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ABSTRACT We evaluated the formation and removal of
(+)-3a,48-dihydroxy-la,2a-epoxy-1,2,3,4-tetrahydroben-
zo[c]phenanthrene (BcPHDE)-DNA adducts in two Chinese
hamster ovary (CHO) cell lines. One line of repair-proficient
cells (MK42) carries a stable 150-fold amplification of the
dihydrofolate reductase (DHFR) locus. The other line ofrepair-
deficient cells (UV-5) is diploid for this gene and is defective in
excision of bulky DNA lesions. Two methods were used to
quantitate adduct levels in treated cells: Eseherichia coUl
UvrABC excision nuclease cleavage and 32P-postlabeling. DNA
repair was examined in the actively transcribedDHFR gene, in
an inactive region located 25 kilobases downstream, and in the
overall genome. Between 8 and 24 hr after BcPHDE exposure,
preferential repair of the DHFR gene compared to the non-
coding region was apparent in MK42 cells. This gene-specific
repair was associated with adduct removal from the DHFR
transcribed strand. However, UV-5 cells showed no lesion
reduction from this strand of the gene. By both quantitation
methods, regions accessible to repair in MK42 cells showed a
2-fold reduction in DNA adduct levels by 24 hr. That the
decline in adducts reflects genomic repair was demonstrated by
the constant damage level remaining in UV-5 cells. Since
BcPHDE-induced mutations in DHFR apparently arise from
adducted purines on the nontranscribed strand, results from
the present study support the idea that a consequence of
strand-specific repair is strand-biased mutations.

We have been studying the mechanism of strand-biased
mutations induced by polycyclic aromatic hydrocarbons
(PAHs) in a model mammalian gene. Greater than 90% of
mutations induced by (+)-7/,38a-dihydroxy-9f3,10,3-epoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE) and (+)-3a,4f3-
dihydroxy-la,2a-epoxy-1,2,3,4-tetrahydrobenzo[c]phenan-
threne (BcPHDE) in the dihydrofolate reductase gene
(DHFR) of Chinese hamster ovary (CHO) cells affected
purine targets on the nontranscribed coding strand of DNA
(1, 2). A similar strand bias for BPDE-induced mutations in
the hypoxanthine phosphoribosyl transferase gene (HPRT)
of human fibroblasts was described where 77% of the pre-
mutagenic guanine bases were also on this strand (3). As-
suming that carcinogen modification ofDNA in vivo occurs
with similar frequency on both strands, several possible
explanations for the apparent strand selectivity of induced
mutations can be considered and tested.
One explanation for the strand bias of mutations is that the

selection for dihydrofolate reductase-deficient mutants is
very stringent, causing mutations to occur on one strand
preferentially (4). We recently devised a reversion assay to

address this possibility (5). BcPHDE-induced forward mu-
tations were transversions favored at triple purine sequences
where the 5' base was altered (2). The assay used DHFR-
nonsense mutants that carry this target sequence on both
strands at each of two stop codons, and all purine thymine
mutations yield amino acid substitutions compatible with
dihydrofolate reductase activity. Randomly induced muta-
tions at these sites would produce a 2:1 ratio of substitutions
on the nontranscribed versus the transcribed strand. Se-
quence analysis of 66 independent BcPHDE-induced rever-
tants showed that the combined ratio of mutations affecting
purines on the nontranscribed strand was 15:1. Hence, the
strand bias here was independent of phenotypic selection.

Analysis of induced mutations in rodent HPRT led to the
suggestion that strand-biased mutations relate to the polarity
of the marker gene with respect to DNA replication (6). Since
strand-biased UV-induced mutations were found in the ab-
sence ofDNA repair on the transcribed strand ofHPRT (7),
the misinsertion rate differences for replicative polymerases
a and 6 may also contribute to the strand-bias phenomenon.
Indeed, the overall fidelity of polymerase a appears signifi-
cantly poorer for base substitutions compared with other
polymerases tested (8).
A third explanation for strand-biased mutations is that

DNA repair of carcinogen adducts occurs preferentially in
the DHFR gene and specifically removes adducts from the
transcribed strand. This model predicts that mutations will
occur on the nontranscribed strand because adducts persist
there. Repair of UV-induced damage was demonstrated to
occur rapidly in the CHO DHFR gene but inefficiently (15%
in 24 hr) in the genome overall (9). This intragenomic DNA
repair heterogeneity is thought to reflect aspects ofchromatin
structure, and repair in DHFR was shown to be maximally
efficient in the hypomethylated 5' end of the gene (10, 11).
Gene-specific repair of UV-induced pyrimidine dimers cor-
related with selective repair of the transcribed strand in
active loci of eukaryotes and prokaryotes (11, 12). Facilita-
tion of damage recognition on the transcribed strand is
mediated by a transcription-repair coupling factor in Esche-
richia coli (13). The human coupling factor is presumably
encoded by ERCC6, a gene mutated in Cockayne syndrome
(14).

In the work presented here, we quantitated the adduct
levels inDNA from cells treated with BcPHDE and evaluated
whether there was gene-specific and/or strand-specific repair
ofthese lesions. In addition, we examined the overall genome
repair of BcPHDE-induced DNA damage. For these exper-

Abbreviations: BPDE, (+-)-7,8,8a-dihydroxy-9/,108-epoxy-7,8,9,
10-tetrahydrobenzo[a]pyrene; BcPHDE, (-+-)-3a,4f8-dihydroxy-
la,2a-epoxy-1,2,3,4-tetrahydrobenzo[c]phenanthrene; PAH, poly-
cyclic aromatic hydrocarbon.
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iments, we used CHO cells that are repair-proficient (MK42),
as well as cells that are defective in repair of bulky DNA
adducts (UV-5) (15, 16). MK42 cells were derived from the
hamster K-1 line and carry DHFR amplified 150 times. The
level ofDHFR mRNA is proportional to the relative number
of amplified gene copies (17). Since these cells are highly
resistant to methotrexate (0.2 mM) and have a 200-fold
increase in DHFR activity over wild-type parental cells (15),
it is reasonable to assume that most of the gene copies are

transcribed normally. In both strains, BcPHDE-DNA ad-
ducts formed to about maximal levels within 1 hr after
treatment. These adducts in MK42 but not UV-5 cells were
repaired on the transcribed strand of DHFR. Thus, the
results are consistent with the model that the induced muta-
tional strand bias is a consequence of transcription-coupled
repair.

MATERIALS AND METHODS

Materials. Cell culture media (Ham's F-12 and F-12 defi-
cient in thymidine) supplemented with 10%o (vol/vol) fetal
bovine serum and antibiotics were as noted (18). Reagents for
repair experiments were as described (19, 20). RNA probes
were prepared with a Boehringer Mannheim SP6/T7 tran-
scription kit. [y-32P]ATP was from DuPont and T4 polynu-
cleotide kinase from United States Biochemical. Micrococcal
nuclease, spleen phosphodiesterase, and all other biochem-
icals were from Sigma. Chromatography used polyethylene-
imine-cellulose plates (Polygram Cel-300 PEI; Brinkmann).
(+)-BcPHDE was a generous gift from R. Harvey (University
of Chicago).
BcPHDE Treatment of MK42 and UV-5 Cells. Cells were

grown in Ham's F-12 containing 0.3 ,uM thymidine (18) and
prelabeled with [3H]thymidine as described (21). Prior to
carcinogen treatment, the medium in 150-mm dishes was

removed and replaced with 10 ml of serum-free medium
containing bromo- and fluorodeoxyuridine as detailed else-
where (21). BcPHDE was in dimethyl sulfoxide; negative
control cultures received dimethyl sulfoxide without the
carcinogen. To evaluate repair, treated cells were incubated
at 37°C for varying lengths oftime before they were harvested
and DNA was isolated. The preparation and CsCl density
gradient separation of DNA were as described (21). Carcin-
ogen-exposed cells for 32P-postlabeling were prepared in the
same way except that the density and tritium labeling pro-
cedures were omitted.

32P-Postlabellng Analysis. DNA (0.17 pg) from BcPHDE-
treated cells digested with micrococcal nuclease and spleen
phosphodiesterase was labeled with 50 uCi of ['t_32P]ATP and
T4 polynucleotide kinase as described (22). Chromatography
was performed: D1 was in 1 M sodium phosphate (pH 6.8);
D3 was in 2 M litium formate/6 M urea, pH 3.5; D4 was in
0.45 M HC1/0.5 Tris/6 M urea, pH 8.0; and D5 was in 1.7 M
sodium phosphate (pH 6.0). Adduct spots were quantitated
by a Betagen Betascope 603 blot analyzer scanning densi-
tometer (Betagen, Waltham, MA).
BcPHDE Adducts inDHFR Quantitated by Escierichia coi

UvrABC Excison Nuclease (ABC Excinucease) Incision. The
treatment of carcinogen-modified DNA with ABC excinu-
clease and the analysis of the incision products by Southern
blotting after alkaline agarose gel electrophoresis were as
detailed (19, 20). Repair was assayed using double-stranded
DNA probes for hybridization to 14-kilobase-pair (kb) Kpn I
fragents located in the 5' region of the DHFR gene, as well
as in the 3' downstream region (10). After autoradiography,
membranes were dehybridized and reprobed for other se-
quences. RNA probes (23) were generated to detect the
transcribed and nontranscribed strand of the 5' DHFR frag-
ment. The RNA probes used plasmid pZ3d8 specifying
mRNA and complementary RNA forDHFR exons 1 and 2 on

a 2.5-kb fragment (24). The ratio of the ABC excinuclease-
treated to -untreated DNA band intensities provides the
fraction of DNA single strands that are undamaged. Quan-
titation of the band intensities on autoradiograms was by
densitometry, as above. Based on this quantitation, a Poisson
analysis was used to determine the lesion frequency (9).

RESULTS
BcPHDE Dose and Time Interval for Initial DNA Damg.

ABC excinuclease incises a variety of bulky carcinogen
monoadducts (19, 20) in a sequence-independent manner
(25). From the proportion of DNA sample incised by the
nuclease, the number of adducts per fragment can be deter-
mined (19, 20). In general, the efficiency of incision parallels
the modification level and is 33-50% of the total lesion
number in kilobase-sized fragments (19, 20, 25). The gene-
specific repair assay of Bohr et al. (9) requires that ABC
excinuclease nicking of the damaged DNA sample reduce or
eliminate the appearance of a specific restriction fragment
from a Southern blot at early time points. The reappearance
of this fragment after excinuclease digestion using DNA of
treated cells that were incubated for some period of time is
indicative of repair. The lowest BcPHDE concentration that
met this criterion was 0.5 ,.M (data not shown). This dose was
used in all the experiments described below and is 5-fold
higher than that previously used to induce forward mutations
in the DHFR gene (2). Treatment at this concentration
rendered cells attached to dishes at 24 hr but essentially
inviable by colony-forming ability (<0.01%).

Repair assays compare the DNA damage level directly
after treatment relative to the level remaining after a time
interval. Because the half-life of BcPHDE in tissue culture
medium is 10 hr and this chemical is about 100-fold more
stable than BPDE (26), we first evaluated the time course of
initial DNA damage in the overall genome after BcPHDE
treatment. Three cultures of MK42 cells were exposed to
BcPHDE in serum-free medium for 1 hr. The results of
32P-postlabeling of the DNA to quantitate BcPHDE adducts
are shown in Table 1. The first sample of treated cells
(treatment condition A) was immediately harvested forDNA.
Medium containing the carcinogen was removed from the
second sample of cells (condition B); they were washed twice
with phosphate-buffered saline before complete medium was
added and then collected for DNA after a 3-hr incubation.
Upon treatment of the third sample (condition C), medium
containing the carcinogen was not removed. Instead, addi-
tional medium supplemented with serum was added, and the
incubation was continued as for condition B. The data in
Table 1 show comparable BcPHDE-DNA adduct levels with
all three test conditions. Hence, these adducts form within 1
hr after treatment and do not appreciably accumulate there-
after. This result was confirmed by the adduct quantitations
in DNA of carcinogen-treated UV-5 cells (see below). The
subsequent experiments measured repair after this initial

Table 1. Time of initial BcPHDE-DNA adduct formation in
treated MK42 cells evaluated by 32P-postlabeling

Treatment Adducts per nucleotide x 106
condition* Assay 1 Assay 2 Average

A 5.4 2.3 3.85
B 3.2 0.9 2.25
C 4.4 2.0 3.20

*Treatment condition A consisted of harvesting BcPHDE-treated
cells for DNA after a 1-hr incubation. Upon the same BcPHDE
exposure, cells were either washed to remove the carcinogen
(condition B) or not washed (condition C) and incubated in complete
medium for an additional 3 hr.
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FIG. 1. Autoradiogram of the formation and repair of BcPHDE
adducts in a 50-kb region containing the DHFR locus. Cells treated
with 0.5 pM BcPHDE were incubated for 1, 8, 12, or24 hr. Untreated
control cells are also shown (lanes C). DNA was digested with Kpn
I. (A) The bands are the 14-kb'5' end of the DHFR gene hybridized
to the double-stranded probe here designated 5'-lS (pMB5) and
downstream noncoding sequences hybridized to a similarly prepared
probe designated 3'-DS (a Cs-14 subclone). Preparation of these
samples for alkaline electrophoresis, Southern transfer, and hybrid-
ization were as detailed (20). (B) The same filter shown above in A
after it was dehybridized and reannealed first with a single-stranded
RNA probe for the transcribed (TS) strand and then with a similarly
prepared RNA probe for the nontranscribed (NTS) strand.

damage time point. Moreover, the conditions for the repair
experiments were those of condition C in Table 1.

Analysis ofDNA Adduct Formation and Repair in ]1cPHDE-
Treated Cells. Having established initial damage time, we

next performed a repair experiment using repair-proficient
MK42 cells. Fig. 1 shows Southern blot analysis of DNA
samples from BcPHDE-treated and untreated (lanes C) cells.
Duplicates of each sample are shown; they were either
incubated with ABC excinuclease or not. Carcinogen-
exposed cells were incubated for 1, 8, 12, or 24 hr. The bands
depicted on the autoradiographs are DNA fragments com-

prising the 5' half of the DHFR gene (exons 1-3) (Fig. 1A;
5'-DS) or downstream noncoding sequences (Fig. 1A; 3'-

DS). In Fig. 1B, the samples were hybridized with strand-
specific RNA probes, which anneal to either the transcribed
strand (TS) or the nontranscribed one (NTS). DNA samples
for these experiments were obtained from two separate
carcinogen treatments of cells, and each Southern blot anal-
ysis was performed at least twice. The autoradiographs show
that DNA adducts were present at 8 hr in all cases and that

they were substantially removed from the DHFR 5' end and
from the transcribed strand at 24 hr.

Quantitations of the adduct levels at each time point were
made by comparing the ratio of the band intensities for each
sample incubated with and withoutABC excinuclease. These
ratios are derived from densitometry of the hybridization
filters (those appearing in Fig. 1 and their duplicates from
independent experiments). Data based on this densitometry
are presented in Table 2. Adduct levels (expressed as lesions
per 10 kb) present after the initial DNA damage were the
same for the 5' end ofDHFR and the noncoding sequences
located about 25 kb downstream. It is significant in terms of
explaining the basis for strand-biased mutations that equiv-
alent numbers of adducts formed on both DHFR strands.
There was preferential gene repair since levels inDHFR were
reduced 2-fold at 24 hr relative to the downstream flank.
Moreover, in these noncoding sequences there was appar-

ently no repair ofBcPHDE adducts at 24 hr. The basis for the
gene-specific repair was the preferential repair of lesions
from the transcribed strand combined with the lack of repair
of the nontranscribed strand. The rate of repair of BcPHDE
adducts on both strands was plotted from the data in Table 2
and appears in Fig. 2.
To confirm that the reduction in BcPHDE-DNA adducts in

MK42 cells was due to DNA repair per se and to evaluate
whether further modifications form over a period of time in
treated cells, we performed a similar analysis using UV-5
cells, which are defective in excision of bulky carcinogen
adducts (16). Southern blots prepared in the same maner as
for Fig. 1 were hybridized with the transcribed strand-
specific RNA probe. Data from the densitometry analysis
showed that DNA damage stayed constant in these repair-
defective cells: in the 5' region (transcribed strand) of the
DHFR gene of UV-5 cells the number of BcPHDE-DNA
adducts per 10 kb was 0.65, 0.84, 0.70, and 0.73 after 1, 8, 12,
and 24 hr, respectively. Thus, BcPHDE-DNA adduct re-
moval in DHFR 'is due to strand-specific repair. The result
also demonstrates that maximal gene-specific adduct forma-
tion occurs within' 1hr.

.of DNA Adduct Levels by FP-In

~cPHDE-Treated Cells. We performed 3P-postlabeling to
independently assess the extent of BcPHDE.-DNA adduct
formation and the rate of repair in the overall genome of
treated cells. Samples were prepared from MK42 cells ex-
posed to 0.5 ,uM BcPHDE and incubated for various times (2,
6, 10, and 24 hr). We followed the procedure of Phillips et al

(22), which employs an excess concentration ofATP for the
kinase reaction. Use of the P1 enhancement (27) protocol
consistently gave 10-fold lower adduct levels, suggesting that
some BcPHDEDNA modifications are sensitive to this
nuclease treatment. The 32P-postlabeling data of carcinogen-
treated MK42 cells is shown in Table 3. Three assays were
performed on each MK42 DNA sample; the mean values are
presented as adducts per nucleotide. These modification
levels are comparable to recently reported BcPHDE-DNA
adduct quantitations (28). However, the 32P-postlabelg
procedure may only approximate BcPHDE-DNA modifica-
tion because it fails to liberate dA nucleotide adducts quan-

Table 2. Formation and removal of BcPHDE adducts in the MK42 DHFR gene
Adducts per 10 kb

Region ofDHFR gene 1 hr 8 hr 12 hr 24 hr

5'-Region, both strands 0.58 + 0.06 0.49 ± 0.04 0.41 + 0.04 0.27 + 0.01
Downstream, both strands 0.58 ± 0.02 0.61 + 0.03 0.61 ± 0.07 0.71 ± 0.05
5'-Region, T-strand 0.53 ± 0.03 0.42 ± 0.03 0.30 ± 0.04 0.27 ± 0.02
5Y-Region, NT-strand 0.48 ± 0.02 0.54 ± 0.03 0.55 ± 0.08 0.59 ± 0.02

The values given are the average of two biological experiments; two membranes were probed for each experiment.
T-strand, transcribed (coding strand) of the DNA; NT-strand, nontranscribed (template) strand.

Biochemistry: Carothers et al.
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Table 4. Adduct levels determined by 32P-postlabeling in
repair-deficient UV-5 cells

Time after Adducts per nucleotide x 106
treatment,

hr Assay 1 Assay 2 Average

1 10.6 10.8 10.7
8 13.0 12.9 13.0

24 11.2 11.9 11.5

0.2- deficient cells at the initial damage level. Finally, the ABC
excinuclease cleavage assay showed that by 24 hr BcPHDE-

0.1 -A- us DNA adducts were specifically reduced 2-fold from the.V. NTS DHFR-transcribed strand in repair-proficient cells.
We showed previously that forward mutations induced in0.0 5 10 15 20 2 the DHFR gene by BcPHDE affect purines on the nontran-0 5 10 15 20

scribed strand (2) and that this strand bias is not explained by
Hr Repair a selection bias (5). Others have also studied the basis for

Io.2. FormationandremovalofBcPHDEadductsintheDHFR selective mutation of purines on the nontranscribed strand
e of MK42 cells. Lesion quantitations expressed as adducts per (32-34). Transitions (G -- A) preferentially arise on this
:b on either the transcribed (T) or nontranscribed (NTS) DNA strand of the bacterial gpt gene in human cells exposed to
nd were from Table 2 and were plotted versus the incubation time N-methyl-N-nitrosourea. The mutational strand bias in this
r carcinogen treatment. case, though, did not depend on the transcriptional activity of

the marker (32) but rather was entirely explained by pheno-
tively (29). The data in Table 3 thus is not directly typic selection (33). Mutations induced by BPDE in the
nparable with the ABC excinuclease quantitations of HPRT gene are also favored at guanine residues on the
[A adducts in Table 2. Results in Table 3 indicate, though, nontranscribed strand (3, 34). Recently HPRT gene-specific
adduct levels in the genome overall of repair-proficient and strand-specific repair of BPDE-DNA adducts was dem-

Is are reduced 2-fold by 24 hr. As expected, this result onstrated in cells synchronized to the G1 phase of the cell
itrasts with 32P-postlabeling of DNA samples from cycle (35). The latter study and the work presented here
EPHDE-treated repair-deficient cells. Table 4 shows that support the transcription-coupled repair model (11, 12) as the
PHDE-DNA adducts form and remain at a constant level basis for the PAH-induced mutational strand bias.
about 1 x 10-5 adducts per nucleotide in UV-5 DNA. Since nearly all forward mutations in DHFR induced by

BcPHDE arise at purines on the nontranscribed strand (2),
DISCUSSION repair of the transcribed one should be virtually complete by

the time treated cells initiate semiconservative replication.
murine tumor models, BcPHDE is the most potent PAH Thus, it is noteworthy that 50%o of BcPHDE-DNA adducts
tested; it is 10-fold more active than BPDE (30). We remained at 24 hr on the transcribed strand ofDHFR when
)wed that BcPHDE adducts are rapidly formed in DNA of repair-proficient cells were exposed to the 0.5 ^M carcinogen
ated hamster cells. The initial DNA adduct frequencies dose (Table 2). If the mutational strand bias is a consequence
re about the same in both repair-proficient and -deficient of repair, it is necessary to posit either that DNA replication
Is. The 32P-postlabeling quantitation of these adducts is considerably delayed or that the higher BcPHDE dose used
asured modifications in the genome overall. Calculations for these experiments saturated the cells' repair capacity. For
the adducts in the total genome by 32P-postlabeling indicate several reasons, we favor the former explanation. First, as
.t there is about a 20-fold lower modification level in the the doubling time of CHO cells is relatively brief (14 hr),
al genome than in the DHFR gene. This disparity may progression through the cell cycle was delayed in the treated
lect preferential gene damage or alternatively reflect the MK42 line, since only half of the population underwent
its of the assay (see Results). The repair assay showed genomic replication after 24 hr. Moreover, transient arrest at
-ferential DHFR gene repair of BcPHDE-DNA adducts either the G1 or G2 phase is known to occur after DNA
th no repair occurring in a downstream region. The DHFR damagig treatment of proliferating eukaryotic cells (36).
flank was apparently less well repaired at 24 hr than Last, the HPRT repair study (35) showed that entry into S
'-postlabeling data of the genome overall in repair- phase of BPDE-treated human cells was significantly re-
ficient cells indicate. The results with BcPHDE are sim- tarded (>24 hr). This point can be further pursued by treating
r to those using hamster cells treated with another PAH, our CHO cells with BcPHDE after synchronization to early
mromomethyl-benz[a]anthracene (31), and with an N-sub- G1 (37) and monitoring uptake of3H[thymidine] to learn when
tuted aromatic carcinogen, 4-nitroquinoline-1-oxide (24), S phase begins.
iere adducts were removed at 24 hr from the genome Studies on strand biased mutations noted above all used
erall by about 55% and 51%, respectively. Both assays model genes in cultured cells. That this same strand prefer-
d here showed that DNA adducts persist in repair- ence for induced mutations may occur in human cancer is

indicated by the single-base substitutions found in the PS3
,le 3. Adduct levels determined by 32P-postlabeling in gene in lung (38) and liver tumors (39, 40). A frequent and
air-proficient MK42 cells possibly early change in these cancers is G -) T transversion

Time after Adducts per nucleotide x 106, arising on the nontranscribed strand of this tumor suppressor
treatment, hr mean + SD gene. Chemical carcinogens are implicated in the etiology of

26.70 +2.64
these cancers. Specific environmental exposures lead to

2 6.750 ± 2.64 particular molecular changes. Since both effects, in turn, will

10 5085 ± 22 correlate with carcinogenesis and risk assessment (41), es-
24 3.63 ± 83 tablishing an association of induced strand-biased mutations

with transcription-coupled repair in cellular oncogenes or
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suppressors should be of practical use for molecular epide-
miology.
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