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SUMMARY

Mouse L-cells were grown in suspension culture and
exposed to varying concentrations, from 0.2 to 4 Â¿ig/ml,of
mitomycin C for periods ranging from 0.5 to 3.5 hr. A plot
of cell colony-forming ability versus concentration of
mitomycin C for different times of exposure yielded a series
of exponential survival curves which were related by the fact
that the product of the time of exposure and the con
centration of mitomycin C required to reduce survival to
10% (CÃ­o) were a constant. However, the value of C10 was
dependent on the pH of the cell culture at the time of
exposure to mitomycin C. If, immediately after exposure to
mitomycin C, the survival of the cells was measured in
medium containing 2 mM caffeine, the C10 was 0.5 times
that observed in the absence of caffeine. When the treated
cells were incubated in the absence of caffeine for one
generation time and their survival was measured in its
presence, no difference in C\ o over that observed in normal
medium was seen. With a synchronous population of L-cells,
evidence was obtained that cells exposed to mitomycin C
which passed through their first DNA-synthetic period in the
absence of caffeine had no additional loss of viability when
plated in it at later times. These results indicate that the
same system shown previously to exist in L-cells for the
repair or alteration of ultraviolet light damage is also func
tional against damage produced by mitomycin C.

INTRODUCTION

The effect of Mit C1 on bacteria, bacteriophage, and

mammalian cells has been extensively studied (18) because it
appears to have a chemotherapeutic action against a number
of transplanted tumors in mice and rats, as well as some
clinical use in the treatment of human cancer (2). At the
molecular level, low concentrations appear to cause a specific
block in DNA synthesis but have little effect on protein or
RNA synthesis (18). One proposed mechanism for its action
is the formation of intra- and interstand cross-links in DNA,
thus interfering with the replication and transcription of
DNA and/or making it more labile to nucleases within the

'The abbreviations used are: Mit C, mitomycin C; UV, ultraviolet;
CFA, colony-forming ability; PBS, phosphate-buffered saune; CÃ­o,
concentration of mitomycin C required to reduce survival to 10%;
TdR-3H, tritiated thymidine.
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cell (18). Bacterial studies with repair-deficient strains
indicate that at least part of the damage produced by Mit C
appears to be repairable (1). Attempts to measure the repair
or modification of damage in established mammalian cell
lines have been hindered by the lack of such repair-deficient
mutants.

Nevertheless, studies at the molecular level have indicated
that mammalian cells can repair damage produced by X-rays
(13), UV light (16), and alkylating agents (4). However, the
relation between these molecular events and cell survival has
not always been clear. Because of the lack of repair-deficient
mutants of established mammalian cells, use has been made
of chemical agents to interfere with suspected repair
processes. One of these agents, caffeine, has been shown to
potentiate UV damage at the cellular level in both bacterial
(12) and mammalian (15) cells. Since Mit C in many ways
mimics the action of UV on bacterial and mammalian cells
(18), the ability of caffeine to potentiate damage produced
by Mit C in mouse L-cells was tested. In the present
experiments, conditions were determined for exposure of
L-cells to Mit C so that reproducible survival curves for
colony-forming ability could be obtained, and then the
effects of adding caffeine to Mit C-treated cells were
determined.

MATERIALS AND METHODS

The cell line used in the present experiments was a subline
of mouse L-cells designated L60T (19). It had a doubling
time of 16 hr, and its cell cycle consisted of a G, phase of 4
hr, an S phase of 8 hr, a G2 phase of 3.5 hr, and an M
phase of 0.5 hr. The cells were grown as suspension cultures
in spinner flasks (BÃ©licoGlass Co., Vineland, N. J.) or in
glass or plastic test tubes (Falcon Plastics, Los Angeles,
Calif.) as roller tube cultures. The growth medium consisted
of 1066 medium (14) from which coenzymes and thymidine
were omitted and, 1066T~ supplemented by 10% (v/v) of

normal horse serum (Woodland Farms, Guelph, Ontario,
Canada). Cells were counted with an electronic cell counter
(Coulter Electronic Co., Hialeah, Fla.).

CFA was determined by placing aliquots of cells in 60-mm
diameter Petri dishes (Falcon Plastics, Los Angeles, Calif.)
containing 5 ml of 1066 medium plus 10% (v/v) fetal calf
serum (Flow Laboratory, Rockwell, Md.). Petri dishes were
incubated at 37Â°in a humidified incubator through which a

mixture of 95% air and 5% C02 flowed. After 9 to 12 days,
the medium was removed, and the cells in the Petri dishes
were stained with a 1% solution of mÃ©thylÃ¨neblue and
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Chart 4. Percentage of survival of cell CFA of cells exposed to various
concentrations of Mit C. After exposure, cells were assayed in the
absence or presence of 2 mM caffeine.

experiment are shown. Cells exposed to Mit C, incubated in
caffeine, and plated in its absence show a gradual decrease in
survival as a function of time of incubation up to 30 hr.
Conversely, cells exposed to Mit C, incubated in the absence
of caffeine, and plated in its presence shown a gradual
increase in survival as a function of time after exposure,
compared to control cells which had a constant survival.
Thus, as for UV irradiation, Mit C seems to cause a type of
damage which in an asynchronous population of cells can be
altered over a 20- to 30 hr period after treatment.

In the case of UV irradiation, this recovery or fixation of
damage with respect to caffeine toxicity was shown to be
dependent on the cell passing through S phase. A similar
behavior was indicated for Mit C-treated cells by the fol
lowing experiments, in which L-cells were synchronized by
the TdR-3H window method (20). This method utilized the
fact that S phase cells incubated in the presence of TdR-3 H

at high specific activity are killed, while GÃŒ,GÃŒ,and M
phase cells are not affected. Thus, an asynchronous popula
tion of L-cells in exponential growth phase was exposed to
TdR-3H (2 /iCi/ml, 19.3 Ci/mM) for 6 hr. During this time,

all cells which were in or passed into S phase incorporated
enough TdR-3 H into their DNA so they were no longer

viable in the CFA assay. Then unlabeled thymidinewas
added to reduce the specific activity of the TdR-3 H in the

+ coffeine i â€”caffeine

ÃŽQâ€”caffeineâ€”â€”Â»â€¢iÂ«" + coffeine

Mitomycin C incubate plate

A

0 10 20 30
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Chart 5. Percentage of survival of cell CFA relative to untreated
controls for L-cells exposed to 4 /jg/ml Mit C for 30 min, washed free
of the Mit C, and incubated in the presence (A) or absence (B) of 2 mM
caffeine. As a function of time after exposure, aliquots of the cells
incubated in the presence or absence of caffeine were assayed for their
CFA in the absence 04) or presence (B ) of 2 mM caffeine.

medium to a nontoxic level. At the time of unlabeled
thymidine addition, the viable cells in the population
occupied a 2-hr window in the cell cycle at the end of GÃŒ
and beginning of S phase, as illustrated schematically in
Chart 6. Part of this synchronized population was taken,
immediately exposed to 2 ng/ml of Mit C for 30 min,
washed, resuspended in growth medium, and incubated at
37Â°.At various times, samples were removed and assayed for

their CFA in the presence or absence of 2 mM caffeine. The
other part of the synchronized population was allowed to
grow for 8 hr in the presence of the added unlabeled
thymidine so that the viable cells occupied a window in the
cell cycle at the end of S phase and beginning of G2 phase,
as shown schematically in Chart 6. This population was then
treated with 2 Mg/ml of Mit C for 30 min, washed,
resuspended in growth medium, and incubated at 37Â°. At

various times, samples were removed and assayed for their
CFA in the presence and absence of 2 mM caffeine. The
error bars indicate the extremes in survival observed for cells
assayed in the absence of caffeine. No reproducible variation
in survival about this portion of the cell cycle was noted.
The solid and dotted lines indicate the survival of cells
exposed to Mit C in GÃŒor Gj phase, respectively, and
plated in the presence of caffeine. As can be seen, the
recovery of cells treated in G! phase was complete in
approximately 10 hr after treatment, while G2 cells took
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Chart 6. Percentage of survival of cell CFA for synchronized
populations of cells exposed to 2 ng/ml of Mit C for 30 min. Cells were
exposed in GÃŒor G2 phase, washed free of the drug, and incubated in
the absence of caffeine for various times before aliquots were removed
and assayed for their CFA in the presence or absence of 2 mM caffeine.
Error bars on left and right, extremes in cell CFA of GÃŒand G2, cells,
respectively, assayed in the absence of caffeine, o and +, survival of
cells exposed to Mit C in GÃŒor G2 phase, respectively, and incubated
for the indicated times before being assayed in the presence of 2 mM
caffeine.

approximately 20 hr after exposure to Mit C to reach the
survival level of cells plated in the absence of caffeine. Since
the effect of Mit C on L-cell progression about the cell cycle
is not known, these differences in kinetics cannot be
absolutely correlated with passage of cells through S phase,
but they are consistent with such an interpretation.

DISCUSSION

The present results indicate that over a concentration range
of 0.2 to 4 us/ml and times of exposure of 0.5 to 3.5 hr the
product of the concentration of Mit C times the time of
exposure necessary to reduce the CFA of the cells to a given
level is a constant. At longer times and lower concentrations,
this relationship appears to break down, but this may be due
to a slow decay of the Mit C in the medium at these
concentrations and cell multiplication during exposure. In
general, the toxicity of Mit C is comparable to that observed
for HeLa cells by other investigators. For example, Djordjevic
and Kim (5) observed a CÂ¡0 for cell CFA of HeLa cells of
approximately 0.3 /ug-hr/ml for short exposures, while Cohen
and Studzinski (3) and Doi et al. (7) found that continuous
exposure to Mit C in the range of 0.01 to 0.1 Mg/ml
completely stopped cell division. Previous results by
Djordjevic and Kim indicated that the survival curves of
HeLa cells exposed to Mit C had an initial shoulder and then
became exponential. Some indication of this was seen with
mouse L-cells, but it was not reproducible. In the majority
of cases, exponential survival was observed for cells exposed
as a function of time at constant concentration.

The decrease in the CFA of cells exposed to a given
concentration of Mit C at low pH compared to high pH was
not expected, since Mit C itself appeared stable when stored
within this pH range, both in its absorption spectra and in
its toxicity towards L-cells. Whether this change in cellular
sensitivity is due to a change in the Mit C reactivity or the
accessibility of reactive sites in the cell is not clear. The
ability of caffeine to potentiate Mit C damage in the cell
appeared to occur for all the pH values tested. One possible
interpretation of this is that the nature of the damage itself
is not changing with pH but rather that the amount of
damage produced changes.

The ability of the Mit C-treated cells to escape from the
specific toxicity of caffeine as a function of the time of
incubation after treatment is analogous to the previous
results obtained for UV irradiation of mouse L-cells (9). The
use of synchronized cells (Chart 6) indicated that this
recovery was correlated with the passage of the cell through
S phase, since the population treated in late GÃŒphase
appeared to escape the effect of caffeine within 10 hr of
incubation (S phase is 8 hr), while cells exposed to Mit C in
the G2 phase took 20 hr of incubation to escape fully the
toxicity of caffeine. Because little is known about the effect
of Mit C on the progression of L-cells about the cell cycle,
one cannot definitely correlate these kinetics with cell
progression. However, work with HeLa cells by Doi et al. (7)
indicates that the effect of Mit C on cell progression about
the cell cycle is similar to that of UV irradiation on HeLa
cell progression (6). That is, the most severe mitotic delay
appears for cells treated in late GÃŒand early S phase, and
treated cells undergo delays in their passage through S phase.

Because the nature of the repair or modification of damage
potentiated by caffeine is not fully understood (8), further
interpretation of these data is difficult. However, evidence
for repair replication of damage produced by the alkylating
agent nitrogen mustard in bacteria (11) and for the increased
sensitivity of UV-sensitive mutant bacteria to Mit C (1)
seems to indicate that repair of such damage does occur in
these cells. Whether the molecular mechanism for the repair
of damage is the same in bacterial and mammalian cells is
not yet clear. If repairable damage is present in mammalian
cells after treatment with Mit C, then the use of Mit C in
combination with agents that block repair might increase the
effectiveness of Mit C treatments.
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washed, and the colony number was counted. The plating
efficiency for control cells ranged from 40 to 80%. In some
experiments, cells were incubated in the presence of caffeine
during the CFA assay period. In these cases, caffeine (East
man Organic Chemical Co., Rochester, N.Y.) was autoclaved
as a dry powder and added to plating medium to give a final
concentration of 2 mM.

Synchronized cell populations were prepared by the
tritiated thymidine window method of Whitmore and Gulyas
(20). A brief description of this technique is given in
"Results," where the experiment with synchronized cells is

described.
Mit C (Kyowa Hakko Kogyo Co., Ltd., Tokyo, Japan) was

obtained as a dry powder at 2 mg (potency) per vial. Before
use, this material was dissolved in PBS (10). Stock solutions
were routinely made up at 100 Mg/ml and stored at 4Â°.In

order to test for changes in composition of the drug after
standing, spectra of diluted samples of these solutions were
measured on a recording spectrophotometer (Gary Instru
ments, Pasadena, Calif.) at various times after it was
dissolved. To obtain spectra of reduced Mit C for com
parison with the stock solutions, sodium borohydrate
(NaBH4) (17) was added to Mit C solutions in KH2P04-
Na2HP04 buffer adjusted to pH 6.0 or 7.0. For toxicity
studies, aliquots of the stock solutions were added directly
to cells to give the desired concentrations. After exposure,
the cells were spun down at 200 X g at room temperature
and washed twice with 10 ml of PBS to ensure that any
remaining Mit C was removed before being assayed for their
CFA.

In some cases, the pH of the medium in which the cells
were exposed to Mit C was varied. This was done in two
ways. The concentration of sodium bicarbonate (NaHCO3)
added to 1066 medium which was free of NaHCO3
(Connaught Research Laboratory, Toronto, Ontario, Canada)
was varied from 0.1 to 15 g/liter, and the medium was then
equilibrated in a 5% C02-95% air atmosphere. A second
method of adjusting the pH was to add a constant amount
of NaHC03 to the medium and vary the C02 concentration
from 2 to 100%. Both procedures gave the same experi
mental results for the same pH in the experiments to be
reported. The pH of the medium was checked with a pH
meter immediately before and after exposure, and the pH
quoted was the average of these readings. In general, the pH
changed by less than 0.2 unit during exposure of the cells.

RESULTS

Survival of Cells Exposed to Mit C. Preliminary studies
indicated the toxicity curves for Mit C at high concen
trations and short exposure times were not reproducible
from one day to another. Therefore, spectral analysis of the
drug and toxicity tests over long exposure times were carried
out to determine if this was due to an instability of Mit C as
a function of the time it was in solution. Mit C stock
solutions were made up at a concentration of 100 jug/ml in
PBS. Aliquots were removed at various times; 1 part was
diluted to 10 Mg/ml in buffer, and its absorption spectrum
was measured. There was no change in the Mit C spectrum

for stock solutions stored at 4Â°for times up to 3 weeks. For

comparison, the spectrum of reduced Mit C was also
measured (see "Materials and Methods"). Results indicated

that Mit C was not being reduced spontaneously under the
conditions used for preparation and storage of stock
solutions.

The second part of the aliquot of Mit C stock solution was
used to test the stability of its toxicity toward mouse L-cells
in vitro. Asynchronous cells in exponential growth were
assayed for their CFA in the presence of various concen
trations of Mit C. In this test, the Mit C was added to cells
at the time they were placed in Petri dishes for the cell CFA
assay and left in the dishes continuously. Such continuous
exposures tended to reduce the effect of any short-term
differences in cell state during exposure to Mit C. Over a
period of 3 weeks, there was no change in the toxicity of
these Mit C stock solutions toward mouse L-cells con
tinuously exposed to their presence. As seen in Chart 1, the
percentage of survival of cell CFA plotted as a function of
Mit C concentration was quite reproducible with the same
stock solution for 4 experiments done over a 3-week period.
These results indicated that stock solutions of Mit C in PBS
stored at 4Â°were stable over a 3-week period and gave a

value of 0.04 Mg/ml of Mit C to reduce L-cell CFA to 50%
of its initial value during continuous exposure to the drug.

O.OOI 001
per ml Mitomycin C

Chart 1. Percentage of survival of the CFA of cells exposed
continuously to various concentrations of Mit C. Points, average of 4
separate experiments done over a 3-week period with the same stock
solution of Mit C. Error bars, extreme values observed at each
concentration.

Since the Mit C solutions themselves appeared stable,
detailed studies on the effects of Mit C on L-cells exposed to
higher concentrations for shorter times were reinitiated. For
these experiments, aliquots of L-cells in suspension culture
were exposed to various concentrations of Mit C for 0.5,
1.0, 2.0, or 3.5 hr. Samples were removed, washed, and
tested for their CFA. The results are shown in Chart 2.
Inactivation appeared to be exponential at all the concen-
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Chart 2. Percentage of survival of cell CFA as a function of Mit C
concentration and time of exposure before washing the cells and
assaying their CFA in the absence of Mit C.

trations and times of exposure tested. The concentration of
Mit C times the time of exposure necessary to give Ct 0 was
approximately 1.0 Â¿ig-hr/mlfor all 4 curves. Although this
relation held for any given set of experiments on any given
day, the absolute magnitude of the d0 varied from 1 to 2.5
Afg-hr/ml from day to day. A number of different
possibilities for this variation in Cio for asynchronous,
exponentially growing cell populations were checked.
However, the only variable that was found to affect the
toxicity of Mit C reproducibly was the pH of the medium at
the time of exposure.

This effect can be seen in Chart 3, where an asynchronous
population of L-cells was exposed to 2 jug/ml of Mit C for
30 min in 1066 medium at various pH values. After
exposure, cells were diluted in fresh media (pH 7.2) and
assayed for their CFA. Survivals are expressed relative to
controls which showed no killing in the pH range of 6 to 8,
even for exposure times up to 1 hr. At the lower pH, cell
survival was less than at the higher pH, and the extremes in
survival corresponded to differences in CÃ•Oof a factor of 3.
As can be seen when cells were exposed to Mit C at a
known pH, there was good agreement in the toxicity
observed between separate experiments done on different
days. In the following experiments, however, the pH of the
medium in which the cells were exposed to Mit C was not
carefully controlled, since the effect of pH was only to
change the slope of the survival curve and not its shape. The
fluctuations seen from experiment to experiment reflect
these variations in pH. The Plus Caffeine Curve in Chart 3
will be discussed below.

100

60

30

!Â»Ã¬â€¢

no caffeine

plus caffeine

6.0 6.5 7.0 7.5

pH during exposure
8.0

Chart 3. Percentage of survival of cell CFA for cells exposed to 2
Â¿ig/mlof Mit C for 30 min in 1066 medium adjusted to different pH
values. After exposure, cells were washed free of Mit C, and their
CFA was assayed in the absence or presence of 2 mM caffeine.
Different symbol shapes, experiments done on separate days.

Effects of Caffeine on Mit C-treated Cells. Once repro
ducible results for the survival of L cells exposed for short
times to high concentrations of Mit C were obtained, studies
were made on the effect of incubating Mit C-treated cells in
the presence of caffeine. Previously, caffeine had been shown
to cause a reduced survival of UV-irradiated L-cells assayed
in its presence immediately after irradiation (15). Aliquots of
cells in suspension culture in exponential growth phase were
exposed to various concentrations of Mit C, washed, and
tested for their CFA in the presence and absence of 2 mM
concentrations of caffeine. This concentration of caffeine
was shown to be optimal for potentiating UV damage in
L-cells, and in preliminary experiments it was also found to
be optimal for potentiating Mit C damage. As can be seen in
Chart 4, two effects of caffeine were apparent: (a) a slight
toxicity toward cells not exposed to Mit C, and (Z>) a
decrease in the C\ 0 for cell survival by about a factor of 2
for cells exposed to Mit C. In addition, when cells were
exposed to 2 fig/m\ of Mit C for 30 min at various pH values
and immediately assayed in the presence of caffeine, cell
survival was reduced over the whole pH range examined
(Chart 3).

Previous results with UV irradiation indicated that the
effect of caffeine on UV-irradiated cells was dependent on
the time after irradiation when the cells were exposed to
caffeine (15). That is, cells exposed to Mit C which passed
through their first DNA synthetic period in the absence of
caffeine had no additional loss of viability when plated in
caffeine at later times. Therefore, cells were treated with Mit
C in suspension culture, washed, and divided into two
cultures. One culture had caffeine added and one did not;
both were incubated at 37Â°.As a function of time, the CFA

of these cultures was tested by plating in the absence or
presence of caffeine, respectively. This procedure is outlined
schematically at the top of Chart 5, where the results of this
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