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The average cell-cycle time under these conditions was 13 hr
with a 2.5-hr pre-DNA synthesis period (G1), an 8-hr DNA
synthesis period (5), and a 1.5-hr post-DNA synthesis period
(G2 )-@ experiments were performed on cells in the
logarithmic phase of growth. In all cases where the cytotoxic
action of the drug 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 reproductive capacity (to be viable) if it gave
rise to a colony of 50 or more cells.

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 a!.
( 9) was used. The degree of synchrony was monitored by a

10-mm pulse labeling at various times with 1 pCi/ml TdR-3 H
(1 .9 Ci/mmole) to determine the percentage of cells in S phase
and by scoring of the MI. At the end of the synchrony
procedure, approximately 95% of the population was in early
S and progressed into G2 and M in a synchronous fashion.

In experiments requiring treatment of cells in G1,
synchronized cells were obtained by the use of the excess TdR
block followed by selection of mitotic cells (21). The resulting
MI ranged from 92% to 96%. The mitotic cells were plated
into dishes containing fresh, warm medium; allowed to attach
to the surface ; and treated in G@ . 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 pulse labeled for
10 mm at various times thereafter with TdR-3 H, and the
number of labeled cells was scored.

In all cases, 1000 cells were scored for each sample point.
Progression of Asynchronous Cells. In order to distinguish

between the mitotic figures of cells that had been treated in
G2 and in S, asynchronous, CHO cell populations were pulse
labeled with 1 jiCi/ml TdR-3 H (1 .9 Ci/mmole) for 10 mm,
washed twice, and then treated with BCNU dissolved in media.
The treatment medium was removed, and the cells were
washed twice. Fresh medium containing 10 j.ig/ml TdR plus
0.06 pg/ml Colcemid was added to the Petri dishes, and the
dishes were returned to the incubator. 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
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SUMMARY

Asynchronous Chinese hamster ovary cells treated with
1,3-bis(2-chloroethyl)-l-nitrosourea (BCNU) exhibited a
broad-shoulder, threshold-type survival curve, indicating that
some damage must be accumulated before lethality is
expressed. Synchronized cells treated with BCNU were most
sensitive in mid-S phase, i.e., BCNU is an S phase-specific drug.
BCNU was also shown to delay cell progression in all phases of
the cell cycle. Cells treated in G2 phase are immediately
prevented from reaching mitosis. Cells in G1 at the time of
treatment are delayed 2 hr in their progression into S phase.
BCNU interfered with the rate of DNA synthesis, thereby
delaying the progression of S-phase cells into G2 and mitosis
by 4 hr. Mitotic cells are also prevented from progressing out
of mitosis. In all phases of the cell cycle, cells were able to
overcome the progression delay, even though the doses of
BCNU used killed over 95% of the cells.

INTRODUCTION

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. Only recently have papers appeared
in the literature concerning the effects of certain
chemotherapeutic agents on cell survival and progression (7,8,
11â€”13, 19). By knowledge of 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
combinations for a maximum effect on tumor cell growth. The
effects of the well-known chemotherapeutic agent, BCNU,2 on
progression and survival of synchronous and asynchronous in
vitro cultures of CHO cells are reported here.

MATERIALS AND METHODS

Cells and Culture Technique. The CHO cell line was grown
in monolayer cultures as described by Humphrey et al. (10).

I This work was supported in part by NIH Grants CA 05099 and CA

04484.
2 The abbreviations used are: BCNU, 1,3-bis(2-chloroethyl)-1-nitro

sourea; CHO, Chinese hamster ovary; TdR, thymidine; MI, mitotic
index; MNNG, methylnitrosoguanidine.
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scoring 1000 cells. In all experiments involving the assay of
populations of labeled cells, liquid-emulsion (Ilford K 5)
autoradiography techniques were used.

Drug Treatments. Drug solutions were made immediately
prior to use. BCNU was dissolved in absolute ethanol and then
diluted into fresh medium. The pH of the treatment medium
for BCNU was always between 7.2 to 7.4.

RESULTS

Survival of CHO Cells (Asynchronous). The survival of CHO
cells after a 1-hr exposure to BCNU ( 1.0 to 100 pg/mI) is
shown in Chart 1. The curve has a substantial shoulder, with n
= 5.5 and D0 = 2 1 jig/mi. The results in Chart 1 represent the
average of 3 replicate plates in each of 2 experiments.

Survival of CHO Cells Treated in G1 or S. In all cases
involving survival data from synchronized cells, the position of
the cells at time of treatment was carefully determined from
labeling or mitotic data.

Each point in all survival graphs represents the results of 2
experiments on cells treated for 30 mm with 100 @.zg/ml
BCNU. The survival of synchronized CHO cells exposed to
BCNU at hourly intervals from G1 through early S phase is
shown in Chart 2. The survival fraction decreases to 33% at the
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Chart 2. The effect of BCNU on survival of synchronized CHO cells
treated in G1 phase of the cell cycle.

1st hr of G1 and then to a minimum of 3.5% by Hr 2. The
survival increases for cell populations treated in early S phase.

The overall picture of survival for cells treated in S phase
can be seen in Chart 3 . The greatest sensitivity to BCNU
occurs in mid-S phase where the survival fraction decreases to
0.68%.

Progression after Drug Exposure in G1 . By 1 hr after mitotic
cells were plated, the MI had fallen from 94 to 0%, and the
cells were essentially a well-synchronized G1 population.
During study of drug effects on cell progression at a specific
phase of the cell cycle in synchronized cells, it is necessary to
keep the treatment duration short. This is easily accomplished
with a high drug concentration. Cells were treated 1 hr into G1
phase for 40 mm with 100 pg/ml BCNU. The medium
containing drug was then decanted, the cells were washed
twice, fresh medium was added, and the plates were returned
to the incubator. Replicate plates were pulse labeled, sampled
hourly until the end of the experiment, and prepared for
autoradiography. The labeled fraction in control cells (Chart
4) began increasing in a linear fashion 2.5 hr after the cells
were plated, reaching a peak at 8.5 hr. Cell populations treated
with BCNU were delayed in progressing from G1 into S by 2.5
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Chart 1. The effect of BCNU on survival in asynchronously growing
CHO cells.
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hr; however, after overcoming the delay, their rate of
progression was very similar to that of the controls.

Progression after Drug Exposure in S Phase. Populations of
cells synchronized in early S phase were treated for 40 mm

IO0@

@ l0@
I-
C-).@

U-

-C

>

>

@ I00@ig/mI BCNU, 30 mm

I-.

2
LU
C-)

LU'a.

0.l-@ I I I I I
0 I 2 3 4 5 6 7

HOUROFTREATMENTAFTER ENDOF TdRâ€”BLOCK
Chart 3. The effect of BCNU on survival of synchronized CHO cells

treated in S phase of the cell cycle.
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Chart 5. Top, effects on cell progression after BCNU treatment of
synchronized cells in S phase; bottom, effect on cell progression from S
phase to M after BCNU treatment of synchronized cells in S phase.

with BCNU to determine the effects on cell progression from S
phase into G2 to M. After treatment, the medium was
decanted, the cells were washed twice, and the plates were
returned to the incubator. At hourly intervals, samples of
controls and treated plates were pulse labeled with TdR-3 H,
and slides were prepared for autoradiographs. The percentage
of cells that are labeled in the control populations reaches a
peak of 92% at 3 to 4 hr, falls to a minimum of 3 1% at 7 hr,
and subsequently rises to a 2nd peak of 80% at 13 hr (Chart S,
top). As the percentage of labeled control cells reaches the
minimum, the MI peaks (Chart S , bottom). This is a
characteristic, reproducible phenomenon of the TdR
synchrony technique and therefore allows the determination
of progression changes in treated populations.

The populations of cells treated with BCNU are delayed
about 2 hr in S phase after treatment (Chart 5 , top). The
minimum in the percentage of cells labeled was reached about
4 hr later than in the untreated control. As expected, the MI
was also delayed 4 hr. Therefore, the cells initially delayed in S
phase moved into the G2 period at a slower rate than the
untreated cells. Subsequent increase in labeling to a 2nd peak
appears to occur without additional progression delay;
however, the 2nd labeling peak is 50% below the control value.

Progression after Drug Exposure in G2 Phase. By pulse

Control
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Chart 4. BCNU effects on cell progression from G1 phase to S phase
in synchronized CHO cells.
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for 1 additional hr and then progress into G1 by 7 hr, thus
indicating that the delay is reversible.

DISCUSSION

Asynchronous CHO cells treated with BCNU exhibit a
broad-shoulder, threshold-type survival curve, indicating that
some damage must be accumulated (5, 6) before lethality is
expressed. The response of synchronized cells to the lethal
effects of BCNU is rather complex. For example (Charts 2 and
3), synchronized cells treated with BCNU are sensitive at the
G1 /5 period, and another reduction in survival was observed in
early S phase, but the period of greatest sensitivity occurred
when the cells were treated in mid-S phase, where the survival
fraction was reduced to 0.68%.

Since BCNU is most effective in killing cells in S phase, it
may therefore be considered an S phase-specific agent. But
BCNU also causes delay in cell progression in all phases of the
cell cycle. Cells in G2 at the time of treatment with BCNU are
immediately prevented from progressing into mitosis (Chart
6). It has been shown (1 , 23â€”25) that 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 (or proteins) is necessary for the
successful progression of cells from G2 into M. The onset of
delay caused by the treatment of G2 cells with the protein
synthesis inhibitors, puromycin or cycloheximide (24, 25),
produced a G2 delay 10 to 25 mm before mitosis. Cells treated
with BCNU during mitosis were also delayed but recovered the
ability to progress into G1 when the drug was removed.
Therefore, BCNU may affect the synthesis or structural
configuration of the proteins necessary for division and
progression. Treatment of cells during the G1 phase caused a
delay in cell progression into S phase (Chart 4). Whether
BCNU interferes with a protein or mRNA molecule or with its
synthesis is unknown, although the drug has been shown to
affect RNA synthesis (20, 26â€”28). Blocking RNA synthesis
(3, 12, 15) in G1 does delay the initiation of DNA synthesis,
but RNA or protein synthesis essential for the transition from
G1 to S phase may have been made earlier in G1 . However, the
role that RNA or protein synthesis plays in the G1 -to-S
transition, as well as the effect of BCNU on that role, is still
unclear.

Cells treated in S phase with BCNU are delayed in
progressing from S through G2 into M (Chart 5). Although
BCNU has been considered to be an alkylating agent (14, 18),
no definite evidence has been presented concerning the
chemical pathway by which BCNU produces its cytotoxic
effects. It has been suggested that the locus of inhibition for
BCNU is probably the same as for other nitroso
compounds, such as MNNG, namely, the methylation of
guanine in Position 7 (4, 16, 20, 22). However, we (2) have
shown that certain basic differences exist between MNNG and
BCNU. On a molar basis, MNNG is about 1000 times more
effective than BCNU in reducing survival. Survival
(asynchronous) after MNNG treatments results in a biphasic
survival curve with little or no shoulder. The mitotic cell
population appears to be the most resistant, and the cells at
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Chart 6. Effect on cell progression from G2 to M after BCNU
treatment of asynchronous cells in G) phase.
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Chart 7. Effect on cell progression from M phase to G1 phase after
BCNU treatment of synchronized cells in mitosis. 0, BCNU (2 hr of
treatment, 100 ag/mI); â€¢,BCNU (continuous treatment, 100 .ig/ml);.,
control.

labeling of asynchronous populations of cells with TdR-3 H
immediately before drug treatment and scoring of the
percentage of labeled and unlabeled cells progressing into
metaphase, it is possible to determine whether progression
delay occurred to G2 or S cells. Chart 6 shows that the
percentage of unlabeled control cells in metaphase
(accumulated in Colcemid) increases linearly with time for 3.5
hr. BCNU-treated G2 cells are delayed in progressing into
mitosis immediately after the end of treatment (no increase in
percentage of unlabeled cells in metaphase), and there is no
return to a normal progression rate during the sampling period.

Progression after Drug Exposure in Mitosis. Essentially pure
mitotic cell populations (95% MI) were treated continuously
or for 2 hr with 100 pg/mI BCNU. In Chart 7, it can be seen
that the untreated control population progressed out of
mitosis and into G1 in 1 hr (0% MI). The MI in populations
treated continuously with BCNU decreases to 45% in 30 mm
and plateaus for the duration of the experiment. If the drug is
removed after a 2-hr treatment, the cells are delayed in mitosis
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the@ /5 boundary are the most sensitive (from synchronous
survival data). Cells treated with MNNG in G1 , G2 , and M
exhibit progression delay, but no delay in progression is
observed in cells treated in S phase. In view of the differences
observed in the effects of these 2 drugs on survival and S-phase
progression kinetics, we conclude that their mechanisms of
action (at least on cells synthesizing DNA) are probably
different.

There are possible implications of these results to
chemotherapy. It is quite helpful to know that BCNU kifis
cells specifically in S phase. More important is the knowledge
that BCNU also prevents any further movement of cells from
G1 phase into the sensitive S phase for a few hr after the
treatment is ended. It would be useless, therefore, to start
another BCNU treatment until G1 cells had overcome their
delay and progressed into the sensitive S phase once again.
This kind of information must be known, understood, and
used in planning of multiple-drug combination treatments
before a maximum effect on tumor cell growth is realized.
These kinds of experiments are continuing in our laboratory.
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