base substitutions and 70%
of the substitutions at guanine. Additional information on frequently
mutated sequences is given in Table 8. The data in Table 8 indicate
specific hot spots for ( + )-BPDE-induced base substitution mutations

in nucleotide tetramers that appear in the coding region of the HPRT
gene. GGTA, CTGG, CGAG, GGCT, AGGG, and TGGG (mutated
base is underlined) were particularly good G hot spots and CTTG was
an excellent A hot spot. The putative target sequence for the A hot spot
is CAAG.

DISCUSSION

Although experimental carcinogenesis and mutagenesis studies are
often done with high doses of chemicals, humans and other organisms
are usually exposed to only small amounts of carcinogens in their
natural environment. The present study was done to evaluate the
mutagenic profile of low, intermediate, and high doses of ( + )-BPDE
at the HPRT locus of Chinese hamster V-79 cells. In this study, we
treated V-79 cells with a high cytotoxic dose (0.30-0.48 /UM;32% cell
survival), an intermediate noncytotoxic dose (0.04-0.10 JUM;100%
cell survival), or a low noncytotoxic dose (0.01-0.02 P.M;97% cell

Table 7 Nucleotide sequences with frequent ( + >-BPDE-induced base substitution
mutations in the coding region of the HPRT gene

Two hundred seventy-eight (-t-)-BPDE-induced base substitutions from all doses were
evaluated. Mutations at Gs in the indicated sequence were counted.

TargetsequenceAGGAAGGCTGGATGGTAGGGATGGGATGGGGAAGGGGGGCNo.
of sites

available43851211No.
of sites

with mutations42851211No.
of mutations
observed201152209141124%

of total
base substitutions7.24.018.77.23.25.04.08.6

survival) of ( + )-BPDE. When independent 8-azaguanine-resistant

clones were isolated for molecular analysis of the mutation profile, we
observed dose-dependent differences in the spectrum of mutations
induced by ( + )-BPDE. At the high cytotoxic dose of (+ )-BPDE, most
base substitutions were at GC base pairs (predominantly GCâ€”>TA

transversions) with only an occasional mutation observed at an AT
base pair (Table 3). As the dose of ( + )-BPDE was decreased, how
ever, there was a dose-dependent increase in the proportion of base

substitutions observed at AT base pairs and a corresponding decrease
in the proportion of base substitutions at GC base pairs (Table 3). The
percentage of base substitutions observed at AT base pairs was 6% for
the high dose group, 24% for the intermediate dose group, and 36%
for the low dose group (Table 3). As the dose of ( + )-BPDE was
decreased, there was a dose-dependent decrease in the proportion of
GCâ€”>TAtransversions and a dose-dependent increase in the propor
tion of ATâ€”Â»CGtrans versions. Additional observations indicated the
presence of dose-dependent differences in exon deletions (Table 6)
and dose-dependent differences in hot spots for base substitutions

(Fig. 1; Table 4). Examination of the mutational profile for the DMSO
control group indicated that it was different from that observed for the
(+)-BPDE groups (Tables 3 and 6). The results of the present study,
which analyzes 368 independent mutants from ( + )-BPDE-treated
V-79 cells, confirm and greatly extend the results of our earlier pre
liminary study that indicated dose-dependent differences in the profile
of ( + )-BPDE-induced mutations in V-79 cells (8). A recent report on
the mutational profile of cytotoxic doses of A'-methyl-A''-nitro-A/-

nitrosoguanidine in the coding region of the HPRT gene of human
fibroblasts also suggests dose-dependent effects (14). Treatment of the
cells with a very high cytotoxic dose of W-methyl-A/'-nitro-A/-ni-

trosoguanidine (10-12 JAM;8-15% cell survival) resulted in base

substitution mutations predominantly at GC base pairs whereas cells
treated with a lower cytotoxic dose (6-8 Â¡J.M;26-40% cell survival)

had an increased proportion of mutations at AT base pairs.
Previous studies on the mutational specificity of racemic BPDE in

mammalian cells were done with a shuttle vector in COS (a SV40-

transformed monkey kidney cell line) (15) and human (16) cells, with
the endogenous adenine phosphoribosyltransferase ( 17) and dihydro-

folate reducÃ­ase(18) genes in Chinese hamster ovary cells, and with
the endogenous HPRT gene in human fibroblasts (19-21). The studies
with endogenous mammalian genes (17-21) were done utilizing high

cytotoxic doses of racemic BPDE, and mutations observed in these
studies were predominantly at GC base pairs (87-100% of the base
substitution mutations). The major mutations observed were GCâ€”>TA

transversions, which are similar to the results of our present study with
(+)-BPDE (Table 3). Similar results were obtained in a recent study
on the effect of a high cytotoxic dose of (+)-BPDEon the HPRT gene
in human T-lymphocytes (22).

An important question is the nature of the premutagenic lesions that
occur after treating cells with ( + )-BPDE. Major adducts of (+)-
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DOSE-DEPENDENT DIFFERENCES IN ( + )-BPDE-INDUCED MUTATIONS

Table 8 Hot spois for (+)-BPDE-induced base substitution mutations in nucleotide tetramers in the coding region of the HPRT gene

Two hundred seventy-eight (+)-BPDE-induced base substitutions from all doses were evaluated.

Targetsequence"GGTACTGGCGAGGGCTAGGGTGGGGGTAGCTGGOTOGTGGGTGCGGGGTOGACAGGTTGGGGATGGGGGATAAAGGGGGAACTGCCCGAGGGGGACAGGCTGGTGGGCGGAGAGGATGTGCTJG"

Frequently mut.Positions

of putative targetbase*1418379.418.63488,

15247,212207.

334,599171,
355,6344J9229355355199207,

208, 209. 334,35597,
119. 130. 238. 380. 518. 539.56947,

135. 335,60097,
353, 518, 539.5699_1,

238. 358. 518, 539. 569.601209,
211268,

518.569102.
207, 477,500171,

335. 356. 599.634139.
289, 317, 379. 418.63411.

152209,601130,

nÂ«i 337,403,50147,

176.525352,418,4712J2119.

1739_1,
135, 403_,501187.197.

199.617146.
391,487,578ited

bases in the nontranscribed strand are underlined.No.

of sites
available1322335g457234562253312444No.

of mutations
observed821131218175555524371721288121619217717101036121211No.

of mutations
observed/site8.07.06.56.06.05.75.05.05.05.05.04.84.64.34.24.04.04.04.03.83.53.53.53.43.33.33.03.03.03.02.8

b Positions of the putative target bases are as shown in Fig. 1. Mutated bases are underlined.

BPDE with the exocyclic amino group of guanine and to a consider
ably lesser extent with the exocyclic amino group of adenine in DNA
are known to occur (Refs. 23 and 24 and references therein). In
addition, other minor adducts from the benzo(a)pyrene diol-epoxides
that have been proposed include those at N7 of guanine (24, 25),

phosphotriester adducts (26), and cytosine adducts (24, 27). It is not
known which, if any, of the above adducts are responsible for the
transformation of cells. Recent studies in our laboratory and by others
have shown that addition of ( + )-BPDE to Chinese hamster V-79 cells

or to calf thymus DNA resulted in high selectivity for covalent binding
to guanine (24, 28).3 About 98% of the DNA adducts from (+)-BPDE

were with guanine (at the exocyclic amino group) and 2-3% of the

adducts were with adenine (at the exocyclic amino group). The effect
of dose of (+)-BPDE on the distribution of these adducts is currently

under investigation.
There are several possible reasons for differences in the spectrum of

mutations that occur after treating V-79 cells with different doses of
(+)-BPDE. One possible explanation would be dose-dependent dif
ferences in the covalent binding of (+)-BPDE to DNA bases [Is the

ratio of adenine adducts to guanine adducts higher in cells treated with
a low dose of (+)-BPDE than in cells treated with a high dose?].
Another possible explanation would be dose-dependent differences in

repair activities for the removal of guanine and adenine adducts from
DNA [Does a high dose of (+)-BPDE selectively induce the removal

of adenine adducts to a greater extent than guanine adducts? Does a
high dose of (+)-BPDE inhibit cell division and DNA replication,

thereby allowing more time for selective repair of adenine adducts? Is
repair activity for guanine adducts saturated or inactivated at the high
dose of (+ )-BPDE, thereby increasing the proportion of stable gua

nine adducts at high dose levels?]. A third possible explanation would
be dose-dependent differences in the death of cells with adenine

adducts [Does the high dose of (+)-BPDE cause preferential death of

cells with adenine adducts?]. An additional explanation would be
dose-dependent differences in the kinds of cellular lesions induced by
(+)-BPDE [perhaps (+)-BPDE-induced DNA adducts are important
premutagenic lesions at high dose levels and (+)-BPDE-induced dam

age of proteins that participate in faithful replication and/or repair
may become increasingly more important for generating mutations at
low doses (i.e., modulation of DNA repair enzymes or fidelity of
DNA polymerases)]. More studies are needed to determine whether
these or other mechanisms are responsible for the dose-dependent

differences in mutational spectra that were observed. It is of interest
to note the results of an earlier study by Pegg and Hui that indicated
dose-dependent differences in the O6-methylguanine/A/7-methyl-

guanine ratio in liver DNA at 4-24 h after treating rats i.p. with dif
ferent doses of nitrosodimethylamine (29). The O6-methylguanine/
Af7-methylguanine ratio was about 10-fold higher with a high dose

(10 mg/kg i.p.) than with a low dose (<0.5 mg/kg i.p.) of ni
trosodimethylamine. These results were attributed to more extensive
repair of O6-methylguanine adducts at the low dose than at the high

dose.
It is of considerable interest that virtually all (>99%) of the (+)-

BPDE-induced mutations at guanine occurred on the nontranscribed

strand (Table 5) which suggests efficient preferential repair of the
transcribed strand. Marked strand bias for mutations at guanine was
observed for all doses of ( + J-BPDE. Strand specificity for diol-
epoxide-induced mutations at guanine in the coding region of endog

enous genes in mammalian cells has been reported earlier for racemic
BPDE (17-19, 21) and more recently for (+)-BPDE (22). Preferential

repair of racemic BPDE adducts in the transcribed strand of the HPRT
gene of human fibroblasts has also been reported (30), and strand bias
for mutations at guanine was markedly decreased in excision repair-
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DOSE-DEPENDENT DIFFERENCES IN ( + I-BPDE-INDUCED MUTATIONS

deficient cells (20). The results of our studies and those by others
(cited above) strongly suggest that the observed strand specificity for
( + )-BPDE-induced mutagenesis results from preferential excision re
pair of ( + )-BPDE-guanine adducts on the transcribed strand. The
results of our studies indicating that ( + )-BPDE-induced mutations at

adenine occurred on both the transcribed and nontranscribed strand
were unexpected and novel. Indeed, the ratio of ( + )-BPDE-induced

mutations at adenine on the transcribed strand to that on the nontran
scribed strand was almost 2/1 (Table 5). Assuming that (-t-)-BPDE-

induced premutagenic lesions are on purines, our results suggest that
repair mechanisms for (-l-)-BPDE-adenine adducts in DNA are dif
ferent from those for ( + )-BPDE-guanine adducts and that ( + )-BPDE-

adenine adducts are less efficiently removed from the transcribed
strand than (-t-)-BPDE-guanine adducts. A possible alternative expla

nation for differences in strand specificity for mutations at guanine
and adenine is that mutagenesis at GC base pairs is caused predom
inantly by ( + )-BPDE-guanine adducts whereas mutations at AT base
pairs may result from other kinds of (-H)-BPDE-induced cellular

changes that are independent of covalent binding to DNA (altered
DNA polymerase fidelity, changes in DNA repair activity etc.).

Examination of 278 ( + )-BPDE-induced base substitutions in V-79
cells revealed hot spot regions with very high ( + )-BPDE-induced

mutagenic selectivity. We found that guanines in TOGA, TGGT,
AGGA, AGGC, AGGGA, TGGGA, TGGGGA, and AGGGGGGC
were particularly excellent targets for (-H)-BPDE-induced mutations

(Table 7; Fig. 1). Mutations at guanines in the above 8 sequences
accounted for 56% of all base substitutions and 70% of the substitu
tions at guanine. It is of considerable interest that TGGA is a partic
ularly good target for ( + )-BPDE-induced mutations (18.7% of total

base substitutions; Table 7) and that this sequence corresponds to that
of codon 12 and the last base of codon 11 in the mouse H-ras

protooncogene. The high mutagenic selectivity for the above eight
sequences could be the result of preferential covalent binding of
( + )-BPDE, since polycyclic aromatic hydrocarbon diol-epoxides are
known to target purine-rich sequences in DNA (31 ). Additional stud

ies indicated that a guanine residue with an adjacent guanine or
cytosine was a preferential target for ( + )-BPDE binding in 8 and 10

base oligonucleotides (32). The prevalence of mutations at runs of
guanine is in agreement with other studies on the effect of racemic
BPDE on endogenous mammalian genes ( 17, 18, 21 ). In these studies,
hot spot regions were reported to be AG(G)nGA in the adenine phos-

phoribosyltransferase gene (17) and AGG or GGA in the dihydrofolate
reducÃ­asegene of Chinese hamster ovary cells ( 18) and a run of six Gs
in the HPRT gene of human fibroblasts (21). In a recent study with
( + )-BPDE, an AGG sequence was identified as a hot spot region in
the HPRT gene of human T-lymphocytes (22). Although the above
studies identified hot spot regions for racemic BPDE or ( + )-BPDE-

induced mutations in the adenine phosphoribosyltransferase, dihydro
folate reducÃ­ase,and HPRT genes in cells treated with high cytoloxic
doses of the diol-epoxide, no specific bases were ideniified as hot

spots.
The results of our sludy ideniified several bases in ihe coding region

of ihe HPRT gene that are hot spols for ( + )-BPDE-induced base

subslilution mutalions (Table 4). Il was of inleresl lhal more hoi spols
were observed for ihe high dose group lhan for ihe intermediale and
low dose groups, and ihe location of hot spots appeared to depend on
ihe dose. For some hoi spots ihere was only one kind of base subsii-

lulion whereas for olher hoi spols ihere was more than one kind of
base substitutions (Fig. 1; Table 4). For example, only Gâ€”Â»Ttrans-
versions were observed al G-47, while both G-^C and G^T trans-
versions were detected at G-135. Different types of substilulions in
duced by (+)-BPDE al ihe same largel base could result from (a)
different premulagenic adducls on ihe same base, (b) a single premu-

lagenic adduci thai resulls in mulliple base pairing due to several

different conformations lhat are possible for the modified base, (c) the
same or different premulagenic adducls on the base adjacent to the
mulaled base, and (d) ihe modulalion of ihe fidelily of DNA poly
merase or DNA repair enzymes. Examples of a single adduci lhal can
induce several differenl base subslilulions have been reported. An
06-benzylguanine al the second base of codon 12 of H-ras in a

plasmid induced Gâ€”Â»C,Gâ€”>Tand G^>A mutations at the same po-
silion when ihe plasmid was iransfected into Rat 4 cells (33); 8-hy-
droxyguanine at the second posilion of codon 12 in a synlhelic c-H-
ras gene induced G^T, G^>C and Gâ€”>Amulalions at the modified

site as well as G^T and G^A mutations at the first base of codon 12
when ihe plasmid was transfected into NIH3T3 cells (34). In addilion,
Ihe adduci formed on rraÂ«s-opening of ( + )-BPDE at C-10 by the
exocyclic N2-amino group of deoxyguanosine at G-437 in plasmid
pUC 19 induced bolh Gâ€”>Tand Gâ€”>Ciransversions al ihe modified

site when the plasmid was replicated in Escherichia coli (35). Our
findings thai some mutagenic hot spots had a single kind of subsli-

tution and some had mulliple kinds of subslilulions suggesl the pres
ence of several mutagenic mechanisms.

Analysis of our data indicated that (+ )-BPDE-induced mutations in

the coding region of the HPRT gene had a marked preference for
motifs with sequence homology to codons 12, 13, and 61 of H-, K-,
and N-ra.9 (Table 4). The results of in vivo sludies indicate ihe pres

ence of activated ras oncogenes in tumors from mice irealed with
benzo(a)pyrene. Although the number of tumors examined in these
studies was quite small, G^T iransversions were the most prominent
mutalion, and G^ A and A^>T mutations were also observed (36-38).

There is a need for additional studies on the profile of mutalions in
lumors oblained from animals ireated wilh benzo(a)pyrene and ( + )-
BPDE. Allhough the results of our studies indicate dose-dependenl

differences in ihe mulagenic profile of a carcinogen in cullured cells,
it is not known whether there are dose-dependent differences in the

mutalional spectra of carcinogens in vivo in animals. The finding that
ihere are dose dependent differences in the O6-melhylguanine/A'7-

melhylguanine ralio in liver DNA from rals treated with niirosodim-
ethylamine (29) suggests that dose-dependent differences in ihe mu-

laiional profile of chemical carcinogens may exisi in vivo. It would be
of interesl lo determine whether there are dose-dependent differences

in ihe profile of mutations in oncogenes and tumor suppressor genes
in tumors obtained from animals and to determine whether or not the
profile of mulalions described in the present report will be similar to
that in animals or humans exposed to benzo(o)pyrene.
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