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was tested, survival was determined by the ability of the
treated cells to form colonies. Known numbers of single cells
were plated into plastic Petri dishes and incubated for 6 to 8
days at 37Â°.Colonies were fixed and stained with crystal violet
and counted. A cell was considered to have retained
reproduction capacity (to be viable) if it gave rise to a colony
of 50 or more cells. The plating efficiency for controls in all
experiments was greater than 80%.

Synchronization of Cells. To obtain large numbers of cells
synchronized at the beginning of the S period, a double
treatment with excess TdR as described by Humphrey et al.
(4) was used. The degree of synchrony was monitored by
10-mm pulse labeling at various times with 1 @.iCiof TdR-3H
per ml (1 .9 Ci/mmole) to determine the percentage of cells in
S phase and by scoring the MI. At the end of the synchrony
procedure, approximately 95% of the population was in early
S phase and progressed into G2 and M synchronously.

In experiments requiring treatment of cells in M or G1
phases, synchronized cells were obtained by the use of the
excess TdR block followed by selection of mitotic cells (1 1).
The resulting Ml ranged from 92 to 97%. Mitotic cells were
stored in medium at 5Â°during the collection period to prevent
cells from moving out ofmitosis into the G1 period. BLM was
added to the medium containing M cells at the appropriate
dilution to give the desired final drug concentration. The
samples were then incubated at 37Â°for 30 mm. M cells did not
attach to the culture vessel during this treatment. Therefore,
they were decanted into centrifuge tubes, centrifuged (1200 X
g for S mm), resuspended in medium, counted, diluted, and
plated foi colony formation. The degree of synchrony was
monitored in each experiment by scoring the MI, which fell to
0% within 1 hr after plating. Cells were also labeled for 10 mm
at various times thereafter with TdR-3 H, and the number of
labeled cells was scored. In all cases, I 000 cells were scored for
each sample point.

Survival experiments were designed specifically to measure
the relative sensitivity of G2 phase cells to BLM. Mitotic
populations (MI, 95%) obtained by mitotic selection (1 1) were
dispensed into Petri dishes and incubated at 37Â°. At 7 hr
(mid-S phase) and at I 1 hr (G2 phase), dishes were taken for
BLM survival determinations. To improve the purity of the G2
population, a variation of the technique used by Thompson
and Humphrey (13) was used. The 1 1-hr sample was treated as
follows. At 9 hr Colcemid (0.06 pg/mI) was added; then at 10
hr TdR-3H (10 pCi/ml; specific activity, 6.0 Ci/mmole) was
added to kill S cells. Cells blocked at metaphase by Colcemid
were loosely attached and at 12 hr were washed away by

SUMMARY

Bleomycin is most effective at killing Chinese hamster ovary
cells in mitosis and in G2 phase. Mitosis is the most sensitive
phase. In order of increasing resistance were cells treated in G2
phase. early S phase, late S phase, and G1 phase. Interference
with cell progression occurred only in cell populations treated
with Bleomycin in G2 phase.

INTRODUCTION

BLM2 is a complex glycopeptide produced by a strain of
Streptomyces verticillus ( 15), which has exhibited a significant
antitumor and antibacterial activity (6, 7). The exact
mechanism by which BLM exerts its effect is still unknown;
however, it markedly inhibits DNA synthesis (8, 9) and, to a
lesser extent, protein and RNA synthesis. It has also been
shown to produce DNA strand scission (10).

The purpose of this paper is to describe the effects of BLM
on survival, cell age response, and cell progression throughout
the cell cycle of CHO cells growing in vitro.

MATERIALS AND METHODS

Preparation of BLM. Copper-free BLM manufactured for
clinical use (Nippon Kayaku Co., Tokyo, Japan) was used in
these experiments. The BLM complex can be fractionated and
grouped into I 3 sugar peptides with the main component,
BLM A2 , present in at least 50% concentration. The BLM
solutions were always made immediately before use by
dissolving BLM in sterile 0.9% NaCl solution and diluting into
growth medium. The pH of the treatment medium was
adjusted to 7.2 to 7.4.

Cell Culture Techniques. The CHO cell line was grown in
monolayer cultures as described by Humphrey et a!. (5). The
average cell cycle time under these conditions was 12.5 hr with
a 2.5-hr pre-DNA synthesis period (G1 ), an 8-hr DNA
synthesis period (S), a I .5-hr post-DNA synthesis period (G2),
and a 0.5-hr mitotic period. All experiments on asynchronous
populations were performed on cells in logarithmic phase of
growth. In all cases in which the cytotoxic action ofthe drug
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flushing medium over the surface of the Petri dishes with a
pipet, thus preventing formation of a contaminating M or G1
population. Of the cells remaining in the population,
autoradiographs indicated that 88% had incorporated the high
specific activity TdR-3 H. From plating efficiencies determined
on cells from the same population, it was learned that
incorporation of the isotope killed essentially all of the
S-phase cells. The remaining cells were in G2 phase and were
treated with BLM to determine survival effects.

Progression of Asynchronous Cells. To distinguish between
the mitotic figures of cells that had been treated in G2
(unlabeled metaphases) and in S (labeled metaphases), we
pulse labeled asynchronous, CHO cell populations with 1 pCi
of TdR-3 H per ml (1 .9 Ci/mmole) for 10 mm, washed them
twice, and then treated them continuously with medium
containing BLM and 0.06 pg of Colcemid/ml. Medium in the
control cell plates contained Colcemid but no BLM. At 20-mm
intervals thereafter for 3 to 4 hr, samples were taken. Cells
were removed from the dishes with 0.025% trypsin,
centrifuged, fixed in 50% acetic acid, and then stained with
acetoorcein. Slides for autoradiography were prepared and
exposed for 2 weeks, and the percentage of labeled and
unlabeled cells in metaphase accumulated in Colcemid was
determined by scoring 1000 cells. In all experiments involving
the assay of populations of labeled cells, liquid emulsion
(Ilford K 5) autoradiography techniques were used.

RESULTS

Survival of CHO Cells (Asynchronous). The survival of cells
following a 30-mm treatment with increasing doses of BLM is
shown in Chart 1. The curve is biphasic with 50% of the cell
population defined by a D0 of 12 pg/ml(30 mm). The rest of
the cell population was defined by a more resistant portion of
the curve (D0 123 pg/ml), in which survival was reduced to
only 25% with doses as high as 100 pg of BLM per ml.

The effects on survival of a BLM dose of 100 pg/ml as a
function of the duration of treatment are shown in Chart 2.
Survival decreased to 35% with a 20-mm treatment and was
reduced only slightly more, to 25%, after a 2-hr treatment.

Survival Response of Synchronized Cells. For determination
of the cell age response function, survival data were obtained
on synchronized cells. In all experiments, the location of the
cells in the cycle at the time of treatment was determined
from labeling and MI data. Synchronized cells treated at
various times in G1 phase were only slightly sensitive (60 to
70% survival) to 100 pg of BLM per ml for 30 mm (Chart 3).
Progression data indicated that after 3 to 4 hr the population
became mixed, with 70% of the cells in G1 and 30% in S phase
(Chart 7). Treatment of such mixed populations of cells makes
interpretation of early S-phase sensitivity difficult.

Cells synchronized by the excess TdR technique (95%
labeling index at end of TdR block) and treated in early S
phase (Chart 4) were more sensitive (25% survival) than G1
phase cells. However, cells in mid- and late S phase had the
same relative sensitivities (60% survival) as the G1 cells.

Although synchrony usually begins to decay 5 to 6 hr after
release from the TdR block, the decrease in survival to 2 to 4%
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Chart 1. The effect of BLM on survival in asynchronously growing
CHO cells.

at 6 and 7 hr (Chart 4) suggested that G2 and M were the
phases of the cell cycle most sensitive to BLM. For further
quantitative determination of the cell age response function,
cells were synchronized and treated with increasing doses of
BLM during mitosis, G1 phase, S phase, or G2 phase (Chart 5).
Mitotic cells (98.4% MI) were the population most sensitive to
BLM. In increasing order of resistance came G2 , early S phase.
late S phase, and the most resistant phase, G1 . Doses above 50
pg of BLM per ml had no additional effect on survival in
mitotic cells. By comparison of survival points for a lOO-pg/ml
treatment for 30 mm shown in Charts 3, 4, and 5, it can be
seen that agreement exists between the various experiments on
synchronized cells.

Effects of BLM Treatment on Cell Progression. Cells treated
in mitosis (97% MI) continuously with 100 @gof BLM per ml
were not delayed in progressing from mitosis into G1 phase
(Chart 6). The MI in control and treated cells dropped from 97
to 0% in 1 hr after plating mitotic cells, indicating normal
progression from M to G1 phase.

Synchronized cells treated at 1.5 hr into G1 phase (Chart 7)
with I 00 pg of BLM per ml for 30 mm progressed into S phase
at the same rate as the untreated control cells. The labeling
fraction in treated and untreated cells began increasing steadily
from 0% (G1 cells) at 2.5 hr, indicating normal progression
fromG1 toS phase.

Populations of cells synchronized in early S phase were
treated for 30 mm with 100 pg of BLM per ml to determine
the effects on cell progression from S phase into G2 and
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Chart 2. The effect of BLM on survival in asynchronously growing
CHO cells as a function of duration of treatment.

00 pg/mI Bleomycin
for 30 minutes
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Chart 4. BLMeffects on survivalof synchronized CHO cells treated
in S phase, G2phase, and mitosis.

synchrony technique and therefore allows the determination
of progression changes in treated populations. Cells treated in
early S phase with BLM were not delayed in progressing out of
S phase, nor were they delayed in reaching mitosis.

For determination of the effect of BLM on cells progressing
from G2 phase into mitosis, asynchronous populations of cells
were pulse labeled with TdR-3 H and then treated with 100 pg
of BLM per ml. Unlabeled metaphases (accumulated in
Colcemid) scored in the following 2 hr would have been in G2
at the time of treatment. Labeled metaphases would have been
in S phase. Thus, by differentiating between labeled and
unlabeled metaphases it was possible to determine whether the
delay occurred on cells treated in S or G2 phase. Chart 9
shows that the percentage of unlabeled metaphases in
untreated control cells increased linearly with time for 4 hr.
Cells treated with 100 pg of BLM per ml progressed at control

â€˜ I rates for 60 mm, but then the number of unlabeled

8 metaphases in the BLM-treated population plateaued, meaning
that cells were being delayed in G2 phase and were not
progressing into mitosis.

DISCUSSION

The biphasic dose-response survival curve (Chart 1)
suggested the involvement of sensitive and less sensitive
fractions of cells in asynchronously growing cell populations.
The more sensitive portion of the survival curve had a D0 12
pg/mi (30 mm), which agreed with the@ dose reported for
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mitosis. The fraction of treated and untreated cells that
labeled with TdR-3 H at 1 hr was 95% (Chart 8). The labeling
index fell to a minimum at 7 hr as the cells moved out of S
phase and into G2 . As the labeling index reached the
minimum, the MI reached a peak value of 9%. This is a
characteristic, reproducible phenomenon of the excess TdR

Chart 3. The effect of BLM on survival of synchronized CHO cells
treated in G, phase of the cell cycle.
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Chart 5. The effects of increasing doses of BLM on survival of
synchronized cells treated in G1, early 5, late S. G2, or mitosis.
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Chart 9. Effect on cell progression from G2 to mitosis after BLM
(Bleo) treatment of asynchronous cells in G2 phase.
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Chart 6. Effect on cell progression from mitosis to G1 phase after
BLM (Bleo) treatment of synchronized cells in mitosis.

mouse L5 cells by Terasima and Umezawa ( 12). The D3 .@dose
for HeLa S3-9IV cells reported by Terasima and Umezawa was
45 pg/ml, thus indicating some variation in effectiveness of the
drug due to variation in cell strain or type.

The resistant portion of the BLM survival curve for CHO
cells (Chart 1) had a D0 of 123 pg/ml (30 mm). It may be
argued that the decreased effectiveness of BLM, observed at
doses greater than 10 pg/ml (Chart 1), was due to inactivation
or degradation of the drug. If this were the case, the survival
curve would be expected to plateau no matter how large the
dose, but it did not. The possibility could not be ruled out
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the mechanism of action and the phase of the cell cycle during
which these drugs exert their greatest effects, it should be
possible to use multiple drug and/or radiation combinations
for a maximum effect on tumor cell growth. Experiments
based on these ideas are continuing in our laboratories on
model in vitro test systems such as the CHO cell line and on
permanent human tumor tissue culture lines.
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entirely, however, so for all other survival experiments on
synchronized cells the duration of treatment was kept to 30
mm.

Experiments performed on synchronized cells (Charts 3, 4,
and 5) to determine stage sensitivity indicated that G1 - and
S-phase cells were only moderately sensitive to BLM. However,
a severe decrease in survival occurred in cells treated with BLM
in the 6th and 7th hr after release from the TdR block (Chart
4). From the cell progression experiments (Chart 8) performed
simultaneously with these survival determinations, it can be
seen that a peak in the MI occurred at the 7th hr after release
from the TCIR block. This peak in the MI coincided with the
increase in the BLM effect on survival observed at 7 hr (Chart
4). Subsequent experiments performed on â€œpureâ€•mitotic
populations of cells (98.4% MI) and presented in Chart 5
proved that cells in mitosis at the time of treatment were the
most sensitive to BLM (survival was reduced to 2%). A dose
above 50 pg/ml had no additional effect on survival of the
mitotic cells. Since the MI was 98.4% at start of treatment of
the mitotic cells and since survival was reduced to 2%, it can
be concluded that a dose of 50 pg/ml killed essentially all of
the mitotic cells treated. However, 85% of the mitotic
population was killed by BLM doses smaller than I 0 pg/ml. In
fact, a dose of I pg/mI killed 60% of the mitotic cells in 30
mm (Chart 5). This suggests that even within the very narrow
time interval of the cell cycle devoted to mitosis (30 mm for
CHO cells) there exists a differential in sensitivity.

The same differential in sensitivity was observed for G2 cells
treated with BLM (Chart 5). Fifty % of the G2 cells were
killed by a dose of I pg/ml, and 60% were killed by 5 pg/mI.
Treatment with larger doses produced a more resistant slope to
the G2 survival curve; however, 100 pg/ml reduced survival to
11%. Therefore, the age response function in order of
increasing resistance is mitosis, G2 phase, early S phase, late S
phase, and G1 phase.

BLM interfered with cell progression only during G2 phase
(Chart 9). This phenomenon has also been reported for other
agents (1â€”3, 14, 16, 17), and interference with the
translational and transcriptional events occurring in G2 affects
the synthesis or function of a â€œdivision-specificprotein.â€•The
presence of this protein is evidently necessary for the
successful progression of cells from G2 into M. BLM caused
the cells to be delayed at a point in G2 phase 1 hr before
mitosis. Delay at this time coincides with the onset of G2
delay caused by treatment with actinomycin D (1), which
interferes with RNA synthesis. BLM has now been shown to
inhibit in vitro RNA synthesis (P. P. Saunders, Studies on the
Mechanism of Action of Bleomycin, submitted to Biochemical
Pharmacology) in experiments carried out on Bacillus
stearothermophilus DNA-dependent RNA polymerase. These
data suggest, therefore, that BLM causes G2 progression delay
by interference with protein synthesis at the transcription
(RNA synthesis) level.

There are certain implications of these results for
chemotherapy. It is probable that data concerning the effects
of chemicals on cell survival and progression throughout the
mammalian cell cycle will aid in the scheduling and more
effective use of chemotherapeutic agents. With knowledge of
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