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ABSTRACT A marked induction of DNA replication was
observed in confluent human diploid fibroblast cultures treat-
ed with low relatively nontoxic doses ofUV radiation, NV-meth-
yl-N-nitrosourea (MNU), and N-acetoxy-2-acetylaminofluo-
rene (AAAF). Isopycnic CsCl density gradient analysis of new-
ly synthesized DNA labeled with BrdUrd indicated that most
of the synthesis was semiconservative. The rate of semiconser-
vative DNA synthesis was maximal 24 hr after damage. This
induction of DNA replication was greatest at 3 J/m2 UV, 0.5
mM MNU, or 1.0 ,uM AAAF; was inhibited by hydroxyurea
and aphidicolin; and also occurred in repair-deficient xero-
derma pigmentosum fibroblasts. Autoradiographic examina-
tion of both confluent cultures and serum-arrested cultures
showed a large increase in the fraction of densely labeled (S
phase) cells after UV treatment. These densely labeled cells
retain the capacity for cell division and subsequent prolifera-
tion. We conclude that low doses of at least three different
DNA damaging agents are capable of recruiting quiescent cells
into a state of DNA replication similar to that observed in the
normal cell cycle.

DNA replication occurring soon after DNA damage is an im-
portant factor in mutagenesis, cell survival, and in vitro
transformation (e.g., see refs. 1-5). Furthermore, DNA rep-
lication after carcinogen treatment in vivo appears to be a
necessary step in the initial stages of carcinogenesis in many
tissues (reviewed in refs. 6 and 7). Although most studies
have indicated that DNA-damaging agents inhibit DNA rep-
lication in actively growing cultured cells (e.g., see refs. 8-
10) and in regenerating tissues in vivo (reviewed in ref. 6), a
few papers suggest that carcinogenic agents may also induce
or stimulate DNA replication (11-13). We have investigated
this possibility in detail and have found that at least three
agents that damage DNA can also induce semiconservative
DNA synthesis in quiescent human fibroblasts.

MATERIALS AND METHODS
Cell Culture. Normal human diploid fibroblasts (AG1518;

Human Genetic Mutant Cell Repository, Camden, NJ), xer-
oderma pigmentosum group G (GM3021A; Human Genetic
Mutant Cell Repository), and xeroderma pigmentosum
group A (CRL1223; American Type Culture Collection)
were cultured, labeled with [14C]thymidine and grown to
confluence as described (14). Cells were used between pas-
sages 12 and 17 within 7 days of reaching confluence. For
some experiments, growth was arrested at low cell density
by incubating cultures in medium with 0.05% fetal calf se-
rum.
UV and Chemical Damage and Labeling of Damaged Cells.

Thirty minutes prior to damage, 50 uM BrdUrd (final con-
centration) was added to the culture medium. Some cultures
were irradiated with UV light as described (15) and, after

addition of either 20 tkCi of [3H]thymidine per ml (40-60
Ci/mmol; 1 Ci = 37 GBq; Amersham) or 4 HtCiof l3H]deoxy-
cytidine per ml (5 Ci/mmol; Moravek Biochemicals, City of
Industry, CA) to the medium, were incubated for the times
indicated. Other cultures were damaged for 20 min with ei-
ther N-acetoxy-2-acetylaminofluorene (AAAF) or with N-
methyl-N-nitrosourea (MNU) (Ashe-Stevens, Detroit, MI),
as described (16). In experiments involving chemical dam-
age, the final dimethyl sulfoxide (Me2SO) concentration was
2% (vol/vol), and 2% Me2SO was added to control cultures.
After chemical damage, the culture medium was replaced
with conditioned medium containing 50 AtM BrdUrd and 20
,uCi of [3H]thymidine per ml, and the cultures were incubat-
ed for 36 hr.

Isopycnic Centrifugation in CsCl. DNA was prepared by
the method of Davis et al. (17) and ethanol-precipitated. For
alkaline CsCl gradients, the precipitated DNA was dissolved
in 4.5 ml of CsCl, pH 13 (0.1 M KOH; p = 1.799) and centri-
fuged at 50,000 rpm for 8 hr at 20'C in a Sorvall TV865 rotor.
For neutral CsCl gradients, the precipitated DNA was dis-
solved in 4.5 ml of CsCl, pH 7.5 (p = 1.725), and centrifuged
at 45,000 rpm in a Sorvall TV865 rotor for 8 hr at 20'C. Gra-
dients were fractionated, and the radioactivity in each frac-
tion was determined as described (16). Replicative incorpo-
ration was quantitated from CsCl gradients by determining
the ratio of total 3H cpm in DNA of greater than parental
density to the sum of 14C cpm in parental density DNA.
Incorporation due to excision repair was calculated by deter-
mining the ratio of 3H cpm to '4C cpm in DNA of parental
density (14).

Autoradiography. For autoradiography, fibroblasts not la-
beled with [' Cthymidine were grown on sterile glass slides.
After damage and incubation in medium containing the indi-
cated concentrations of [3H]thymidine or ['4C]thymidine,
autoradiography was carried out as described (16). Fields
were chosen in a previously determined manner for quantita-
tion of S-phase nuclei to eliminate observer bias.

RESULTS
Induction of Replicative DNA Synthesis by UV or Chemical

Damage. Confluent AG1518 human diploid fibroblasts were
irradiated with UV light (6 J/m2), incubated for 36 hr with
BrdUrd and [3H]thymidine, and DNA isolated from these
cells was separated by isopycnic centrifugation in alkaline
CsCl into a more dense peak, containing DNA newly synthe-
sized by replication, and a less dense peak, composed of pa-
rental DNA and containing any patches of DNA newly syn-
thesized by excision repair (18). Irradiation with this dose of
UV light stimulated a large amount of incorporation of la-
beled nucleotides into fully BrdUrd-substituted replicative
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FIG. 1. Isopycnic centrifugation ofDNA synthesized after expo-
sure to UV irradiation or MNU. Confluent normal human fibro-
blasts, labeled with ['4C]thymidine, were treated as follows and in-
cubated in 50 AuM BrdUrd and [3H]thymidine for 36 hr. DNA was

analyzed by isopycnic centrifugation in alkaline (A-D) or neutral (E
and F) CsCl. A, no treatment; B, UV light at 6 J/m2; C and E, 2%
(vol/vol) Me2SO; D and F, 2% (vol/vol) Me2SO + 0.5 mM MNU. e,

3H; o, 14C. The increased level of "4C cpm in A and B is due to a

higher specific activity of ['4C]thymidine present during the labeling
period.

density DNA and a smaller amount of incorporation, due to
excision repair, into parental density DNA (Fig. 1 A and B).
Cells damaged with 0.5 mM MNU and labeled for 36 hr had a
similar large stimulation of incorporation of nucleotides into
replicative density DNA and a very small amount of repair
synthesis (Fig. 1 C and D). When DNA from MNU-treated
cells was examined on neutral CsCl gradients (Fig. 1 E and
F), the newly synthesized DNA banded at hybrid density (p
= 1.73 g/cm ). Similarly, newly synthesized DNA from UV-
treated cells banded at hybrid density on neutral CsCl gradi-
ents (data not shown). Thus, under these conditions, MNU
and UV primarily stimulate semiconservative DNA replica-
tion.
The stimulation ofDNA replication by UV and chemicals

varied with the dose. In cells labeled for 36 hr after damage,
incorporation of nucleotides into re1licative density DNA
was maximal at UV doses of 3-6 J/m and decreased rapidly
at higher doses (Fig. 2A). In contrast, UV-stimulated exci-
sion repair synthesis measured over 36 hr continued to in-
crease up to UV doses of 20 J/m2 and reached a plateau
between 20 and 40 J/m2. In cells damaged with MNU (Fig.
2B) or with AAAF (Fig. 2C), the variation of replicative
DNA synthesis with dose was qualitatively similar to that
observed for UV irradiation. The stimulation of replication
was maximal at -0.5 mM MNU and between 0.5 and 2.0 AM
AAAF; however, the magnitude of stimulation of replication
was considerably less with AAAF treatment than with UV
irradiation or MNU treatment. Replication decreased sharp-
ly with further increases in the dose of all of these agents
and, at high doses, replication was inhibited to a level below
that seen in undamaged control cells.
We also investigated the effect of hydroxyurea and aphidi-
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FIG. 2. DNA synthesis as a function of dose of DNA-damaging
agent. (A) Confluent normal human fibroblasts, labeled with
['4C]thymidine, were irradiated with various doses of UV light and
incubated for 36 hr in 50 ,uM BrdUrd and [3H~thymidine in the pres-
ence (a) or absence (o, a) of 10 mM hydroxyurea. Replicative incor-
poration (o, *) and repair incorporation (a) were determined as de-
scribed in Materials and Methods. (B) Confluent fibroblasts, labeled
with [14C]thymidine, were damaged with various doses of MNU.
Replicative incorporation was determined as described in Materials
and Methods. Open and closed symbols represent data from two
experiments, which have been normalized to the undamaged Me2SO
control. (C) Confluent fibroblasts were damaged with various doses
of AAAF and otherwise treated as in B.

colin, agents known to inhibit normal DNA replication (19,
20), on the replicative synthesis occurring after UV damage.
At all UV doses examined, hydroxyurea completely inhibit-
ed incorporation of nucleotides into replicative density DNA
(Fig. 2A) but had no effect on incorporation by repair syn-
thesis into DNA of parental density (data not shown). After
UV irradiation (5 J/m2), aphidicolin (40 pg/ml) totally inhib-
ited incorporation of labeled nucleotides into replicative
density DNA and only partially inhibited incorporation of
nucleotides due to excision repair (data not shown).

Induction of DNA replication by UV also occurs in con-
fluent cultures of excision repair-deficient xeroderma pig-
mentosum fibroblasts (14) (Table 1). Thus, a functional exci-
sion repair system is not necessary for induction of DNA
replication. The somewhat smaller increase in replicative
DNA synthesis in the xeroderma pigmentosum cells may re-
sult from competing inhibitory effects of unrepaired UV-in-
duced lesions in these cells.
Time Course of Induction of Replicative Synthesis. The time

course of the induction of DNA replication was examined
using cultures pulse-labeled at various times after damage
with UV light at 5 J/m2. The rate of replicative synthesis was
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Table 1. DNA replicative synthesis after treatment of normal
human fibroblasts or xeroderma pigmentosum
fibroblasts with UV irradiation

Relative replicative synthesis
Normal Xeroderma Xeroderma

UV dose, human pigmentosum pigmentosum
J/m2 fibroblasts group A group G

0 1.0 1.0 1.0
0.5 5.1 2.6 3.4
2.0 13.0 7.4 6.4

Confluent cultures of fibroblasts were damage(
dose of UV light and pulse-labeled with [3H]
BrdUrd for 7 hr beginning 23 hr after damage. DI
thesis was calculated from alkaline CsCl gradien
as the ratio of replicative synthesis in UV-dama~
tive synthesis in unirradiated cells.

initially the same as that in undamaged cell
=12 hr, the rate of DNA replication be,
reaching a maximum at 24 hr after irradiati
clining (Fig. 3).

Cellular Distribution of DNA Synthesis A
tion. Autoradiography of irradiated confli
vealed a marked increase in the number (
labeled, as those of cells in S phase of the
(Fig. 4A). The number of S-phase nuclei
0.4% in unirradiated cultures to 6% at 3 J
and decreased at higher doses (Fig. 4A), I
curve similar to that for the stimulation of
poration into replicative density DNA (Fig
duced increase in S-phase nuclei was also
mM hydroxyurea (data not shown). In cell
to 36 hr after irradiation (Fig. 4B), the fra
cells is nearly the same as that seen when c
for the entire 36-hr period. This finding is cd
time course (Fig. 3), which indicates that tl
DNA replication begins about 12 hr after

Induction of DNA replication in conf
probably not the result of cell death or foi
total number of nuclei per microscopic f
creased by UV irradiation, even at doses ol
and inspection of the monolayers revealed i
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FIG. 3. Time course of replicative synthesi
tion. Confluent normal human fibroblasts wei
light at 5 J/m2 (e) or no irradiation (o). At each
of replicative synthesis was measured during
pulse with [3H]thymidine and BrdUrd and norm;
of [14C]thymidine-labeled parental density DN
CsCI gradient.
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FIG. 4. The percentage of densely labeled S-phase nuclei as a
function of UV dose. Confluent normal human fibroblasts were in-
cubated (A) from 0 to 36 hr or (B) from 12 to 36 hr after UV irradia-
tion in 50 AM BrdUrd and 50 ,Ci of [3H]thymidine per ml, coated
with NTB-3 emulsion and exposed for 1 week at 4°C. Nuclei were
stained with Harris hematoxylin and the percentage of S-phase nu-
clei was determined. o, S-phase nuclei; e, total nuclei.

iction of S-phase of damaged cells adjacent to densely labeled nuclei. Further-
aells were labeled more, in cells labeled from 12 to 36 hr after damage with UV
onsistent with the light at 20 J/m2, all non-S-phase nuclei showed the expected
he UV-stimulated light labeling ("unscheduled DNA synthesis") due to exci-
damage. sion repair, indicating that these cells are still metabolically
luent cultures is active (data not shown). These data suggest that under our
cal cell loss. The experimental conditions loss of cell viability was not signifi-
jield was not de- cant even at doses of UV light much higher than those that
f 20 J/m2 (Fig. 4), maximally stimulate semiconservative replication.
no lacunae or foci We also studied induction of DNA replication in cultures

of fibroblasts that were growth-arrested at low cell density
by serum deprivation. In these cultures, only 4.5% of cells
had microscopically detectable contact with adjacent cells
(data not shown). In serum-arrested cells treated with vari-
ous doses of UV light and pulse-labeled with [14C]thymidine
23 hr after irradiation, the dose response ofDNA replication
was similar to that observed in confluent cultures (Fig. 5A).
Induction of replication was maximal at 4 J/m2 of UV light,
at which -18% of the cells were labeled during the pulse
period. Because these cells were pulse-labeled for only 6 hr,
while UV-induced replication continues for 24 hr (Fig. 3),
18% represents a minimal estimate of the fraction of the cells
in which replication is induced. As with confluent cultures,

..o Q no cell loss was detectable after UV treatment. When ana-
b lyzed by isopycnic centrifugation in CsCl, the time course of

induction of semiconservative DNA synthesis by UV light in
serum arrested cultures was similar to that in confluent cul-
tures (data not shown).

36 48 To determine whether cells in which DNA replication had
been induced retain the capacity for further proliferation, we

is after UV irradia- damaged serum-deprived cultures with UV light as de-
re treated with UV scribed above, pulse-labeled them with [14Cjthymidine, and
rtime point, the rate then incubated the cultures with fresh medium containing
the preceding 6hr 10%o fetal calf serum for an additional 4 days (Fig. 5B). Cells
alized to the amount pulse-labeled after UV irradiation at 1-2 J/m2, which in-
iA in each alkaline duced a 2- to 3-fold increase in the number of cells densely

labeled during the pulse, proliferated to the same extent as

0
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FIG. 5. Induction ofDNA replication in serum-arrested cultures.
Normal human fibroblasts were growth-arrested at low density by
incubating cultures in medium containing 0.05% fetal calf serum.

Cultures were treated with the indicated dose of UV light and after
23 hr, 0.025 gCi of [14C]thymidine per ml was added for an addition-
al 6 hr. Slides were then fixed immediately (o) or cultures were

chased with fresh medium containing 10% fetal calf serum for an

additional 4 days prior to autoradiography (e). Each point repre-
sents the mean ± SEM.

cells labeled in nonirradiated cultures during the subsequent
chase period. In cultures treated with higher doses of UV
light, labeled cells continued to proliferate during the chase
period but to a somewhat lower level. This finding could re-

sult from the survival of only a fraction of cells undergoing
UV-induced DNA replication at these higher doses or from a

lengthening of the cell cycle in these cells.

DISCUSSION
We have shown that low doses of three DNA-damaging
agents, each of which produces a different spectrum ofDNA
damage, induce replicative DNA synthesis in confluent hu-
man diploid fibroblasts. As in normal DNA replication, rep-
lication induced by DNA-damaging agents is semiconserva-
tive, is inhibited by both hydroxyurea and aphidicolin (19,
20), and is indistinguishable autoradiographically from S

phase of the normal cell cycle. DNA replication induced by
these agents is clearly different from excision repair in both

its dose and time dependences and by the fact that it occurs
in xeroderma pigmentosum fibroblasts, which are deficient
in excision repair. These data suggest that low doses of

DNA-damaging agents cause a fraction of the quiescent cells
to enter a state similar to the S phase of the normal cell cy-
cle. Because we have demonstrated damage-induced DNA
replication in cells growth-arrested in two different ways, it

is unlikely that the phenomenon is an artifact related to the

cell culture system used (e.g., loss of contact inhibition due

to death of small numbers of cells). We favor the hypothesis
that this phenomenon represents a cellular response to inju-
ry. Although all three agents used in these studies damage
DNA, they also affect other cellular constituents (e.g., pro-
teins, membranes, RNA), and our data do not indicate which
of these interactions is the proximate cause of induction of

DNA replication.

A few previous studies have suggested that DNA damag-
ing agents can induce DNA replication in non-growing cell
populations. N-Methyl-N'-nitro-N-nitrosoguanidine and
benzo[a]pyrene have been found to stimulate hydroxyurea-
sensitive thymidine incorporation in hamster embryo cells
(11-13). Sidik and Smerdon (22) recently found that methyl
methanesulfonate stimulates confluent human fibroblasts to
incorporate nucleotides into replicative density DNA with a
time course similar to that described above. These findings,
taken together with our data, suggest that stimulation of
DNA replication can result from exposure of quiescent cells
to low doses of many different DNA-damaging agents. Many
previous studies have suggested that DNA replication is in-
hibited transiently after DNA damage (e.g., see refs. 8-10).
This observation is most likely due to the fact that these
studies examined the effects of higher doses of DNA-damag-
ing agents in asynchronous rapidly proliferating cultures so
that stimulation of replication would be difficult to observe.
At least 6% of cells in confluent cultures and 18% of cells

in serum-arrested cultures can be induced by these DNA-
damaging agents to undergo DNA replication. Because the
cells that undergo damage-induced DNA replication have
the same potential for further proliferation as undamaged
cells, the induction of DNA replication by DNA-damaging
agents may have important biological consequences. Previ-
ous studies have shown that cultured cells that are passed
shortly after damage have decreased colony-forming abilities
and increased mutation frequency (1-3) compared to cells
that are held at confluence prior to passage. DNA replication
after damage has also been implicated in fixation of changes
leading to cellular transformation induced by chemical
agents (4) and radiation (5). Cells undergoing DNA replica-
tion induced by DNA-damaging agents might be expected to
show similar effects, and, in fact, it has been suggested that
carcinogen-induced hydroxyurea-sensitive nucleotide incor-
poration in density-inhibited hamster embryo cells is corre-
lated with morphological transformation (12, 21). Further-
more, in some animal systems, DNA synthesis and cell divi-
sion have been shown to be essential steps in the initial
stages of chemical carcinogenesis (reviewed in refs. 6 and 7).
Thus, carcinogens may have two effects of importance for
the initiation of transformation in vitro and carcinogenesis in
vivo: (i) production of DNA damage and (ii) fixation of dam-
age through the direct induction of semiconservative DNA
replication soon after damage. It is important to investigate
the biological effects of carcinogens and mutagens over a

wide range of doses because the effects of these agents, such
as induction of DNA replication, which are evident at very
low doses, may be inapparent or even reversed at higher
doses of these agents.

We thank Ms. Sandra Lemmon and Dr. Michael Smerdon for
their thoughtful comments and Ms. Bonnie Gowans for her excellent
technical assistance. Aphidicolin was generously supplied by the
Natural Products Branch, Division of Cancer Treatment, National
Cancer Institute. S.M.C. and S.L.D. were supported by National
Institutes of Health Grant T32 ES 07066. B.R.K. was supported by
National Institutes of Health Grant 5T32 CA 09118. This work was

supported by National Institutes of Health Grant CA 20513, the
Monsanto Corporation, and the following companies: Brown & Wil-
liamson Tobacco Co.; Philip Morris Inc.; R. J. Reynolds Tobacco
Co.; and United States Tobacco Co. Media were provided by the
Washington University Cancer Center (supported by National Insti-
tutes of Health Grant 16217).

1. Maher, V. M., Birch, N., Otto, J. R. & McCormick, J. J.
(1975) J. Natl. Cancer Inst. 54, 1287-1294.

2. Maher, V. M., McCormick, J. J., Grover, P. L. & Sims, P.
(1977) Mutat. Res. 43, 117-138.

3. Maher, V. M., Dorney, D. J., Mendrale, A. L., Konze-Thom-
as, B. & McCormick, J. J. (1979) Mutat. Res. 62, 311-323.

4. Kakunaga, T. (1975) Cancer Res. 35, 1637-1642.

Cell Biology: Cohn et aL



4832 Cell Biology: Cohn et al.

5. Borek, C. & Sachs, L. (1966) Nature (London) 210, 276-278.
6. Farber, E. (1976) in Liver Cell Cancer, eds. Cameron, U. M.,

Linsell, D. A. & Warwick, G. P. (Elsevier/North Holland Bio-
medical, Amsterdam), pp. 243-277.

7. Farber, E. & Cameron, R. (1980) Adv. Cancer Res. 31, 125-
226.

8. Povirk, L. F. & Painter, R. B. (1976) Biochim. Biophys. Acta
432, 267-272.

9. Painter, R. B. (1978) Cancer Res. 38, 4445 4449.
10. Kaufmann, W. K., Cleaver, J. E. & Painter, R. B. (1980) Bio-

chim. Biophys. Acta 608, 191-195.
11. Mironescu, S. & Love, R. (1974) Cancer Res. 34, 2562-2570.
12. Mironescu, S. G. D., Epstein, S. M. & Dipaolo, J. A. (1980)

Cancer Res. 40, 2411-2416.
13. Doniger, J., O'Neill, R., Noguchi, P. & Dipaolo, J. A. (1983)

Teratog. Carcinog. Mutagen. 3, 133-144.

Proc. Natl. Acad. Sci. USA 81 (1984)

14. Dresler, S. L., Roberts, J. D. & Lieberman, M. W. (1982) Bio-
chemistry 21, 2557-2564.

15. Smerdon, M. J., Kastan, M. B. & Lieberman, M. W. (1979)
Biochemistry 18, 3732-3739.

16. Dresler, S. L. & Lieberman, M. W. (1983) J. Biol. Chem. 258,
9990-9994.

17. Davis, R. W., Thomas, M., Cameron, J., St. John, T. P.,
Scherer, S. & Padgett, R. A. (1980) Methods Enzymol. 65,
404-411.

18. Smith, C. A. & Hanawalt, P. C. (1976) Biochim. Biophys. Acta
432, 336-347.

19. Brandt, W. N., Flamm, W. G. & Bernheim, N. J. (1972)
Chem.-Biol. Inter. 5, 327-339.

20. Huberman, J. A. (1981) Cell 23, 647-648.
21. Mironescu, S. G. D. (1978) Int. J. Cancer 22, 304-314.
22. Sidik, K. & Smerdon, M. J. (1984) Carcinogenesis 5, 245-253.


