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ABSTRACT

The ability of various DNA damaging agents to induce asynchronous
replication of polyoma DNA (APR) in rat cells carrying integrated copies
of these DNA sequences may provide a useful model for understanding
mechanisms of gene amplification. The present study has explored in
detail the ability of UV irradiation to induce APR in the polyoma
transformed rat fibroblast cell line H3. We have found that the optimum
condition for induction of APR was obtained by irradiating the H3 cells
with UV-C (wavelength, 254 nm) at 1-2 J/nr. Irradiation with UV-B
(270-360 nm) was much less effective, and no induction of APR was
obtained with even high doses of UV-A (345-440 nm). This action

spectrum provides evidence that the critical target for induction of APR
is DNA. We found that when normal rat fibroblasts were irradiated with
UV-C and then fused to 113 cells, this also led to induction of APR.
These results provide evidence that the induction of APR by UV-C is
mediated by a fram-acting factor. The induction of APR by UV-C was

inhibited by high doses of cycloheximide or actinomycin D, suggesting
that the production of this irons-acting factor requires de novo protein

and RNA synthesis. On the other hand, low doses of cycloheximide or
actinomycin D alone were able to induce APR, perhaps by blocking the
synthesis of cellular factors that normally inhibit APR. Thus, induction
of APR by UV-C provides a useful system for identifying cellular factors

that might mediate or prevent the asynchronous replication of various
DNA sequences.

INTRODUCTION

It is obvious that control mechanisms must exist in mam
malian cells to ensure that during normal cell division individual
regions of the genome, or replicons, replicate only once during
each .S'-phase. The biochemical mechanisms underlying this

synchrony are, however, not known. It is also apparent that in
certain cases individual regions of the genome can replicate out
of phase, or asynchronously, with respect to the remainder of
the genome, and that this can result in regions of DNA ampli
fication. This is known to occur normally in the chorion genes
of Drosophila and in the ribosomal genes of amphibia during
development, and in genes related to drug resistance or in
certain protooncogenes in specific mammalian tumors (for
review see 1-3). Indeed the frequent occurrence of homogene
ously staining regions in chromosomes, and double-minute
chromosomes, in tumors reflects regions of DNA amplification
(1, 4). The precise causes of DNA amplification in naturally
occurring tumors are not known, although there is evidence
that DNA damaging agents and drugs that arrest the cell cycle
can enhance this phenomenon (1). It is possible, therefore, that
the multistage carcinogenic process and the phenomenon of
tumor cell heterogeneity may be due, in part, to external agents
that enhance asynchronous DNA replication and DNA ampli
fication.
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Our laboratory (5) and other groups (6-8) have been studying
the phenomenon of asynchronous replication of the papovavi-
ruses, polyoma and SV40, as model systems to gain further
insights into the types of agents that can induce asynchronous
DNA replication, and to gain insights into the underlying
mechanisms. Thus, we have found that when rat fibroblast cell
lines containing integrated copies of polyoma DNA are exposed
to a diol epoxide metabolite of benzo(a)pyrene, there is a
massive production of copies of polyoma DNA molecules,
which appear in the extrachromosomal fraction of the cells (5).
Using cell fusion studies we have obtained evidence that this
response is mediated by a frans-acting factor (9). Similar results
have been obtained with a variety of DNA damaging agents in
hamster cell lines carrying integrated copies of SV40 virus
DNA (10, 11).

In the present study we have explored in detail the optimum
conditions, with respect to dose, wavelength, and time, for
inducing APR3 by UV irradiation. We have employed a well-

characterized fibroblast cell line, H3, which was transformed
by ts-a, and carries 1.3 copies of the polyoma genome integrated
into the cellular genome (12). We have also done cell fusion
studies in this system and assessed the effect of various inhibi
tors when tested alone and in combination with UV irradiation.
Our results provide further evidence for a model in which DNA
damaging agents, and certain drugs that do not directly damage
DNA, induce the production of a protein factor(s) which can
act in trans to cause asynchronous replication of specific DNA
sequences. We believe that UV-irradiated H3 cells will provide
a valuable system for the identification of this putative factor
and the mechanisms of its action.

MATERIALS AND METHODS

Cells and Cell Culture. Rat-6 is a nontransformed rat embryo fibro
blast cell line and H3 is a rat embryo fibroblast line which was
transformed by the ts-a virus (12). Both cell lines were maintained in
DMEM (GIBCO) with 10% calf serum (Flow) and antibiotics (penicil
lin, 100 U/ml; streptomycin, 100 /ig/ml; GIBCO) (12). The rat-6 cells
were routinely grown at 37Â°Cand H3 cells at 39Â°C,except as indicated

in Figs. 1-8, legends.
Chemicals. Actinomycin D, caffeine, and cycloheximide were pur

chased from Sigma. Stock solutions for actinomycin D were prepared
in dimethylsulfoxide. The other drugs were dissolved in phosphate
buffered saline. Drugs were added directly to cell cultures containing
fresh medium, at the concentrations and time intervals described in
Figs. 1-8, legends.

Cell Fusions. Cell fusions were carried out in SO-ml conical tubes
containing the two cell types in a ratio of 3:1 (dunors:recipients.
respectively). One ml of PEG 1000 (Sigma) was slowly added to the
cell pellet, and the suspension mixed gently for 90 s. The PEG-cell
suspension was then diluted slowly by adding 40 ml of DMEM without
serum, in 10 min. The mixture was then centrifuged (1000 rpm for 5
min), and the cell pellet was resuspended gently in DMEM with serum,
plated, and incubated at 33Â°C.

3The abbreviations used are: APR, asynchronous polyoma DNA replication;
ts-a, a temperature-sensitive mutant of polyoma; PEG, polyethylene glycol;
BPDE, benzo(a) pyrene diol epoxide.

4565

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/17/4565/2429022/cr0470174565.pdf by guest on 19 M

ay 2023



INDUCTION OF ASYNCHRONOUS REPLICATION OF POLYOMA DNA

UV Irradiation. UV irradiation of cells was carried out with three
different light sources and irradiance was measured with an Interna
tional Light Radiometer IL700 A, at the target-source distance utilized
in each experiment. Irradiation with UV-A, with a spectral emission of
345-440-nm range, was achieved by employing a 2000-W mercury
vapor lamp containing iron and gallium iodide (Mutzhas 2000; Munich,
West Germany). As a UV-B source we used a bank of six Philips TL
20W/12 fluorescent tubes, with a spectral emission of 270-360 nm.
The UV-C source consisted of a single germicida! lamp (G 564 TSL),
with a spectral emission of 254 nm. Cell monolayers were irradiated
after removal of the growth medium and gentle rinsing with phosphate
buffered saline. The dish lids were removed during the UV-C and UV-
B irradiation but this was not necessary during the UV-A exposure.
Immediately after irradiation, the cultures were incubated with fresh
medium plus serum. Cells that served as controls, were treated similarly
to the experimental samples, but they were not exposed to UV irradia
tion.

Isolation and Analyses of DNA. Extrachromosomal DNA was iso
lated by extraction of the low molecular weight fraction of cellular
DNA, by the method of Hirt (13). The Hirt supernatant fraction was
obtained as described previously (12). Equal amounts of Hirt extracted
DNA (10 jig) were loaded onto 0.8% agarose gels. Following electro-

phoresis, the DNA was transferred to nylon membranes (Hybond,
Amersham) by the capillary blotting procedure (14). In dot blot assays,
DNA samples were denatured at 95Â°Cfor 5 min, then chilled for 5 min

on ice and dotted onto nylon membranes, by employing a % well
microtiter tray (Minifold I, Schleicher and Schnell). The DNA was
then cross-linked to the membranes by a UV transilluminator for 5
min. All filters were prehybridized with a blocking solution for 2 h at
42Â°C,as described previously (12). Specific hybridization was then

carried out using 10 ng/ml of a polyoma DNA probe that was denatur-
ated after labeling with 32Pby nick translation (14). The probe contained

the polyoma origin of replication, which was prepared by isolation of a
3.9-kilobase BamHl fragment from the pSV5-gpt plasmid (9). After
hybridization for 18 h at 42Â°C,filters were washed extensively at 68Â°C
(14), dried, and subjected to autoradiography at -70Â°Cwith intensifying

screens. Densitometry of the autoradiographs was carried out on a
Joyce-Loebel Chromoscan 3 instrument. All of the experiments de
scribed were done at least three times, and in all cases the variations
between experiments were less than 15%.

RESULTS

Induction of Asynchronous Polyoma DNA Replication (APR)
by UV Light. We first determined whether a single brief expo
sure of H3 cells to UV light at 254 nm (UV-C) could induce
APR in the H3 cell line. This cell line, which has been previously
described (12), is a rat fibroblast line transformed by the ts-a
virus. When exposed to certain chemical carcinogens and
shifted to the permissive temperature (33Â°C)these cells produce

a very large number of extrachromosomal copies of polyoma
DNA (12).

H3 cells were exposed to UV-C (1 J/m2) and shifted to 33Â°C.

Forty-eight h later the extrachromosomal DNA (Hirt super
natant) was extracted, separated by gel electrophoresis, and
hybridized to a 32P-labeled polyoma DNA probe by the South

ern blot procedure. Fig. 1 indicates that exposure of the H3
cells to UV-C led to a marked increase in the abundance of
extrachromosomal polyoma DNA sequences. We shall, hence
forth, refer to this increase in polyoma DNA as APR. Two
prominent bands, characteristic of polyoma forms I and II (12)
were seen. Additional heterogeneous material was seen, which
was also the case in previous studies in which APR was induced
by exposure of H3 cells to chemical carcinogens (12). This
heterogeneity may reflect replication of various lengths of host
DNA that flank the 5' and 3' sides of the integrated copies of

polyoma DNA in H3 cells.
In view of the marked effect obtained with UV-C it was of

A B

Fig. 1. Exposure of H3 cells to UV-C induces APR. Extrachromosomal DNA
was extracted from H3 cells after exposure to UV-C (1 J/m2) and a temperature
shift from 39 to 33'C (A), or from control cells not exposed to UV-C but sham

irradiated and also subjected to the temperature shift (lÃ¬).DNA samples (10 fig/
lane) were analyzed by gel electrophoresis in 0.8% agarose and Southern blot
hybridization, using a 32P-labeled polyoma DNA probe. The position of migration
of forms I and II polyoma DNA are indicated. For additional details see "Mate
rials and Methods."

interest to determine the optimal wavelength and dose of UV
light for induction of APR. H3 cells were irradiated under the
following conditions: (a) 0.5-7.0 J/m2 of light at 254 nm (UV-
C), (b) 5-135 J/m2 of light at 270-336 nm (UV-B), and (c)
0.5-54 J/cm2 of light at 345-440 nm (UV-A). For a detailed
description of the light sources and exposures see "Materials
and Methods." Induction of APR was measured by dot blot

hybridization assays of the extrachromosomal DNAs prepared
from the treated and control cells 48 h after the UV light
exposures, using a 32P-labeled polyoma DNA probe. The data

were quantitated by densitometry of the autoradiographs of the
dot blots and expressed as a ratio of the treated divided by the
parallel control (unirradiated) sample, i.e., "fold increase of
APR."

As shown in Fig. 2, maximum induction of APR (>24-fold)
was obtained when H3 cells were exposed to 0.5-2 J/m2 of
UV-C. With the UV-B source, an approximately 10-fold higher
fluency was required (about 15 J/m2) to produce an equivalent
induction of APR. UV-A did not induce APR even when tested
at 54 J/cm2 (Fig. 2). We have also studied the effects of UV-A

exposures at an earlier time point, i.e., 24 h, using doses of 5,
15, and 45 J/cm2 and again found no induction of APR (data

not shown). These results provide strong evidence that the
primary target of UV light with respect to the induction of
APR is DNA, rather than protein or other macromolecules.

We also examined the time course of induction of APR by
UV-C, using a dose of 2 J/m2. Extrachromosomal DNA was
extracted from H3 cells at 12-h intervals up to 96 h after the
exposure to UV, and analyzed by dot blot hybridization, as
described above. We found that APR rose gradually, following
exposure of the cells to UV-C, reaching a maximum at 48 h,
and then declined gradually during the subsequent 48 h (Fig.
3).

UV-C Induces a trans-acting Factor for APR. We have previ
ously presented evidence that the induction of APR in H3 cells
by benzo(a)pyrene and its diol epoxide metabolite BPDE is

4566

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/17/4565/2429022/cr0470174565.pdf by guest on 19 M

ay 2023



INDUCTION OF ASYNCHRONOUS REPLICATION OF POLYOMA DNA

5 10 15
Exposure Dose, J/cm2 UV-A

54

B

OC
o.

eo
5
Â£

15 25 35 45 55 65 75 85 95 105 115 135
ExposureDose,Jim2UV-B

ExposureDose,Jim2UV-C

Fig. 2. The effects of different doses and wavelengths of UV irradiation on
induction of APR. H3 cells were exposed to the indicated doses of: A, UV-C (J/
m2); B, UV-B (J/m2); or C, UV-A (J/cm2). It should be noted that the doses of
UV-A are about 1000 times those of UV-C. The cells were then shifted from 39
to 33"C. Extrachromosomal DNAs were collected 48 h later and hybridized in a
dot blot assay to the MP-labeled polyoma DNA probe. The blots were radioauto-
praphed and the results quantitated by densitometry. The data are expressed as
"fold increase of APR," i.e., the ratio of the value obtained in the treated sample

to that obtained with a parallel untreated sample. For additional details see
"Materials and Methods."
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Fig. 3. Time course study on the effects of UV-C irradiation on APR. H3 cells
were exposed to UV-C (2 J/m2) and shifted from 39 to 33'C. Extrachromosomal
DNAs were collected at 12-h intervals during the subsequent 96 h and analyzed
by dot blot hybridization and densitometry, as described in Fig. 2.

mediated by a fra/is-acting factor (9). We presumed that this
was a consequence of DNA damage, but benzo(a)pyrene metab
olites can also react with proteins and other cellular constituents
(15). It was of interest, therefore, to explore this phenomenon
with UV-C since it is more likely to damage only DNA, and

exposure of cells to this agent can be more precisely timed than
with chemical carcinogens.

Normal rat-6 cells lacking polyoma DNA sequences were
preexposed to UV-C (2 J/m2) and 24 or 48 h later they were

fused with untreated H3 cells, using PEG. The plates were then
incubated at 33Â°Cfor 48 h and extrachromosomal DNA was

extracted from the heterokaryons and analyzed by Southern
blot hybridization, using a "P-labeled polyoma DNA probe.
Fig. 4 shows that fusion of the UV preexposed Rat-6 fibroblasts
with untreated H3 cells resulted in a marked increase in APR.
No increase was seen when untreated Rat-6 cells were fused
with H3 cells (Fig. 4). These results provide evidence that DNA
damage caused by UV-C induces a fra/is-acting factor that
mediates APR in the untreated H3 cells, since the UV damage
need not be inflicted directly on the integrated polyoma DNA
sequences for the induction to occur.

Effects of Cycloheximide on APR. Since it seems likely that
the putative trans-acting factor is a protein, and because differ
ent concentrations of the protein synthesis inhibitor cyclohex-
imide are known to enhance the expression of certain genes
(16-19), it was of interest to examine the effects of a wide range
of cycloheximide concentrations on APR, in the absence and
presence of treatment of H3 cells with UV-C.

We found that when H3 cells were treated with very low
concentrations (0.05-0.2 ng/ml) of cycloheximide alone, there
was a marked increase in APR (Fig. 5). This effect diminished
at higher concentrations of the drug, and no significant induc
tion of APR was seen at concentrations greater than 2 ng/ml.
We also examined the effects of these concentrations of cyclo
heximide on cytotoxicity. The low concentrations of cyclohex
imide (0.05-0.2 Mg/ml) that induced APR produced less than
10-25% cytotoxicity, while higher concentrations produced
major toxicity (Fig. 5). Previous studies indicated that 0.2 Â¡i%/
ml of cycloheximide can inhibit protein synthesis by about 54%
(20). It is possible, therefore, that very low concentrations of
cycloheximide induced by some indirect mechanism the expres
sion of a factor that enhances APR. If this factor is a protein,

A B
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Fig. 4. The fusion of normal rat-6 fibroblasts exposed to UV-C with untreated
H3 cells induces APR. Rat-6 cells lacking polyoma DNA sequences were exposed
to UV-C (2 J/m2) and 24 (A) or 48 (B) h later fused to untreated H3 cells. The

mixed cultures were then grown at 33 C. Extrachromosomal DNA was collected
48 h later and analyzed by Southern blot hybridization, as described in Fig. 1.
Lane Â¡,H3 cells fused with untreated rat-6 cells; lane 2, UV-C exposed rat-6
cells; and lane 3, untreated H3 cells.
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INDUCTION OF ASYNCHRONOUS REPLICATION OF POLYOMA DNA
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Fig. 5. The efTects of cycloheximide on APR. Subconfluent cultures of H3
cells were exposed to the indicated concentrations of cycloheximide (SO ng-20
,<u ml i and shifted to 33Â°Cfor 24 h. The plates were then rinsed three times with

phosphate buffered saline and fresh medium was added. Extrachromosomal DNA
was extracted after further incubation at 33*C for an additional 24 h, and analyzed

by dot blot hybridization and densitometry as described in Fig. 2. Cytotoxicity
was determined by staining the cells 24 h after treatment with trypan blue. â€¢.
fold increase of APR; O. % cytotoxicity.
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Fig. 6. The effects of exposing cells to UV-C and cycloheximide on APR. H3
cells were exposed to the indicated doses of UV-C and then immediately incubated
for 24 h at 33*C in the presence of either 0.2 or 1.0 eg/ml cycloheximide.

Extrachromosomal DNA was then isolated and analyzed by dot blot hybridization
and densitometry, as described in Fig. 2. UV-C alone ( ); UV-C plus 0.2
/ig/ml cycloheximide ( ); UV-C plus I Â«ig/mlcycloheximide ( ); 0.2 ng/
ml cycloheximide alone ( >); I Â«ig/ml.cycloheximide alone. (â€¢â€¢â€¢â€¢>).

then its synthesis would be blocked by high concentrations of
cycloheximide, and thus no induction of APR would occur.
Alternatively, the low concentrations of cycloheximide might
block the synthesis of a labile protein that normally represses
APR, but the cytotoxicity of the high doses of cycloheximide
might dampen the net effect (see also "Discussion").

To examine possible similarities between the effects of cyclo
heximide and UV-C on APR, H3 cells were exposed under
various conditions to the two agents (Fig. 6). In this experiment
UV-C (1 J/m2) alone produced about a 24-fold increase in APR
and cycloheximide (0.2 fig/ml) alone produced about an 18-
fold increase. When the two agents were combined, there was
a 20-fold increase in APR. Thus, when tested under conditions
that are optimal for each agent, UV-C and cycloheximide do
not act in an additive or synergistic manner. A higher dose of
cycloheximide (2 /Â¿g/ml)caused appreciable inhibition of the
APR synthesis induced by UV-C (Fig. 6), presumably by inhib
iting the synthesis of a putative protein factor induced by UV-

C.
Effects of Actinomycin D on APR. In view of the results

obtained with cycloheximide it was also of interest to test the
effects of actinomycin D. an inhibitor of RNA synthesis. When
tested alone, concentrations of actinomycin D ranging from 2
to 2 x 10* ng/ml did not induce APR (Fig. 7). These concen

trations of the drug did, however, produce a progressive inhi
bition of the APR induced by UV-C, causing a virtually com-

2 ZxK)1

Concentration, Actinomycin D (ng/ml)

2.1O3 2Â»1O4

Fig. 7. Effects of various doses of actinomycin D on APR. H3 cells were
incubated with the indicated concentrations of actinomycin D at 33*C for 24 h,
either alone ( ) or immediately after exposing the cells to UV-C (1 J/m2),
( ). Extrachromosomal DNA was extracted and analyzed by dot blot hybridi
zation and densitometry as described in Fig. 2.
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Fig. 8. Effects of caffeine on APR. H3 cells were exposed to the indicated
concentration of caffeine at 33*C for 4 ( ) or 24 ( ) h. The cells were then
maintained at 33*C for an additional 24 h. Extrachromosomal DNA was isolated

and analyzed by dot blot hybridization and densitometry, as described in Fig. 2.

pÃeteinhibition at about 2 x IO3ng/ml (Fig. 7). Thus, it appears
that the induction of APR by UV-C is dependent on not only
de novo protein synthesis (Fig. 6) but also on de novo RNA
synthesis (Fig. 7). However, when very low concentrations of
actinomycin D (10-30 pg/ml) were added to H3 cells for 24 h,
we observed about a 6-fold increase in APR, indicating that
these concentrations of actinomycin D were able to induce APR
even in the absence of UV irradiation.

Effect of Caffeine on APR. The previously reported effects of
caffeine on DNA synthesis and repair (21-23) together with its
ability to potentiate the chromosome damaging effects of UV
light (24), led us to study the effect of this agent on APR, when
tested alone and in combination with UV-C. We treated H3
cells for 4 or 24 h with various concentrations of caffeine, and
24 or 48 h later DNA was extracted and analyzed for APR.
Treatment of cells with 10~4M caffeine for 4 h resulted in about

a 7-fold induction of APR (Fig. 8). Exposure of the cells to
caffeine for 24 h was even more effective, since in this case a
14-fold induction occurred with 5 x 10~5 M caffeine (Fig. 8).
When H3 cells were exposed to UV-C (2 J/m2) and then treated
for 24 h with high concentrations of caffeine (5-25 x 10~3 M)

there was a progressive inhibition of APR, when compared to
the results obtained with UV-C alone (data not shown). Other
investigators have reported that high concentrations of caffeine
inhibit the induction of SV40 DNA synthesis induced by
DMBA or cycloheximide (7). To our knowledge, this is the first
evidence that caffeine alone can induce APR.

DISCUSSION

The present studies extend our previous findings (5, 9, 12)
on the induction of asynchronous polyoma DNA synthesis in
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INDUCTION OF ASYNCHRONOUS REPLICATION OF POLYOMA DNA

the H3 rat fibroblast cell line by various DNA damaging agents,
and other substances. Other investigators have examined simi
lar phenomena, also referred to as "viral DNA amplification,"

in transformed cells carrying integrated copies of SV40 virus
or Human Papilloma Virus (6, 7, 25). In this study we have
concentrated on the effects of UV irradiation on APR, since
UV irradiation provides a convenient way to deliver a rapid and
pulsatile exposure and, by varying the wavelength of the UV
source, defining the cellular target involved in the APR re
sponse. When we employed various UV light sources, we found
that the optimum wavelength for inducing APR is in the range
of 254 nm (Fig. 2). Since this corresponds to the absorption
maximum of DNA, these results provide strong evidence that
the critical cellular target for the induction of APR is DNA.
Irradiation at this wavelength produces a high yield of pyrimi-
dine dimers in DNA (26), thus implicating these lesions as the
initial trigger to APR in UV irradiated cells.

Both in vivo and /'// vitro studies indicate that pyrimidine

dimers can block DNA synthesis. Thus, Livneh found that the
production of a single pyrimidine dimer in 4>X174 phage DNA
blocked its in vivo replication. Termination of replication oc
curred at putative pyrimidine dimer sites, and this was associ
ated with dissociation of the DNA polymerase from the DNA.
It is of interest that reinitiation of DNA replication occurred in
the presence of bacterial proteins involved in the SOS response
(27). A study by Zurlo et al. (28) indicated that UV-C irradiation
of rat hepatocytes resulted in a dose dependent decrease in the
size distribution of nascent DNA molecules, presumably reflect
ing inhibition of chain elongation at sites of pyrimidine dimers.
Analogous events might trigger asynchronous replication of
viral DNA in other systems. Thus, Bowden et al. (15) have
reported that BPDE treatment of African green monkey kidney
cells (CV-1P) carrying integrated SV40 DNA sequences re
sulted in induction of viral DNA synthesis at doses that block
DNA elongation during cellular DNA synthesis. We have pre
viously reported that BPDE is also a potent inducer of APR in
H3 cells (12). Taken together, these observations suggest that
the induction of APR by UV-C is a consequence of inhibition
of DNA chain elongation. As discussed elsewhere (5, 9, 12) it
is difficult to distinguish from studies on intact cells the extent
to which the accumulation of extrachromosomal copies of
polyoma DNA reflects in situ replication of the integrated
sequences by an onion skin model, versus excision and extra-
chromosomal replication.

Although DNA lesions appear to be the initial trigger to
APR induced by UV-C irradiation, our cell fusion experiments
(Fig. 3) indicate that these lesions need not be within the
polyoma DNA sequences themselves. These studies, and our
previous cell fusion studies using BPDE (9), provide evidence
that the APR response is mediated by a irans-acting factor. We
presume, therefore, that pyrimidine dimers, and other types of
lesions in cellular DNA, interrupt DNA synthesis and that this
induces the production of a fra/is-acting factor that causes APR,
perhaps because this factor binds to sites on polyoma DNA
that regulate its replication. Cell fusion studies in the SV40
system also provide evidence for this type of factor (10, 11).
We assume that this factor is a protein and that its induction
requires both de novo protein and RNA synthesis, since we
found that the induction of APR by UV-C is inhibited by doses
of cycloheximide (Fig. 6) and actinomycin D (Fig. 7) that inhibit
protein and RNA synthesis, respectively. Nomura and Oishi
(10) have also reported that the induction of SV40 DNA
synthesis in Syrian Hamster cells by UV-C is blocked by high

doses of cycloheximide.

The above-described putative irons-acting protein may be a
member of a family of proteins produced by mammalian cells
in response to DNA damage and other external "stresses."

Thus, Herrlich et al. (29) has demonstrated by two-dimensional
gel analyses the induction of several new proteins in human
fibroblasts treated with UV-C or a low dose of cycloheximide.
Using two-dimensional gel analyses we have demonstrated the
induction of a specific protein CIN-1, and other proteins, in rat
fibroblasts treated with the carcinogens BPDE or /V-acetoxy
acetylaminofluorene (5). We have also seen several new proteins
in human keratinocytes exposed to UV-C or cycloheximide.4

Further studies are required to determine whether any of these
proteins actually mediate asynchronous viral DNA synthesis,
or the possible amplification of cellular genes.

The ability of very low doses of cycloheximide (Fig. 5) and
actinomycin D (Fig. 7) to induce APR in H3 cells, even though
high doses of these agents had the opposite effect, has interest
ing implications. Several groups have reported that various
doses of cycloheximide can increase cellular levels of specific
mRNAs, including the mRNAs for actin (16), /3-interferon (17),
omit hiÃ±edecarboxylase (18), the oncogenes c-myc and c-fos
(19), and histone mRNA (30). In the later case this appears to
be due to stabilization of the histone mRNA (30). Since new
proteins have been detected in cells treated with cycloheximide
(see above) it is also possible that low doses of cycloheximide
induce a factor(s) that enhances APR. Low doses of actinomy
cin D might act by an analogous mechanism. Alternatively,
these two agents might block the synthesis of a labile represser
that normally inhibits APR in H3 cells. Since cycloheximide
can inhibit DNA synthesis (22), it might also trigger APR by
interrupting DNA chain elongation, or it might act through
alterations in DNA polymerase a (31).

Obviously, further studies are required to distinguish these
possible mechanisms. Nor is it apparent at the present time
why cycloheximide and actinomycin D inhibit rather than en
hance the APR induced by UV-C (Figs. 6, and 7). In our studies
with caffeine, we also found that low doses alone induce APR,
whereas high doses inhibit the APR induced by UV-C (Fig. 8).
Previous studies indicate that caffeine potentiates the chromo
some damaging effects of UV light (24), possibly by enhancing
strand breaks as shown in Chinese hamster embryo cells (23).
It has also been shown that caffeine can uncouple mitotic events
from the normal completion of DNA replication, presumably
by modifying posttranscriptional mechanisms (21). Other in
vestigators have found that caffeine (1-2 UM) inhibited the
induction of SV40 DNA replication in hamster cells pretreated
with dimethylbenzanthracene or cycloheximide (7), whereas in
a separate study lower concentrations of caffeine (0.5-2 mivi)
when combined with UV-C enhanced the induction of SV40
DNA (32). In studying the effect of caffeine on postreplication
repair of DNA damaged by UV light Zamansky et al. (32)
found that it inhibited the filling of DNA gaps during postrep
lication repair. It was also demonstrated that caffeine enhances
SV40 transformation in UV irradiated xeroderma pigmento-
sum variant cells (33). Thus, caffeine can produce complex
effects on DNA damage and repair and virus replication which
are difficult to interpret in molecular terms at the present time.

The present studies indicate that the induction of APR in H3
cells by UV-C and other agents provides a highly instructive
model system for studying the mechanisms that regulate the
normal synchrony of DNA synthesis and the factors that might
lead to the selective replication and amplification of specific

4 Z. Ronai, M. Lambert, .1.Carrels, and I. B. Weinstein, unpublished studies.
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DNA sequences. Our data also provide further evidence for the
concept that in mammalian cells DNA damaging agents can
induce the production of factors that can have complex effects
on the genome itself.
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