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The in vitro transforming capacity of simian virus 40 (SV40) for Syrian
hamster cells is highly resistant to inactivation by UV light in comparison to
infectivity. In the same cell system, we demonstrated a "host cell repair
mechanism" sensitive to caffeine which is, to a large extent, responsible for the
high resistance to UV inactivation of the transforming capacity of SV40. The
survival of infectivity of UV-irradiated SV40 in CV-1 cells was also sensitive to
caffeine, again indicating host cell repair. On the other hand, depression of
normal cell DNA synthesis by hydroxyurea during the first 24 h postinfection
only modestly reduced, and to a similar extent, the transforming capacity of
UV-irradiated and nonirradiated SV40.

In a previous paper, we reported that the
transforming capacity in vitro of simian virus 40
(SV40) is increased after weak UV irradiation
(5,000 to 10,000 erg/mm2) and that this capac-
ity is highly resistant to strong UV irradiation
(10,000 to 60,000 erg/mm2) in comparison to a
reduction of infectivity of 4 to 5 logs (25).

In this paper, we present evidence that caf-
feine (known to inhibit DNA host cell repair of
UV-irradiated bacteria and mammalian cells
[16, 19]) reduces the enhancement effect and
the high resistance of transforming capacity of
UV-irradiated "complete" and "defective"
SV40. The survival of replication of UV-irradi-
ated SV40 also is decreased in the presence of
caffeine. We therefore propose that host cell
repair plays a central role in transformation
as well as in replication of UV-irradiated SV40.

MATERIALS AND METHODS

Virus. Preparation of the "complete" and "defec-
tive" SV40 pool (Rh 911 [9]) by the method of Uchida
et al. (30) has been described previously (25).
The virus titer was estimated in CV-1 cells (13) and

calculated by the method of Reed and Muench (20).
The titer of the "complete" pool was 1064 mean tissue
culture infective doses (TCID,0)/ml; that of the "de-
fective" pool was 101 ° TCID5Jml. UV irradiation of
SV40 has been previously described (25).

Cell cultures. Preparation and cultivation of pri-
mary Syrian hamster kidney cultures has been re-
ported (26). CV-1 cells were grown in Eagle minimal

essential medium supplemented with 8% fetal calf
serum; maintenance medium contained 2% fetal calf
serum.

Transformation assay. The transformation assay
of Syrian hamster kidney cells has been described in
detail (24). Briefly, logarithmically growing Syrian
hamster kidney cells were infected with SV40 at a
multiplicity of infection (MOI) of approximately
1,000 mean infective doses (ID50) or 10 ID50 for the
"complete" or "defective" SV40 pool, respectively.
The transformed colonies were scored under the
microscope at 16 to 18 days postinfection as described
(24).

Chemicals. Caffeine (Eastman Kodak Co., Ro-
chester, N.Y., 14650) was added to medium to a final
concentration of 1, 2, and 5 mM. The medium
containing caffeine was added to cell cultures after 1 h
of virus adsorption at 37 C and maintained for 24 h.
Thereafter the medium with and without caffeine was
replaced with fresh medium containing no caffeine.
Various concentrations of caffeine were tested to

determine the effect on cultured Syrian hamster
kidney cells. We observed no obvious morphological
alteration or decrease of growth capacity of the cells
using concentrations of 1, 2, and 5 mM. At a concen-
tration of 10 mM caffeine, however, the cells began to
detach and growth was impaired. For this reason, 5
mM caffeine was determined to be the maximum
tolerable concentration.

Hydroxyurea (HU) (A grade no. 400046, lot no.
803031, Calbiochem, San Diego, Calif.) was added to
medium to a final concentration of 1 mM. After 1 h of
virus adsorption at 37 C, HU medium was added to
cell cultures for different periods of time as indicated
under Results. Thereafter the medium was replaced
with fresh medium without HU.
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RESULTS

Effect of caffeine on transformation. The
transforming capacity of UV-irradiated SV40 in
logarithmically growing Syrian hamster kidney
cells followed the pattern previously reported
(25). An enhancement of transformation capac-
ity occurred when the virus sample was irradi-
ated with UV for 2 min, and transformation
frequency remained high after stronger UV
irradiation (Fig. 1). In the presence of 5 mM
caffeine for 24 h after virus adsorption, different
values for transformation frequency of UV-
irradiated SV40 were obtained. Thus, in the
presence of caffeine, transformation frequency
was remarkably reduced even at the lowest
tested dosage ofUV irradiation (2,500 erg/mm2)
when there is essentially no reduction in trans-
formation efficiency in the absence of caffeine.
This reduction was evident in all virus samples
irradiated and varied directly with the amount
of UV irradiation.

Particularly striking was the fact that the
relative enhancement observed with the 2-min
UV SV40 is virtually abolished by caffeine, but
the residual transformation frequency still
reaches a higher value than for the 30-s or 1-min
UV-irradiated samples (Fig. 1). Similar results
were obtained for the "defective" virus. UV
irradiation of "defective" SV40 for 8 min re-
duced transformation frequency by approxi-
mately 50% in the presence of caffeine (Fig. 2).
Caffeine concentrations of 1 and 2 mM showed a
comparable effect on transformation capacity of
UV-irradiated SV40. In contrast, caffeine did
not alter the transformation frequency of nonir-
radiated virus.
The relation between transformation fre-

quency in the presence or absence of caffeine
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FIG. 1. Relative transforming capacity of UV-
irradiated and nonirradiated "complete" SV40, esti-
mated in Syrian hamster kidney cells in vitro in
presence of caffeine (5 mM) 'added immediately after
virus adsorption for 24 h postinfection. (Infectious
titer of untreated SV40, 10& TCID5J.ml; MOI, 1,000
ID50; transformation frequency, 100/106 cells, which
in the graph is represented as 100%).
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FIG. 2. Relative transforming capacity of 8-min

UV-irradiated and nonirradiated "defective" SV40,
determined in Syrian hamster kidney cells in vitro in
presence and absence of caffeine (5 mM) added
immediately after virus adsorption for 24 h postinfec-
tion. (Infectious titer of nontreated "defective" SV40,
106° TCID5dml; MOI, 10 ID,,,; transformation fre-
quency, 20/10 cells, which in the graph is represented
as 100%o.)

and infectivity of UV-inactivated SV40 is dem-
onstrated in Fig. 3. It is apparent that, even in
the presence of caffeine, transformation fre-
quency is much more resistant than infectivity.
These results indicate that there is a caffeine-
sensitive mechanism in Syrian hamster kidney
cells, presumably a host cell repair mechanism,
which can modify the transforming capability of
UV-irradiated SV40.

Effect of caffeine on SV40 replication.
Transformation requires only partial expression
of the viral genome (10). For replication, how-
ever, all viral functions need to be expressed.
Therefore, it was of interest to determine
whether or not there is a caffeine-sensitive host
function which affects the replication of UV-
irradiated SV40. SV40 was UV irradiated for
different periods of time and titrated in CV-1
cells in the presence and absence of caffeine (5
mM, for 24 h, postadsorption) (Fig. 4). The titer
of nonirradiated SV40 was not influenced by
this concentration of caffeine. Infectivity of
SV40 after UV irradiation decreased at a rate
similar to that previously described (25). But, in
the presence of caffeine, infectivity of UV-
irradiated SV40 decreased at a faster rate. The
difference between survival curves in the pres-
ence and absence of caffeine increased as a
function of UV irradiation time. Even in the
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DNA synthesis for 5 or 24 h after virus adsorp-
'COMPLETE" SV40 tion only slightly decreased the transformation

200- efficiency, and to the same extent, for UV-
0oo irradiated and nonirradiated SV40 (Fig. 5).

NO CAFFEINE These results indicate that the early events in
the transformation process proceed also under
conditions of highly depressed normal DNA

10- 0 \ / synthesis.
CAFFEINE TTRANSFORMATION DISCUSSION
5mM /ICSSO

The major photobiochemical action of UV
_J \ \irradiation appears to be the formation of thy-
> o \ midine dimers in the DNA (12), which prevents

its transcription and therefore its functions. The
survival of different functions after UV irradia-
tion is dependent upon the molecular weight of
the nucleic acid, its strandedness, and possible

0.1- host factors (17). We have reported a difference
in the photosensitivity of SV40 functions to UV
light: an enhancement and a high resistance of

INFECTIVITY transformation capacity in vitro (25, 27) and of
0.01-

106
INFECTIVITY-TITER OF UV-SV40 IN THE
PRESENCE AND ABSENCE OF CAFFEINE
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FIG. 3. Survival of transforming capacity of UV-
irradiated "complete" SV40, determined in Syrian
hamster kidney cells in vitro in presence and absence
of caffeine (5 mM, 24 h postinfection) and survival of
infectivity in CV-1 cells.

lo5 - 0

presence of caffeine, loss of infectivity showed a E
0two-component character which probably re-\

flects a "multiplicity reactivation" (32) of SV40 \
after stronger UV irradiation.
Effect of HU on transformation. In the \

experiments above it was shown that inhibition '1\
of host cell DNA repair reduced transformation ' 0 NO CAFFEINE
capacity of UV-irradiated SV40. Therefore, we z
wanted to see if the transformation capacity of \ \
UV-irradiated SV40 was affected when normal IO4 0
cellular DNA synthesis is inhibited but host cell
repair of DNA is maintained. These conditions
are fulfilled by the use of HU (3). When
logarithmically growing Syrian hamster kidney \
cells were exposed to a 1 mM concentration of
HU for 18 or 24 h, DNA synthesis as estimated
by autoradiography and incorporation of
[3H]thymidine into acid-insoluble material was
reduced by more than 90% of the controls. After

103
virus adsorption, HU was added to the medium IO , 2 4 8
at a final concentration of 1 mM for 5 or 24 h. MINUTES OF IRRADIATION
The medium was then changed and transforma- FIG. 4. Survival of infectivity of UV-irradiated
tion frequency was estimated as previously "defective" SV40 in CV-1 cells in presence and
described (24). Inhibition of normal cellular absence of caffeine (5 mM, 24 h postinfection).
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FIG. 5. Relative transformation frequency of UV-

irradiated and nonirradiated "complete" and "defec-
tive" SV40 in presence of hydroxyurea (1 mM, 5 and
24 h postinfection expressed as percent of control in
the absence of the drug.

oncogenicity in vivo (5, 27) after light and
especially after strong UV irradiation up to
80,000 erg/mm2. The high resistance of transfor-
mation capacity led to the assumption that a

host cell repair mechanism might be involved in
the phenomenon (27). Since earlier experiments
gave no indication of photoreactivation in-
volved in the transformation process (N. See-
mayer, unpublished observations), the validity
of the host cell repair mechanism assumption
was tested in the present experiments by incor-
porating caffeine in the system. We used this
compound since it is known to inhibit the host
cell repair mechanism of UV-irradiated bacteria
(16) and of UV-irradiated bacteriophages (23)
leading to a reduction of survival. Also, the
survival of mammalian cells, such as mouse L
(19) and Chinese hamster cells (21) is strongly
reduced in the presence of caffeine after UV
irradiation but not after X irradiation (19). In
preliminary experiments we found similar ef-
fects of caffeine on the survival of Syrian
hamster kidney cells after UV irradiation. The
effect of caffeine appears to be due to an
inhibition of repair enzymes (22, 23, 31) or to a
direct interaction of the drug with the DNA (6,
29). Our present results demonstrate that the
survival of transforming capacity of UV-
irradiated SV40 is reduced in the presence of
caffeine (1 to 5 mM). The enhancement of
transformation observed with lightly UV-
irradiated SV40 (25) is also sensitive to the
action of caffeine, but to a lesser extent than
UV-irradiated virus samples showing no en-

hancement.
The reduction of transforming capacity in the

presence of caffeine was more evident with
SV40 samples which had received strong UV
irradiation. For example, after 12 min of UV

irradiation (60,000 ergs/mm2), the transforming
capacity was 70% of the unirradiated controls in
the absence of caffeine, but in the presence of
caffeine it was reduced to 6%. This effect of
caffeine could be due to some general effect on
cell physiology, such as inhibition of phos-
phodiesterases which would produce an in-
creased level of intracellular cyclic adenosine 5'
monophosphate (14). However, this is improba-
ble because the transforming capacity of nonir-
radiated SV40 or of SV40 photodynamically
inactivated in the presence of toluidine blue 0
(26) or by beta-propiolactone treatment (See-
mayer and Defendi, manuscript in preparation)
was not affected by a similar concentration of
the drug. We can conclude, therefore, that host
cell repair is an important step in the transfor-
mation process of UV-irradiated SV40.
Of particular interest is the finding that the

survival of replication of UV-irradiated SV40 in
CV-1 cells is also caffeine sensitive and that it is
reduced in the presence of the drug. The change
in slope after 1 log1o reduction of UV-irradiated
SV40 disappeared in the presence of caffeine,
resulting in a straighter line in a semilogarith-
mic scale. However, even in the presence of the
drug, the second component of the inactivation
curve, which probably represents "multiplicity
reactivation" (32), still remained. Similar re-
duction of survival in the presence of caffeine
has been reported for UV-irradiated bacterio-
phage Ti in Escherichia coli (23) and for
UV-treated pseudorabies virus in chicken fibro-
blasts (33). Some evidence of host cell repair in
the induction of SV40 T antigen and transfor-
mation has been reported by Aaronson and
Lytle (1) on the basis of experiments with
normal human fibroblasts and fibroblasts from
patients with xeroderma pigmentosum infected
with UV-irradiated SV40. The variability of
survival curves of UV-irradiated herpes simplex
virus in cells of different species indicates that
mammalian cells may express different degrees
of host cell repair (15, 18). Thus, the differences
between the rates of inactivation of the capacity
for infectivity and transformation of UV-
irradiated SV40 which still persist in the pres-
ence of caffeine may reflect differences in the
size of the viral genome utilized for replication
and transformation; it could also reflect, at
least in part, different degrees of host cell repair
of irradiation damage in these two cell systems.

It is thus apparent that exact inactivation
curves of UV-irradiated viruses and the correct-
ness of the estimate of the gene size necessary
for a certain function can only be determined in
mammalian cells which are defective in repair
mechanisms (as has been done in the phage-
bacterial system [8, 23]).
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HU inhibits replication of normal cell DNA,
but allows unscheduled host cell repair DNA
synthesis (2, 3). The transforming capacity of
unirradiated and UV-irradiated "complete"
and "defective" SV40 was reduced in the pres-

ence of HU at a similar rate. The partial
reduction of transformation frequency is proba-
bly due to the fact that cells in DNA synthesis
are lethally damaged, whereas other cells,
blocked at the G1-S boundary of the cycle,
become partially synchronized and survive the
drug action (28). Our results indicate that a

strong temporary depression of semiconserva-
tive DNA replication only moderately influ-
ences the in vitro transformation frequency of
SV40 and UV-irradiated SV40, provided that
DNA repair synthesis is permitted. The results
complement the finding that SV40 DNA inte-
gration in host cell DNA can occur in the
absence of cellular DNA synthesis (4, 11).
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