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SUMMARY

A technique has been developed for determining effects of
chemotherapeutic agents on cell cycle progression in
synchronized line CHO Chinese hamster cells grown in vitro.
The proctocol combines autoradiographic and cell-
enumeration techniques with analysis of DNA distribution
patterns by means of the Los Alamos flow microfluorometer.
CHO cells were accumulated in a state of G! arrest by growth
in isoleucine-deficient medium; then the cells were

resuspended in fresh, complete medium containing isoleucine
plus a test agent to reinitiate cycle traverse in the presence of
the drug. Ten hr later, flow microfluorometric analysis of the
population distribution of DNA contents for the cultures
yielded the fractions of cells in G], S, and G2 or M. For agents
with reversible effects, confirmatory cell cycle data were
obtained after resuspension of the cells in fresh, drug-free
medium containing thymidine-3H; and aliquots were removed

at intervals for determination of traverse capacity, even in
slowly or nonprogressing populations. Four agents with
differing effects on cell cycle progression were examined,
namely, hydroxyurea, cytosine arabinoside, bleomycin, and
camptothecin. Both hydroxyurea (10~3 M) and cytosine

arabinoside (5 jug/ml) grossly decreased the rate of progression
of cells into S phase, resulting in an accumulation of cells at
the Gt-S boundary. Neither agent completely prevented cells
from initiating DNA synthesis. Bleomycin (100 /ug/ml) allowed
initiation and completion of genome replication to occur at a
nearly normal rate, but cells accumulated in G2 and most cells
lost the capacity to enter mitosis. Camptothecin (l ÃŸg/ml)
reduced the overall rate of cycle progression and allowed a few
cells to replicate a complete complement of DNA. The
relationship of these in vitro findings to the chemotherapy
regimen design is discussed.

INTRODUCTION

A parameter of importance in designing effective
chemotherapy regimens that has been mostly neglected in the
past is the effect of the chemotherapeutic agent on cell cycle
progression. The principal reason for the lack of data
concerning cycle traverse has been the absence of a sufficiently
detailed analytical system capable of revealing distributions of
cells in the various phases of the cell cycle. Most currently
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available techniques rely upon thymidine-3 H autoradiographic

analysis of asynchronous populations. That type of approach
is satisfactory only as long as the cells continue to synthesize
DNA (incorporate thymidine-3 H) at an appreciable rate. In

view of the large number of chemotherapeutic agents that have
primary effects upon DNA synthesis, in many cases
autoradiographic analysis alone is inadequate to reveal cycle
progression in the posttreatment period.

We have developed a technique that not only measures
standard cell cycle kinetic parameters, such as the thymi
dine-3 H-labeled fraction and divided fraction, but also

provides information concerning the relative DNA content
(mass) distribution in statistically significant populations,
determined with the Los Alamos FMF.2 On the basis of DNA

content, the fractions of cells in G,, S, and G2 or M can be
readily determined, even in slowly or nonprogressing popula
tions. To maximize further the detection of the effects of
various agents upon DNA replication, we utilize cell popula
tions capable of entering S phase in synchrony. This
experimental approach may be used before, during, and after
treatment with test agents. This protocol, involving several
techniques, allows highly detailed determination of the effects
of agents on cycle traverse, with special emphasis on DNA
replication.

MATERIALS AND METHODS

A line of Chinese hamster cells (line CHO, originally
obtained from Dr. T. T. Puck) was maintained in suspension
culture, free of pleuropneumonia-like organisms, in F-10
medium supplemented with 10% calf and 5% fetal calf sera,
penicillin, and streptomycin. Autoradiographs were prepared
as described previously (26), and cell counts were determined
with the electronic particle counter as described previously
(18). Cultures were prepared in a reversible state of Gj arrest
by growth in isoleucine-deficient medium (9, 26).
Monodisperse cells were fixed with formalin and were Feulgen
stained with the fluorescent dye acriflavine in the manner
described previously (14, 25).

Thymidine-methyl-3H (6 Ci/mmole) was purchased from
Schwarz/Mann, Orangeburg, N. Y. l-j3-D-Arabinofuranosyl-
cytosine (cytosine arabinoside, NSC 63878) was a gift from
the Upjohn Company, Kalamazoo, Mich. Hydroxyurea (NSC
32065), sodium camptothecin (NSC 100880), and bleomycin
NSC 125066) all were obtained through Drug Research and
Development, Chemotherapy, National Cancer Institute.

2The abbreviation used is: FMF, flow microfluorometer.
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Chart 1. DNA distribution pattern of an exponentially growing
culture of CHO cells obtained with the Los Alamos FMF. , modes
for cells with a 2C (G, ) DNA content (scale value of 20) and values for
cells with a 4C (G2) DNA content (scale value of 40). There were
28,000 cells in this sample.

RESULTS

Throughout the experiments described in this paper we shall
arbitrarily define DNA synthesis (and also define S phase) in
terms of the ability of cells to (a) incorporate thymidine-3 H
into acid-precipitable material to the extent that
autoradiographs contain labeled cells with 2 or more grains per
cell and (b) increase their DNA content to an extent
detectable with the Los Alamos FMF. Under "Discussion," we

consider some of the semantic difficulties in establishing a
definition for DNA replication that is equally suitable for in
vitro studies by cell biologists and for in vivo
chemotherapeutic studies by clinicians.

The Los Alamos FMF has been described in detail
previously (14, 27). Basically, cells for examination were
washed, dispersed, fixed with formalin, and stained by means
of a fluorescent-Feulgen procedure with the use of the dye
acrifiavine (14, 25). The amount of dye bound is proportional
to the amount of DNA present in the cells (14), and the FMF
yields a distribution pattern that provides the DNA contents
of individual cells in populations containing thousands of cells.
Chart 1 shows the results of FMF analysis of an exponentially
growing culture of CHO cells. Note the extremely large
numbers of cells analyzed in this and other FMF samples.
Under our cultivation conditions for CHO cells, the duration
of GÃŒwas 9 hr, S was 4 hr, and GÃŒplus M was 3.5 hr; thus,
our populations are extremely rich in G, cells. The major peak
in the FMF pattern in Chart 1 (Channel 20) represented cells
with a G! DNA content while, at twice the mode of GÃŒpeak,
there was a peak (at Channel 40) representing cells with the
DNA content obtained in GÃŽor M. Cells in S phase with
varying degrees of completion of DNA replication were
distributed between the peaks representing Gt and G2 or M
DNA contents. There was excellent correlation of the fraction
of cells in the various phases of the cell cycle determined by

FMF analysis with values obtained by standard cell cycle
analytical techniques.

CHO cells may be reversibly arrested in GÃŒby cultivation in
isoleucine-deficient Medium F-10 (i.e., limiting quantities of
isoleucine). Such cells do not enter a state of gross biochemical
imbalance, although biosynthetic capacities for major classes
of macromolecules (except DNA) remain at high levels (9).
Merely by the addition back of isoleucine to the medium or
resuspension of the cells in medium containing isoleucine, cells
resume traverse in synchrony, first synthesizing DNA and
subsequently dividing (26). FMF analysis of cells maintained
for 30 hr in isoleucine-deficient medium yielded the
distribution of DNA contents shown in Chart 2A. Nearly all of
the cells possessed the DNA content of GÃŒcells, with a very
few cells with G2 DNA content.

Within approximately 4 hr after such cultures were given
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Chart 2. DNA distribution patterns for cultures released from
isoleucine-deficient G, arrest and maintained for 10 hr in bleomycin,
100 Mg/nil (B); 10"3 M hydroxyurea (C); or cytosine arabinoside, 5

Mg/ml (D). In A (control), the culture was maintained for 30 hr in
isoleucine-deficient medium, at which time an aliquot was examined via
FMF analysis. In B, the culture was maintained for 30 hr in
isoleucine-deficient medium; then the cells were resuspended in fresh,
complete, isoleucine-containing medium supplemented with bleomycin
to 100 jig/ml and, after 10 hr, a sample was removed for FMF analysis.
In C, the culture was maintained in isoleucine-deficient medium for 30
hr; then the cells were resuspended in fresh, complete medium
containing hydroxyurea to 10"3 M and, after 10 hr, a sample was

removed for FMF analysis. In D, after 30 hr in isoleucine-deficient
medium, the cells were resuspended in fresh, complete medium
containing cytosine arabinoside to 5 Mg/ml; 10 hr later, an aliquot was
removed for FMF analysis. -, G, and G2 plus M DNA peak values
calculated from the exponential culture, which was the source of all
cells used in these experiments. The number of cells examined in each
culture was 23,000 (A); 47,000 (B); 19,000 (O;and 17,000 (D).
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isoleucine, cells began to enter S phase and synthesized DNA
(Chart 3A). Because of the different rates of traverse of the
cell cycle by individual cells in the population, synchrony
decay occurred, with the result that the fastest moving cells
entered S within 4 hr after isoleucine addition, while the
slowest cells entered S at much later times.

If, at the time of resuspension of G^arrested cells in
isoleucine-containing fresh medium, a test agent is also added,
at least 3 major types of response might be expected, based
upon the effects of the agent on cycle traverse. If the agent
inhibited GÃŒprocesses, upon subsequent drug removal cells
would not have traversed GÃŒ, would possess the G] DNA
content, and would require at least 4 hr before any cell
initiated DNA synthesis. If the agent allowed G! traverse but
prevented the Gi-to-S transition, cells would be effectively
resynchronized in late G, near the Gt -S boundary. These cells
would also possess the GÃŒDNA content but should commence
entry into S phase shortly after drug removal. If the agent
prevented neither traverse of Gj nor initiation of DNA
synthesis, cells would increase their DNA content in the
presence of the drug. These cells would possess DNA contents
greater than that for GÃŒcells and, following drug removal,
should divide within a short period, since the cells would have
completed a large portion of the cell cycle during the drug
treatment period. The preceding results assume no great
toxicity effect and at least partial reversibility of drug effects
on cycle progression. Intermediate results should be expected
for agents slowing cycle progression rather than inhibiting
transition between phases.

To determine how well actual experimental results mimic
expected results, the following experiments were carried out.
Aliquots of GÃŒ-arrested cells in isoleucine-deficient medium
were resuspended in fresh isoleucine-containing medium
supplemented with test agent. Ten hr later, FMF analysis was
performed on cultures exposed to 100 pg bleomycin per ml
(Chart 25), IO"3 M hydroxyurea (Chart 2C), or 5 Â¿/gcytosine

arabinoside per ml (Chart 2D). It is readily apparent that the
culture exposed to bleomycin (Chart 2B) contained a large
fraction of cells with DNA content in excess of the GÃŒDNA
value, including a few cells with approximate DNA contents
for G2 cells. In contrast, cultures maintained in either
hydroxyurea (Chart 2C) or cytosine arabinoside (Chart 20)
contained GÃŒDNA contents, indicating an inability to increase
DNA content significantly in the presence of the 2 agents.

For delineation of location of cells in cultures treated with
drugs, the cells were spun down, washed, and resuspended in
fresh, complete medium containing thymidine-3H, 0.05

fiCi/ml. Aliquots were removed at intervals thereafter for
determination of both the fraction of cells labeled with
thymidine-3H and the divided fraction. Upon resuspension of
the washed, bleomycin-treated cells in fresh medium, the
initial labeled fraction was 0.5, and cells continued to enter S
phase thereafter, with limited cell division commencing within
5 hr (Chart 3B). By comparison of bleomycin-treated cells
with the drug-free control culture released from G] arrest
(Chart 3/4), it is apparent that general cell cycle progression
through S phase proceeded at a nearly normal rate in the
bleomycin-treated cells, although completion of G2 and cell
division occurred in only a few cells.

In contrast to the results obtained with bleomycin were

those obtained in cells treated with hydroxyurea (Chart 3C) or
with cytosine arabinoside (Chart 3D). Following resuspension
of cells pretreated with these agents in fresh medium plus
thymidine-3H, the fraction of labeled cells initially was

o.eo â€”¿�
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Chart 3. Reinitiation of cycle traverse by synchronized CHO cells
treated at 10 hr with different chemotherapeutic agents. In A (control),
after 30 hr in isoleucine-deficient medium, cells were resuspended in
fresh, isoleucine-containing medium supplemented with thymidine-3H

at Time 0. In B, cells pretreated with bleomycin, described in Chart 2B,
were resuspended in fresh, complete medium containing thymidine-3H

at Time 0. In C, cells pretreated with hydroxyurea, described in Chart
2C, were resuspended in fresh, complete medium containing thvmi-
dine-3H at Time 0. In D, the culture pretreated with cytosine

arabinoside, described in Chart 2D, was resuspended in fresh, complete
medium containing thymidine-3H. At the times indicated, aliquots were

removed for determination of the labeled fraction and measured
autoradiographically (o), and the cell number (â€¢),was determined with
an electronic particle counter. Divided fraction represents N/N0 - 1.
The concentration of thymidine-3H was 0.05 AiCi/mlin all cases.
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essentially zero, but the entire population synchronously
entered S phase shortly after drug removal, while cell division
commenced within 6 to 7 hr thereafter. These results indicate
that cells treated with either hydroxyurea or cytosine
arabinoside accumulated near the G] -S boundary and
commenced cycle traverse almost immediately after drug
removal. The fractions that entered S phase and subsequently
divided after washing out the drug were essentially equivalent
to values in the drug-free control culture. (In Chart 3, "divided
fraction" represents N/N0 â€”¿�1, which means that an increase

from 0 to 1 represents a doubling of the population). Similar
results have been obtained with cultures of CHO cells prepared
by mitotic selection and treated with cytosine arabinoside or
hydroxyurea. These observations demonstrate that the results
presented in Charts 2 and 3 are not attributable to some
unique biochemical property of cells recovering from
isoleucine-mediated GÃŒarrest.

Although not shown, in repeated experiments the ability of
cells to recover from the effects of cytosine arabinoside was
highly variable, and the time required for recovery was usually
greater than that necessary for cells to recover from the effects
of hydroxyurea. Neil and Bhuyan (personal communication)
have also observed a reduced rate of entry into S phase
following the removal of cytosine arabinoside from mam
malian cell cultures.

Although the results in Chart 2, C and D, suggest that very
few cells entered S phase during 10 hr of exposure to
hydroxyurea or cytosine arabinoside, a question arises
concerning initiation of genome replication during prolonged
drug treatment. Chart 4 shows the results obtained when
cultures of CHO cells arrested in GÃŒin isoleucine-deficient
medium were resuspended in fresh, complete medium
containing 0.1 ;uCi of thymidine-3H per ml in the presence or

absence of 5 pf> of cytosine arabinoside per ml. At intervals,
aliquots were removed for determination of the fraction
labeled with 2 or more grains per cell. The results shown in
Chart 4 indicate that, in the presence of cytosine arabinoside,
cells slowly progressed into a recognizable S phase. Similar
results were obtained in cultures maintained for prolonged
periods in hydroxyurea-containing medium (22). In the
drug-treated cultures, the labeled cells contained very few
grains relative to the control culture; this perhaps suggests that
the cells entering S were able to carry out only limited DNA
synthesis before succumbing to the "S phase-specific cytotoxic
effects" of these agents. Survival experiments will be required

to verify this supposition.
The final chemotherapeutic agent examined in this report

was camptothecin. Results presented in the preceding paper
(24) suggested that the effects of camptothecin on cycle
traverse might be similar to those obtained with bleomycin
(i.e., failure to inhibit initiation of DNA synthesis). In
preliminary experiments, cells were released from
isoleucine-mediated GÃŒarrest and were maintained in the
presence of 1 fig of camptothecin per ml [a concentration
chosen on the basis of results obtained previously (24)] for 10
hr, as was done with the other agents tested in this study.
DNA distribution patterns obtained by FMF analysis indicated
that the cells still possessed the DNA content of GÃŒcells.
Resuspension of these cells in fresh, drug-free medium plus
thymidine-3H yielded results similar to those with the

drug-free control, implying that cells had not traversed large

segments of Gt during the treatment period. Autoradiographs
obtained in camptothecin-treated cultures in the simple
chemotherapeutic test described in the accompanying paper
(24) were labeled extensively after 18 hr in the drug.
Therefore, it appeared likely that camptothecin was not
specifically inhibiting initiation of DNA synthesis but, instead,
was reducing the general rate of cycle progression so that no
cells had entered S phase after 10 hr in camptothecin. If this
explanation is correct, then treatment for longer periods of
time with camptothecin should allow cells to enter S phase
gradually. Consequently, cells released from GÃŒarrest into
medium containing thymidine-3H were examined over long

intervals for evidence that cell progression was proceeding,
albeit at a reduced rate. At various times thereafter, aliquots
were removed for autoradiographic and FMF analysis. The
results shown in Chart 5 indicate that, as the incubation period
in camptothecin was increased, the fraction of cells entering S
also increased, and there was evidence that a few cells had
progressed to G2. The labeled fractions after 11, 14, 17, and
20 hr were 0.13, 0.36, 0.63, and 0.77, respectively. Thus, it
appears that, although camptothecin did not prevent initiation

8 12
HOURS

Chart 4. Entry of cells into S phase in the presence of 5 tig cytosine
arabinoside per ml. Cells maintained in isoleucine-deficient medium for
30 hr were resuspended in fresh medium containing 0.1 Â¿tCi
thymidine-3H per ml, both with (â€¢)and without (â€¢)5 Mg cytosine

arabinoside per mL Aliquots were removed at the times indicated for
determination of the labeled fraction, scored autoradiographically.
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Chart 5. DNA distribution patterns in synchronized CHO cells
exposed to sodium camptothecin for different time periods. Cells were
maintained for 30 hr in isoleucine-deficient medium; then, at t = 0, the
cells were resuspended in fresh, isoleucine-containing medium
supplemented with sodium camptothecin to 1 pg/ml. At 11, 14, 17,
and 20 hr thereafter, aliquots were removed for FMF analysis. The
number of cells examined in each culture was 34,000 at 11 hr, 52,000
at 14 hr, 83,000 at 17 hr, and 97,000 at 20 hr.

and completion of genome replication in all of the cells, it did
induce a grossly reduced rate of progression throughout the
entire cell cycle.

DISCUSSION

Before we discuss the data presented here, it is necessary to
consider some of the semantic difficulties in defining S phase.
Historically, S phase was given an operational definition by
Howard and Pele (12). S phase was defined as that period in
the cell cycle during which 32P04 was incorporated into

DNA, monitored by autoradiography after treatment of the
cells with RNase. As knowledge concerning DNA replication
has accumulated, it has become apparent that genome
doubling involves a multitude of coordinated biochemical
processes. In the final analysis, however, the 1st unequivocal
indication of the occurrence of DNA synthesis per se is the
polymerization of deoxynucleotides into polydeoxy-
nucleotides. Accordingly, we are left with the practical
necessity of defining DNA synthesis in terms of the
synthesis of polydeoxynucleotides. The major problem
involves the minimum polydeoxynucleotide size detectable
with presently available analytical techniques. Operationally,
one measures the rate of incorporation of radioactive- or

density-labeled compounds into DNA. In this report we have
measured autoradiographically the incorporation of
thymidine-3H into DNA and have also examined population

DNA contents by means of FMF, using cells in which the DNA
was specifically stained by a fluorescent-Feulgen procedure.
We cannot exclude the possibility that our analytical
techniques fail to detect extremely low amounts of newly
synthesized polydeoxynucleotides but, lacking more highly
precise analytical techniques, we have defined DNA synthesis
and S phase in terms of FMF and autoradiography.

Our results obtained with hydroxyurea and cytosine
arabinoside in CHO cells indicate that these agents grossly
reduced the rate of progression from Gj into S, resulting in an
accumulation of cells near the Gt-S boundary. That the cells
had been resynchronized near the Gi-S boundary was
indicated by (a) the reduced time for entry into S phase and
cell division subsequent to drug removal relative to values
obtained in the drug-free control, and (b) the increased rate of
entry into the DNA-synthetic phase and the enhanced rate of
cell division in cultures recovering from drug effects. However,
although the drugs reduced the rate of progression into S
phase, with increasing incubation periods the fraction of cells
entering a recognizable S phase gradually increased, indicating
that neither agent could completely inhibit initiation of DNA
synthesis. In our experiments, we have used synchronized cells
to maximize the probability of detection of effects on entry
into S phase. Had the drugs failed to affect entry into S phase,
approximately 75% of the population should have entered S
phase and lost the capacity for cycle progression. Obviously,
this did not occur, and we are left with the conclusion that the
drugs grossly reduced (but did not totally inhibit) the rate of
progression from G, into S phase. Furthermore, Sinclair (19,
20), in studies with asynchronous populations of V79 Chinese
hamster cells, was able to synchronize cells through reversible
accumulation near the Gi-S boundary with hydroxyurea. GÃŒ
cells exposed to IO"3 M hydroxyurea remained viable for

periods in excess of 1 generation time. All of the preceding
data strongly suggest that there is a transitory "sparing effect"

of cytosine arabinoside or hydroxyurea on cell killing that is
gradually lost, although it is not clear whether the loss is the
result of cells gradually entering S phase and dying or whether
it is due to non-S cells entering a state of biochemical
imbalance brought about by prolonged RNA and protein
synthesis in the absence of DNA synthesis.

Ignoring for the moment important clinical considerations
such as host-versus-tumor cell toxicity, maintenance of
appropriate serum levels of drugs, etc., it is possible to provide
guideline suggestions regarding logical primary chemotherapy
regimens for rapidly prolifering neoplasms, based upon our in
vitro test results. Solely on the basis of consideration of drug
effects on cycle progression, we would expect that
intermittent split-dose treatments with hydroxyurea or
cytosine arabinoside should yield the most satisfactory
therapeutic results. That is, cells in S at the time of initial drug
administration should be rapidly killed, with a decreased rate
of killing for non-S cells. With increasing time, progressively
larger quantities of cells accumulate near the Gi-S boundary,
while a few cells enter S and are rapidly killed by the drugs.
Upon cessation of drug treatment, the serum level of the drug
should decrease rapidly [in the case of cytosine arabinoside, as
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the result of deamination to the nontoxic product, uracil
arabinoside (8)], and cells should resume a rapid rate of cycle
progression, enter S phase parasynchronously, and die upon
subsequent resumption of drug treatment. The duration of
drug exposure and the interval between treatment periods
would be determined by the proliferation kinetics of the
neoplasm under treatment but, in general, should be
significantly shorter than the population doubling time.
Chemotherapy regimen design, in terms of tumor kinetics, has
been discussed by numerous workers [for example, see the
review by Skipper (21)]. As an alternative to the split-dose
treatment, in view of the gradual increase in number of cells
entering S phase in the presence of drugs (Chart 4), continuous
drug administration should be successful if maintained for
sufficiently long periods.

How well do predictions based upon our in vitro test results
agree with results obtained in vivo! Results obtained with
rapidly proliferating neoplasms examined both in vitro and in
vivo indicate that essentially comparable cell kill is obtained
with split-dose treatment (q .3 hr X 8) or with continuous
dose treatments (3, 5, 10, 13,15, 17,21,28). In general, most
workers have interpreted these results as evidence that (a)
cytosine arabinoside and hydroxyurea exhibit S-phase cyto-
toxicity and (b) the rate of cell kill indicates that cells initially
outside of S phase at the start of drug treatment continue to
enter S phase at a normal rate of progression and subsequently
are killed. In support of this line of reasoning is the
observation that the rate of cell kill in vivo or in vitro is
essentially the same in populations treated with cytosine
arabinoside and cytotoxic concentrations of thy mid ine-3 H (6,

7). Again, the semantic definition of S phase predetermines
interpretation of the data. What direct evidence indicates
unequivocally that, in order for them to be killed, cells must
first enter S phase? Proof that cells enter S phase before dying
is as difficult to provide in this system as in our in vitro
system. For the same reasons, there is an inability to detect
precisely the Gj-S boundary. In view of the biochemical
(semantic) confusion regarding initiation of DNA synthesis, we
suggest that it is not of prime importance whether cells enter S
phase before dying or, instead, are killed at some earlier
portion of the cell cycle close to the G!-S boundary after
prolonged exposure to either cytosine arabinoside or hydrox
yurea. Rather, the important point, in a chemotherapeutic
sense, is the behavior of cells in the presence of drugs and in
the period following drug removal. That is, in the presence of
cytosine arabinoside or hydroxyurea, there is a partial
synchronization of cells collected near the Gi-S boundary;
cells can rapidly resume cycle traverse in parasynchronous
fashion following cessation of drug treatment. These observa
tions form the rationale for the success of the split-dose
treatment in conjunction with considerations of drug toxicity.
The progressive/reproductive capacity following exposure to
and removal of a test agent is an important parameter which
our in vitro test protocol can examine in great detail.

Results obtained with bleomycin were as expected on the
basis of studies carried out both in vitro (2,22,23) and in vivo
(16). In the presence of bleomycin, genome replication
occurred at a nearly normal rate. In the presence of
bleomycin, cells replicated a full complement of DNA but
then had difficulty in completing G2 (Charts 2B and 3B; Ref.

23). In view of the ability of cells to traverse most of the cycle
before arresting in G2 in the presence of bleomycin, on the
basis of progression alone we would suggest that continuous
drug treatment should yield optimal results with rapidly
proliferating neoplasms. In view of the low frequency of
recovery of traverse capacity following removal of bleomycin
(Chart 3D; Ref. 23), it should also be possible to provide a
significant interval between successive periods of drug
treatment in the event of acute host toxicity. Since Barranco
and Humphrey (2) have demonstrated that bleomycin exhibits
maximal killing efficiency during M and G2, it might be
advisable also to use the drug in combination with vincristine
or other similar compounds that induce metaphase arrest.

In the preceding paper (24), the results obtained indicated
that initiation of genome replication could occur in the
presence of camptothecin. Those results were extended in this
report with the finding that, although camptothecin induced a
general reduction in the rate of cell progression throughout the
cell cycle, a few cells succeeded in replicating a full
complement of DNA in the presence of the drug (Chart 5). In
studies with Chinese hamster Don and mouse LI210 cells in
tissue culture, Bhuyan and Neil (personal communication)
found that camptothecin had very little effect upon the
initiation of DNA synthesis. Reasons for these differences are
now under investigation. Perhaps part of the difference is
attributable to the long duration of GI in our CHO cells and
the short duration of GI in Don and LI 210 cells.

Camptothecin inhibits both DNA and RNA synthesis in
mammalian cells (1, 4, 11). In HeLa cell cultures treated with
concentrations equivalent to those used in our CHO
experiments, the rates of synthesis of DNA and RNA were
reduced to approximately 57 and 70% (respectively) of
control values after an incubation period of 1 hr in the drug
(11). If synthesis of nucleic acid species in CHO cells is
reduced to a comparable extent, the general reduction in cycle
progression (Chart 5) is not unreasonable. In view of the
continuous but reduced rate of cycle progression observed
with camptothecin, it would appear most logical to administer
this agent continuously over long time periods. Since cells also
recover rapidly from effects on cycle progression (unpublished
observations), we further suggest that, solely because of
progression arguments, it would be unwise to design a regimen
that prescribed long intervals between successive periods of
drug treatment.
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