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INTRODUCTION

For elucidation of the role of repair mechanisms for carci
nogenesis by chemical agents, cell transformation by 4-
nitroquinoline 1-oxide (4NQO) and excision repair of 4NQO
lesions were studied with mouse A31-714, a subclone de
nived from BALB/3T3, with posttneatment incubation in the
presence on absence of hydnoxyurea (a known inhibitor of
normal semiconservative DNA replication). When hydmoxyu
neawas presentinthe medium for12 and 24 hr of incuba
tion after 4NQO treatment, the transformation frequency
was reduced to 28 and 6%, respectively, of the frequency
observed for cells incubated in a growing state without
hydmoxyumea.The observed effect of hydnoxyunea resembles
the effect of the posttmeatment placement of cells in a den
sity-dependent nongrowing state, which also prevented the
production of transformed foci by 4NQO. Excision repair of
4NQO damage was measured by autoradiognaphy of un
scheduled [3H]thymidine incorporation on by chromato
graphic analysis of four kinds of 4NQO-pumine adduct (the
major DNA lesions produced by 4NQO) remaining in DNA
after posttreatment incubation of cells. The excision repair
wasvery rapid in 4NQO-treatedcells kept in the nongmowing
state, and it was not affected by the presence of hydmoxyu
rea in the incubation medium. Furthermore, the fractions of
repaired lesions estimated from the excision and repair
synthesis experiments wemeabout 50% and 65 to 90% for
the cells incubated for 12 and 24 hr, respectively, paralleling
the decrease in the transformation frequency (assuming
that the decrease was due to repair of 4NQO lesions).

From a combination of these results with others, we sug
gest that the four kinds of 4NQO-punine adduct are excisa
ble in this mouse cell line by an excision repair system
similar to, but possibly not identical with, that which works
on UV-induced pymimidine dimers in human cells and that
unexcised fractions of these adducts are the major cause of
cell transformation by 4NQO. The unique characteristics of
the 4NQO-pumine adducts are discussed in relation to exci
sion repair, which may have a vital molein chemical carcino
genesis.

In a previous report Kakunaga (11) demonstrated that
A31-714, a subcbone isolated from clone A31 of BALB/3T3,
is malignantly transformed by a carcinogen, 4NQO,3 and
that the ratio of induced transfonmants to surviving cells
increases almost linearly with the concentration of carcino
gen oven the dose range studied (0.05 to 1.5 j.@M).The
transformed cells show many characteristics considered as
indices of malignant cells and produce tumors when in
jected into isobogous mice. Kakunaga (12, 13) also has
shown that the ability of cells to be transformed is rapidly
lost when they are kept, soon after 4NQO or methylcholan
threne treatment, in a nongrowing state attained by high
cell density. Similar loss of the ability to be transformed has
been reported with the morphological transformation by X
irradiation of Syrian hamster cells (2) and with the malig
nant transformation by X-imnadiationof mouse cells (27).
These observations suggest that the loss of the tmansfomma
tion may be due to repair of pretnansformational damage by
a repair system in these cells.

Tada and Tada (24, 25) first showed that tmeatment of
mammalian cells with 4NQO produced 4 kinds of 4NQO
punine adduct resulting from covalent bonding of enzymati
calby activated 4NQO to guanine and adenine moieties.
These 4NQO-punine adducts are the major cause of killing
and mutation by 4NQO in Escherichia coli (7) and also of
killing in mouse A31-714 cells (8). Furthermore, during in
cubation after 4NQO treatment, these 4NQO-punine add ucts
are removed from the DNA of E. co/i, as well as from that of
human cells that have normal excision repair capacity for
UV-induced pynimidine dimens, but the adducts are not
removed from the DNA of either E. co/i uvrA on XP cells (7,
9), both of which are deficient in excision repair ability for
UV-produced pymimidine dimens. From these results one
would expect that the 4NQO-punine adducts are the primary
DNA lesions that beadto cell transformation by the cancino
gen 4NQO and that the adducts can be excised efficiently
under conditions that permit a decrease in the transforms
tion frequency, as mentioned above.

Evidence has been accumulating to indicate that muta
tion, cancer, and cell transformation may anise from errors
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made during the repair of lesions caused by DNA-damaging
agents, presumably errors due to the postneplication repair
system (6, 16). This paper is concerned with both the effect
of HU, a known inhibitor of DNA replication (5, 18), on
transformation of A31-714cells by 4NQOand the excision
repair of 4NQO products in these cells. The results demon
strate that HU reduces the frequency of transformation by
4NQO and that, in accordance with the transformation data,
the 4NQO-punine adducts are excised from the DNA of
nongrowing cells with or without the drug. The molecular
characteristics of 4NQO lesions are discussed in relation to
excision repair, which may have a vital molein cancinogene
sis. Some of the present work has been discussed else
where (8, 15).

MATERIALS AND METHODS

Cell Culture. Clone A31-714 (11), a subcbone isolated
from A31 of the BALB/3T3 line, was used throughout this
study. Unless otherwise specified, cells were grown in 60-
mm Falcon plastic dishes containing 5 ml of MEM supple
mented with 10% calf serum (Research Foundation for Mi
crobial Diseases, Osaka University, Suita, Japan) and were
incubated in a CO2 incubator at 37Â°.

Transformation Assay. Actively growing cells were
treated with 4NQO for 30 mm in suspension in medium,
washed, and then plated into 60-mm plastic dishes contain
ing 5 ml of MEM supplemented with 10% newborn or fetal
bovine serum. The plating efficiency was determined 10
days later, and transformation was scored 30 or 31 days
after treatment, asdescribed previously (11, 12).Becauseof
the need for cell proliferation for the fixation and expression
of transformation (12), plating efficiency was determined
initially for all experimental conditions, and then the num
ben of cells plated was adjusted so that the average number
of cell divisions required to reach confluence for the surviv
ing cells was nearly the same in all dishes of the tmansforma
tion assay.

Determination of Unscheduled DNA Synthesis. Con
fluent cultures were maintained in plastic disheswith un
changed medium for at least 3 days after reaching conflu
ence. In these cultures the proportion of S-phasecells that
was shown as heavily labeled was always less than 1%.
These confluent cultures were exposed to 4NQO for 30 mm,
then washed with 3 ml of phosphate-buffered saline [NaCI (8
g/liter), KCI (0.2 g/liter), Na2HPO4(1.15 g/litem), KH2PO4(0.2
g/Iitem), CaCI2 (0.1 g/Iitem), and MgCI2-6H2O (0.1 g/Iiten) (pH
7.2)], and neincubatedin either fresh onâ€œdepletedâ€•medium
with or without HU (Sigma Chemical Co., St. Louis, Mo.),
caffeine (Wako Pure Chemical Co. , Osaka, Japan), or acni
flavine (Sigma Chemical Co.). Depleted medium refers to
medium in which factors present in fresh serum (which
release cells from density-dependent inhibition of cell
growth) are depleted by previous exposure of the medium
to confluent cultures (12, 28). At the appropriate time the
cultures were incubated in medium containing 10 @Ciof
[3H]TdR per ml for 60 mm, washed, and processed for
automadiognaphy as previously described (14), except that
the exposure period was 3 weeks. Grain counts were made

over 50 cells for each sample.
(3H]-4NQOTreatment and Postincubatlon. [3H]-4NQO (20

Ci/mobe) was a generous gift from Dr. Y. Kawazoe (National
Cancer Center Research Institute, Tokyo, Japan). The stock
solution was 0.01 M 4NQO in ethanol and was kept at â€”20Â°.
This was diluted with MEM without serum immediately
before use.

Cells were cultured in Roux glass bottles with rubber
stoppers. Confluent monolayemed cells in a bottle were di
vided every 10 days into 3 bottles, and the growth was
continued until 9 bottles were filled with monolayems of
cells. The freshly confluent cells obtained were further incu
bated for 4 to 5 days before treatment with 4NQO, with the
culture medium changed every day.

For the treatment, confluent cells in each bottle were
rinsed once with phosphate-buffered saline and once with
MEM and were overlaid with 60 ml of pmewammed[3H]-4NOO
solution (4 /LM).The bottle was incubated at 37Â°for 60 mm.
The treatment was terminated by rinsing the cells twice with
30 ml of phosphate-buffered saline and once with culture
medium. Finally, 100 ml of fresh culture medium were added
to the bottle, andthe cellsweresubjectedto different periods
of posttmeatmentincubation at 37Â°to allow excision of 4NQO
damage. In 1 experiment, 2 m@.iHU (Nutritional Biochemicals
Corp., Cleveland, Ohio) was added to the posttreatment in
cubation medium to observe its effect on excision of 4NQO
products. The number of â€œdeadand detachedâ€•cells after 24
hr of posttreatment incubation was always less than a few
percentage points of the total cell population, and the nest
of the cells remained tightly attached to the bottle. Cells
without posttreatment incubation (zero-time sample) were
similarly treated with culture medium and kept at room
temperature for 5 to 10 mm. The cells, with on without
posttreatment incubation, were rinsed, tmypsinized, and
harvested by centmifugation in the cold. The cell pellets were
stored at â€”20Â°until all samples were collected.

DNA Extraction and 4N00 Product Analysis. The meth
ods used were the same as those described previously for
detection of 4NQO damage in E. coli (7) and human cells (8)
(asbriefly described below). Cells were suspended in about
3 ml of 2% sodium lauryl sulfate in 0.15 M NaCI/0.015 M
sodium citrate plus 0015 M EDTA (pH 7.4) and lysed by
incubation at 37Â°for 30 mm and, subsequently, at 60Â°for 10
mm. DNA was extracted from the cell lysate by Manmur's
method. Under our conditions the amount of RNA present
in the DNA fraction was less than 5% of the amount of DNA.
The purified DNA was dried by evacuation for chromato
graphic analysis. Since the DNA's of posttneatment incu
bated cells were expected to contain lower 3H counts than
the zero-time DNA, presumably due to excision of 4NQO
products, the amounts of DNA used for product analysis
were adjusted to be 10 to 30% bangerfor DNAof cells with
posttmeatment incubation than for DNA of cells without
posttreatment incubation.

The dried DNA was taken up into tnifluomoacetic acid and
hydrolyzed in sealed glass tubes at 160Â°for 60 mm. The acid
hydmolysates were streaked on Whatman No. 3MM filter
papers and developed with a solvent system of 1-butanol/
acetic acid/water (80/12/30). The paper was cut into 1-cm
wide strips and placed in vials containing dioxane-based
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scintillation fluid plus 5% water. The samples were kept at
room temperature in the dark for 24 hr and then counted by
a liquid scintillation counter. Because of low 3Hactivities in
these samples, all vials were counted for 30 mm (3 cycles of
10 mm each). The natumeof the 4NQO-pnoduced DNA prod
ucts was identified by comparison of their RF values with
those of authentic 4NQO-adenine and 4NQO-guanine ad
ducts (7).

RESULTS

Effects of HU on Cell Transformation by 4N00. Table 1
shows the effect of HU on the transformation of A31-714
cells by 4NQO. When HU was present in the incubation
medium for the 1st 24 hr after 4NQO treatment, it sup
pressed the induction of cell transformation almost com
pletely; the transformation frequencies were 7.6 x 104/ceII
for cells incubated without HU and 0.4 x 104/cell for cells
incubated with the drug. Those cells incubated with HU for
the 1st 12 hr after 4NQO treatment also showed a greatly
reduced mateof transformation. This inhibitory action of HU
on transformation induction was not evident when 4NQO
treated cells were incubated for the 1st 24 hr without HU
and then further incubated in the presence of the drug for
the next 24 hr. Thus, it is clear that, for the effective reduc
tion of the transformation frequency, cells must be incu
bated with HU soon after 4NQO treatment. HU killed about
one-half of the cells, depending on the period of exposure,
although its inhibitory effect on DNA synthesis was revensi
ble. These results parallel the previous finding that, for the
fixation of transformation, cell replication must occur soon
after 4NQO treatment (12).

4N00-stimulated UnscheduledDNA Synthesis.Chart1
shows the number of grains per nucleus as a function of
4NQO concentration. The amount of unscheduled 3H incon
poration was not detectable at 0.1 @M4NQO, began to

increase at 1 @M,and then reached a plateau level at about
5 ELM.The dose-response curve of 3H incorporation and the
magnitude of maximal 3H uptake in these mouse cells are
similar to those observed in normal human cells after 4NQO
treatments (23). Thus, the observed increase in [3HITdR
incorporation seems to be due to 4NQO-stimulated un
scheduled DNA repair synthesis, as is the case for normal
human cells irradiated with UV (5).

Chart 2 shows the variation of activity of unscheduled
synthesis with time after 4NQO treatment. Confluent cul
tunes were treated with 5 @M4NQO for 30 mm, washed, and
incubated in depleted medium with or without repair inhibi
tons such as HU (1 mM), caffeine (2 mM), and acniflavine (0.1
mM). At appropriate time intervalsthe cells were exposed to
[3H]TdR for60 mm, washed, and then subjected to automadi
ognaphic processes as described above. In the absence of
any drug in the medium, 4NQO-tneated cells showed a maxi
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CONCENTRATION OF 4NQO (M)
Chart 1. Relation of unscheduled DNA synthesis to 4N00 concentration.

Confluent monolayers of cells in plastic dishes were treated with various
concentrationsof 4NQOfor 30mmat 37Â°,washed,and incubatedin culture
medium containing (3H]TdR for 60 mm. They were then fixed and subjected
to autoradiographicprocedures.

Table 1

10-7 10-6 10-5

Effect of HU on cell transformation by 4NQO
The cells were treated with 4NQO in suspension and plated at the various inoculums. HU was

added to the culture medium at the indicated time; plating efticiency and transformation were
scored at 10 and 30 or 31 days after plating, respectively. All the values in this table are the averages
of 8 to 20 dishes.

ments.
b Calculated by multiplying the number of the plated cells by the actual plating efficiency.
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mal activity of unscheduled synthesis at the very beginning
(1.5 to 6 hr) after 4NQO treatment. Unscheduled synthesis
began to decrease slightly at about the 12th hr after 4N00
treatment and fmomthen on decreasedalmost linearly with
time until about the 36th hr. At the 48th hr after 4NOO
treatment, virtually no repair synthesiswas observed.Judg
ing from the area under the curve, which is a measure of the
amount of unscheduled repair synthesis, repair was almost
complete at about the 36th hmafter 4NQO treatment. HU,
which is a known inhibitor of normal semiconservative DNA
replication (4), had little effect on the activity of repair
synthesis. Similarly, the same activity of repair synthesis
was observed each time after 4N00 tmeatment,regardless
of the presence on absence of caffeine in the incubation
medium. On the other hand, acniflavine completely in
hibited the induction of 4NQO-stimulated repair synthesis.
These results agree quite well with those observed with
HeLa cells after UV irradiation (4).

Excision Experiments. It has been argued that the obsem
vation of unscheduled synthesis alone is not proof of the
excision-dependent repair of DNA lesions since both X-rays
and methyl methanesulfonate, which produce unexcisable
single-strand breaks in DNA, also reveal unscheduled repair
synthesis (5). To assumethat the observed stimulation of
[3H]TdR uptake by 4NQO is a reflection of the excision
repair of 4NQO damage in DNA, we directly measured the
excision of 4NQO lesions from the DNAof A31-714cells.

The patterns of 3H activity on the chromatogmams of acid
hydmolysates of DNA's extracted from cells with on without
incubation after [3H]-4NQO treatment are shown in Chart 3.
Four peaks that appeared on the chromatogmam wemeiden
tified by cochromatography with 3H-labeled authentic
4NQO-adenine and 4NQO-guanmne adducts. These peaks
are I major 4NQO-adenineadduct (0-A), 1 major (0-G) and
1 minor (0-G) 4NQO-guanmne adduct, and a major peak
due to 4AQO, which was released from an unstable fraction
of 4NOO-guanineadducts during acid hydrolysis of DNAin
an air atmosphere (7, 8). The amounts of stable 4N00-
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Chart 2. Unscheduled DNA synthesis induced by 4NQO. Confluent mono
layers of cells were treated with 5 @M4N00 for 30 mm, washed, and
incubated in depleted medium with orwfthout 1 mM HU (tx), 2 mM caffeine, (â€¢),
and 0.1 mu acriflavine (0). At appropriate time intervalsthe cells were exposed
to @HjTdRfor 60 mm, washed, and then subjected to autoradlographic proc
esses.

adenine adduct (0-A), stable 4NQO-guanine adducts (0-G
and 0@G*), and 4A00 in DNA of A31-714 cells were de
creased considerably by incubation for 24 hr posttmeatment
(Chart 3).

Table 2 summarizes the amounts (3H cpm/mg of DNA) of
the 4 kinds of 4N00 pmoducts in DNA of cells with different
periods of posttreatment incubation, of which 4A00 was
the fastest. The 3 kinds of stable 4N00-punine adducts
showed similar rates of disappearance. In accordance with
the autonadiogmaphic study of unscheduled synthesis, HU
did not affect the mateof decmease in the 4 kinds of 4N00
products. Themefome,the disappearance of the 4N00 prod
ucts from DNAduring posttmeatmentincubation is not simply
due to dilution of 4NQO lesions resulting from succes
sive mounds of DNA replication. The yields of stable 4NOO
pummneadducts (0-Pu is the sum of 0-A, 0-G, and 0@G*)and
4A00 relative to the zero-time value were neplotted in Chart
4 against the incubation period. For comparison the disap
peamanceof 4N00 products from DNA of human amnion FL
and XP cells found in the previous study (9) was also plotted
in Chart 4. FL cells are able to excise UV-induced pymimidine
dimers, as well as all kinds of 4NOO products, whereas
excision repair ability for dimers and 4NOO products is
completely absent in this particular XP cell line (9, 26),
although the unstable 4AOO-meleasing adduct decreases

C

E
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C

0
U

>
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Chart 3. Chromatographicpatternsof 4N00 productsin DNAof A31-714
cells with and without incubationfor 24 hr posttreatment.Confluentmono
layered cells in Roux bottles were treated with 4 .tu 13H]-4NQOat 37Â°for 60
mm. The cells were rinsed extensively with buffer and culture medium,
overlaid with fresh culture medium, and then subjected to posttreatment
incubation at 3@ to allow excision repair of 4NQO damage. Cells with or
without incubationfor 24hr posttreatmentweretrypsinizedandharvestedby
centrifugation in the cold. DNA was extracted from the cells of both parts by
the method of Marmur, hydrolyzed in trifluoroacetic acid at 160Â°for 60 mm,
streaked on Whatman No. 3MM filter paper, and developed with a solvent
system of 1-butanol/acetic acid/water (80/12/30). The paper was cut into 1-
cm-wide strips, and the 3H activities were counted by a liquid scintillation
counter. The nature of each peak was assigned by cochromatography with
authentic 4NQO-adenineand 4NQO-guanmneadducts (7). The amountsof
DNA applied were the same (0.04 mg) for zero-time and 24-hr sample. â€”,
DNA of cells without posttreatment incubation; - - - -, DNA of cells with
incubationfor 24 hr posttreatment;0G. Q-G'; QG, Q-G;QA,0-A.

50 RF

0 12 24 36 48
TIME AFTER THE TREATMENT WITH 4NQO (hr)
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Length ofAmount ofYields of 4NQOproductsaincuba

tion
(hr)HU

in the
mediumDNA

ap
plied
(mg)(3H

cpm!mgDNA)Q.G*Q-G0-A

4A00Q.PubTotal0â€”0.39846.7
(100)'@151.2 (100)83.7 (100) 304.7 (100)281.6 (100)586.3(100)12

24â€” â€”0.456 0.39934.5
(74)

21.4 (46)101
.5 (67)

61.9 (41)61
.9 (74) 96.9 (32)

43.4 (52) 50.4 (17)197.9
(70)

126.6 (45)294.7
(50)

177.0(30)0+0.55425.8
(100)98.0 (100)40.2 (100) 73.5 (100)164.0 (100)237.5(100).

12+0.54919.3 (75)56.3 (57)31 .8 (79) 33.2 (45)107.4 (66)140.6(59)24+0.67512.3
(48)43.7 (45)24.5 (61) 16.0 (22)80.5 (49)96.5 (41)
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Table 2

Changes in yields of the 4 kinds of 4NQO-purine products in A31-714 cells after different periods of posttreatment incubation

a From 3H activities of the 4 peaks on chromatograms (see Chart 3).
b Stable 4NQO-punine adducts, i.e. , the sum of Q-G@, Q-G, and 0-A.

C Numbers in parentheses, ratio.

mechanisms, excision repair and another unknown one that
is effective even in excision-deficient XP (Chart 4) and E.
coli uvrA cells (7).

DISCUSSION

The biological data presented cleanly demonstrate that
posttmeatment incubation of A31-714 cells in the presence of
HU, which reversibly inhibits normal semiconservative DNA
replication (4), greatly suppressed the induction of cell
transformation by 4N00. The crucial point is that, for the
effective reduction of the frequency of transformation, HU
must be present in the medium immediately after 4NQO
treatment and the incubation with the drug must be contin
ued for more than 12 hr. The observed effect of HU closely
parallels the effect of density inhibition found in the pre
vious study (12, 13). The ability of cells to be transformed by
4NQO was rapidly lost, roughly in inverse proportion to the
period during which the cells were kept in the nondividing
state attained by high cell density. The cells kept in the
nondividing state did not appear to undergo DNA replica
tion, as is the case for cells incubated with HU. Therefore,
we conclude that the onset and completion of DNA replica
tion immediately after 4N00 treatment is the necessary
condition for the fixation of transformation.

What then is the molecular mechanism(s) through which
inhibition of DNA replication reduces the frequency of
transformation by 4N00? Our working hypothesis is that
the decrease in transformation frequency may be due to the
repair of 4NOO-induced potential transformational damage
prior to fixation of transformation in the cells. In the follow
ing paragraphs the present results will be discussed in
connection with this hypothesis, especially with regard to
these 2 points: (a) the nature of pretnansfonmational dam
age induced by 4N00 and (b) molecular mechanisms for
the repair of 4NOO damage and their relationship to cell
transformation.

With regard to damage induced by 4NOO, 3 kinds of
4NQO-guanmneadduct and 1 kind of 4NQO-adenine adduct
are found in DNA ofA3l-714 cells (Chart 3). We have already
shown that these 4NOO-pumine adducts, like UV-induced
pynimidmnedimens, are the major cause of killing and muta
tion in E. coli (7, 17) and also the major cause of killing in
cultured human cells (9). Similarly, inactivation probability
per adduct (the 4 kinds of 4NOO-punine adducts were aver

z
z

w

z
0
0

Ui
(D

0
0
az
,@.

INCUBATION TIME (hr)

Chart 4. Relative decrease in the amounts of stable 4N00-purine adducts,
4N00, and total 4N00 products in DNA of A31-714 cells during posttreat
mentincubation.Theamountsof 4N00 productsin DNAwereobtainedfrom
3Hactivitiesin the 4 peaksalongwith chromatograms(suchasthoseshown
in Chart 3) and then were divided by the amounts of DNA applied on the
chromatograms(seeTable2 for numericalvalues).Thesumof radioactivities
per mg of DNA of the Q-G, 0-G, and Q-A regions is designated as the Q'Pu
(stable 4N00-purine) adducts (a) and is plotted against the posttreatment
incubation period as the percentage of its zero-time value. The percentage
yields of the 4A00 (b) peak and the total (c) 4N00 productsare plotted
similarly. For comparison, the excision repair characteristics of 4N00 prod
ucts in humanFL and XP cells taken from our previousstudy (9) are also
shown. 0, posttreatmentincubationin the absenceof HU;â€¢,posttreatment
incubation in the presence of 2 mu HU; â€”, A31-714 cells; - - - -, FL cells;
.-.-, XPcells.

slowly in DNA of the XP cells (see below). More than 50% of
the stable 4NQO-punine adducts disappeared from the DNA
of A31-714 cells during incubation for 24 hr posttmeatment,
and the extent of disappearance of 4A00 was much greater
(about 80%). The kinetics of disappearance of these 4N00
products in DNA of A31-714 cells is almost the same as that
of excision-proficient FL cells, and both of these show a
marked contrast to the persistence of 4NQO products of
DNA of excision-deficient XP cells. From a combination of
these results with the reason given below, we conclude that
all of the disappearance of stable 4NQO-punine adducts and
most of the disappearance of 4AOO in the mouse cells are
the result of excision repair, as in the case of FL cells. The
extent of repair was much greater for 4AQO than it was for
the stable 4NQO-punine adducts in both A31-714 and FL
cells. This is because the 4AQO-meleasingadduct (precursor
for 4AQO) is removed simultaneously by 2 independent
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aged) formed in A31-714 cells was in the same order of
magnitude as that pen pynimidine dimer in the cells (8). It
has been well established that the pynimidine dimen is the
major cause of killing and mutation in microorganisms (19,
22), as well a@sthe major cause of UV inactivation in mam
malian cells (5). Evidence (5, 6) has been accumulating that
the pynimidine dimer is the primary cause of skin cancer in
humans with XP. Thus, it is probable that the 4NOO-punmne
adducts are the primary DNA lesions leading to cell tnans
formation through the cellular repair processes described
below.

Two alternative processes are known for repair of dam
aged DNA in bacteria, as well as in mammalian cells (5, 22),
excision repair and postreplication repair. The excision me
pain system in mammalian cells can work on certain types of
DNA lesions other than pynimidine dimems(5, 20). Recently,
we have shown that human amnion FL cells with normal
DNA repair capacity can excise 4NQO-punine adduCts from
their DNA as efficiently as pymimidmnedimers, whereas XP
cells, defective in repairing dimens, do not excise the 4NQO
lesions (8, 9). Our present data demonstrate that A31-714
cells also are able to excise more than one-half of the
4N0O-pumine adducts from DNA during incubation for 24 hr
posttneatment (Chart 4c). The important point in these find
ings is that the extent of excision of 4N00 lesions in mouse
cells is almost the same as that observed in normal human
cells.

The fractions of repaired 4N00 lesions found in the exci
sion experiments (Chart â€˜Ic)were about 45 and 65% after 12
and 24 hr of incubation, respectively. Similarly, the repaired
fractions estimated from the area under each curve for
unscheduled synthesis (Chart 2) were about 50% after 12 hr
and 90% after 24 hr of incubation. Assuming that the de
crease in the transformation frequency (Table 1) is due to
repair of 4NQO lesions, we can also estimate that the me
pained fractions would be 72% after 12 hr and 95% after 24
hr of incubation. In this study, confluent cells had to be
used to measure excision repair of 4N00 damage. Theme
fore, the fractions of repaired lesions based on excision
data could be of lower estimates if the confluent cells
showed the reduced activity of DNA repair as do those of
many cellular metabolisms. Nevertheless, the repaired frac
tions estimated from biological data apparently agree well
with those estimated biochemically. The correlation in time
between DNA repair and cell transformation is compatible
with our working hypothesis, although it does not conclu
sively support the premise that the decrease in transforma
tion frequency may be due to the repair of 4NOO-punine
adducts in DNA.

Evidence supports the notion that mutations are induced
by errors in repair of DNA damage (17, 22, 29) and, in some
essential part of the genome, are important steps in carci
nogenesis (3, 6, 16). In bacteria, excision repair is virtually
error free, whereas postreplication repair, which proceeds
after DNA replication, has a branched pathway, and 1 of the
branches is error prone (22, 29). In fact, 4NOO, as well as
UV, is 25 to 30 times more mutagenic for E. coli uvrA
(excisionless but postneplication repair proficient) than for
the wild type (17). In mammalian cells too, postreplication
repair is thought to be error prone (5). The evidence in

support of this view is the finding by Maher and McCormick
(19) that cultured XP cells (excisionless for dimemsbut post
replication repair proficient, as is E. coli uvrA) show an
expected higher frequency of UV-induced mutation than do
normal cells. Furthermore, 4N00-induced transformation
of A31-714 cells was greatly reduced by posttmeatment with
caffeine (13), a known inhibitor of postmeplication repair (18,
29), as well as by HU (Table 1), with both agents known not
to inhibit excision repair (4, 5) (Chart 2). Altogether, we
suggest that misnepaimof 4NOO-punine adducts by an error
prone postreplication repair system may lead to cell trans
formation and that HU decreases the frequency of cell
transformation through : (a) depression of postreplication
repair resulting from inhibition of normal DNA replication
and/on (b) inhibition of DNA replication, which may permit
more time for repair of 4N00 lesions by the error-free ex
cision machinery.

The present experiments demonstrate that mouse cells
can excise 4NOO-punine adducts efficiently. On the other
hand, excision of pymimidine dimers measured by similar
chromatographic methods was very slow in this mouse cell
line, with only 10 to 15% removal at 24 hr after 25 J of UV pen
sq m (M. Ikenaga, unpublished observation). It has been
reported that excision repair of dimens is very low in most
rodent cells, except for primary mouse fibmoblasts (5). One
explanation for the slower removal of dimems compared to
that of 4N00 damage is that the 2 types of damage may be
removed by different repair pathways (although they may
have many steps in common), and expression of the dimem
repair system may be reduced in mouse cells. Very recently,
Amacher et al. (1) found that mouse cells, which excised
few dimens,removed a-acetylaminofluonenelesions almost
as well as did normal human cells. EndonucleaseV of T-4
phage works in vitro on pymimidine dimemsbut not on 4N00
damage (10). Similarly, UV endonuclease of Micrococcus
luteus is specific to cyclobutane-type pynimidine dimens and
is chnomatognaphically separable from a repair endonuclease
specific to base damage produced by y-rays (21). These
data suggest that theme may be differences in enzymatic
pathways by which dimens and certain types of chemical
damage are removed. Of course, the present data do not
rule out the possibility that in mouse cells the same excision
repair system recognizes dimens more poorly than do chem
ically induced lesions for some unknown reason.
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