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SUMMARY

A simple, rapid protocol is described for separation of
chemical agents into different classes, dependent upon their
effects on cell-cycle traverse in line CHO Chinese hamster cells.
The technique is a functional assay in that it measures the
ability of synchronized cells to traverse the cell cycle on the
basis of determination of the labeled and mitotic fractions in
autoradiographs prepared from cultures receiving thymidine-3 H

after addition of test agent in either G] or S. Equivalent
results were obtained with Gt cells prepared by either the
isoleucine deficiency technique or in cells prepared by mitotic
selection and allowed to enter GÃŒprior to addition of drug.
With the test protocol it was possible to distinguish reliably
among at least seven classes of agents, including those agents
inhibiting primarily the G, to S transition, those affecting
primarily the initiation and completion of DNA synthesis, and
those affecting either G2-specific, mitotic, or cycle-wide
processes. Agents tested included hydroxyurea, puromycin,
dactinomycin, and neocarzinostatin (all agents with known
specific effects on the cell cycle) and bleomycin, ellipticine,
and L-0-ethylthreonine (all little studied, potentially useful

antitumor compounds). Bleomycin inhibited G2 processes
specifically, with essentially no effect upon genome replica
tion. Ellipticine inhibited both initiation of DNA synthesis and
completion of G2 but did not prevent continued synthesis of
DNA in cells already in S at time of drug addition. At 8 X 1(F4

M L-0-ethylthreonine, the primary effect was an inhibition of
the G! to S transition, although at higher concentrations both
genome replication and completion of G2 were inhibited.

INTRODUCTION

Improvements in tumor chemotherapy depend upon a
better understanding of both the kinetics of tumor growth
(13) and the specific mechanisms of drug action (20). That is,
as more information becomes available concerning the
distribution of tumor cells among proliferating, nonprolifer-
ating, sterile, and dying states, chemotherapeutic agents with
known biochemical action on specific classes of cells may be
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selected and utilized in combination to maximize therapeutic
effects. Among other considerations, an agent may be useful in
a chemotherapeutic program if (a) it exhibits cycle-dependent
cytotoxicity and/or (b) it affects progress through the cell
cycle differentially, resulting in an accumulation of popula
tions of cells in specific portions of the cell cycle with an in
creased susceptibility to phase-specific agents. For establish
ment of truly meaningful testing programs for the ever-
increasing numbers of agents with antitumor potential, it is
first necessary to obtain information regarding the above pa
rameters. This report describes a quick and simple
technique based upon a system of well-characterized cell-cycle
parameters, which distinguishes a wide variety of agents with
different effects upon cell-cycle traverse with a minimum
number of samples.

MATERIALS AND METHODS

A hypodiploid (modal chromosome number of 21) line of
Chinese hamster cells, line CHO, originally obtained from Dr.
T. T. Puck (16), was grown as stock suspension culture
(culture-doubling time of 16.5 hr) in F-10 medium (5) from
which FeS04, CuS04, ZnSO4, CaCl2, and sodium pyruvate
were omitted; the F-10 medium was supplemented with 10%
calf and 5% fetal calf sera, penicillin, and streptomycin.
Cultures were prepared in a reversible state of Gj arrest by
growth in isoleucine-deficient F-10 medium as described in
detail elsewhere (21, 27). In one experiment, cells were
prepared by mitotic selection (initial mitotic fraction was
0.98), chilled after collection, pooled, centrifuged,
resuspended in warm medium in a series of microspinner
flasks, and incubated for 1 hr prior to drug addition
(experimental t = 0). Details of the mitotic selection protocol
may be found elsewhere (26). The cells were examined
routinely for contamination with pleuropneumonia-like
organisms by the method of Chanock et al. (3), with the use
of the modified technique of House and Wadell (8) for
preparation of yeast extract. No pleuropneumonia-like
organisms were detected during the course of these
experiments. All experiments involving testing of
chemotherapeutic agents were carried out in 25-ml
microspinner flasks (BÃ©licoBiological Glassware, Vineland, N.
J.). Autoradiographs were prepared as described elsewhere
(27) except that they were developed and read after a 24-hr
exposure period. Thymidine-methyl-3H was purchased from
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Schwarz BioResearch, Inc., Orangeburg, N. Y., and the
puromycin dihydrochloride was purchased from Nutritional
Biochemicals, Cleveland, Ohio. Dactinomycin (actinomycin D)
and L-0-ethylthreonine were gifts from Merck, Sharp and
Dohme, Rahway, N. J. Hydroxyurea (NSC 32065),
neocarzinostatin (NSC 69856), bleomycin (NSC 125066), and
ellipticine (NSC 71795) were all obtained through Drug
Research and Development, Chemotherapy, National Cancer
Institute.

RATIONALE

For a study of the effects of agents on the cell cycle, it is
essential to select a system with predictable cell-cycle
parameters which is readily synchronizable and in which
cell-cycle progression may be monitored simply. CHO cells
released from isoleucine-mediated G! arrest2 progress through

the cell cycle in a synchronous, highly reproducible manner
(12, 27). Entry into S and M phases may be monitored by
determining the fraction of cells incorporating thymidine-3H

and the fraction in mitosis, respectively, with both parameters
readily and simultaneously detectable in autoradiographs.

Design of the test protocol is dictated by the following
cell-cycle parameters in cultures of CHO cells in which
isoleucine deficiency is reversed. DNA synthesis begins
approximately 4 hr after addition of isoleucine to arrested
cells, and completion of DNA synthesis by the most rapidly
traversing cells in the population occurs at t = 8 hr. Cell
division commences at 11 to 12 hr after isoleucine addition. In
the test protocol, at t = 0, a G,-arrested control culture
(control 0) is given isoleucine to reinitiate cell-cycle traverse
and also low levels of thymidine-3H to label the cells

synthesizing DNA. Then Colcemid is added at i = 9 hr (before

any cell has reached mitosis) to prevent cells from progressing
beyond M. Autoradiographs are prepared at t = 18 hr, and the
labeled and mitotic fractions are then calculated. This control
0 culture represents the fractions capable of synthesizing DNA
and reaching mitosis in the 18-hr test protocol period. Since
essentially all cells in the initial population are in GÃŒ, synthesis
of DNA precedes entry into M and therefore all mitotic cells in
the test protocol are also labeled with thymidine-3H.

Primarily for detection of the effects of agents upon the G[
to S transition, test agent is added to cells in G] arrest at t = 0
(0 sample) and, after 1 hr is allowed for the agent to exert its
effects, isoleucine is added to reestablish cycle traverse along
with thymidine-3H to label cells capable of completing Gj and

entering S in the presence of the agent. At t = 9 hr, Colcemid
is added and the labeled and mitotic fractions are calculated
from an autoradiograph prepared at i = 18 hr. If the agent
prevents G] to S transition, then the culture will be devoid of

"Transfer of cells from an exponentially growing culture to medium
deficient in isoleucine results in the continued traverse of cells in the
DNA-synthetic (S), premitotic (G2), and mitotic (M) phases of the cell
cycle with a resultant accumulation in the pre-DNA synthetic (G, )
phase; cells initially in G, are unable to initiate DNA synthesis and
remain in G,. Reversal of arrest is accomplished by merely adding back
isoleucine, resulting in synchronous initiation of DNA synthesis
followed by division (12, 27). Thus, in effect, genome replication can
be iunirli on or off merely by regulating the amount of isoleucine in
the culture medium.

labeled and mitotic cells. If the agent allows initiation of DNA
synthesis but inhibits completion of G2, the labeled fraction
will equal the labeled fraction in control 0, but no cells will
have reached mitosis. If the agent is without effect, both
labeled and mitotic fractions will equal values in control 0.

Lack of labeled cells in a preparation does not necessarily
indicate that the agent in question specifically inhibits the G,
to S transition, since many agents additionally affect processes
required for traverse in other portions of the cell cycle as well.
Consequently, additional cultures must be used in the test
protocol. A culture containing some cells already past the G!
to S transition is treated with the test agent to ascertain
whether the agent affects processes beyond the Gt -S
boundary. Specifically, a culture of arrested cells is given
isoleucine at r = 0 to initiate cycle traverse and 6 hr later,

when approximately 25% of the cells have entered S but no
cell has completed S, the test agent is added and allowed to act
for 1 hr before addition of thymidine-3H to label cells

synthesizing DNA. Following addition of Colcemid and
preparation of autoradiographs at t= 18 hr, the labeled and
mitotic fractions are determined (this culture is the "6-hr
sample"). A control culture, pulse labeled from 6.75 to 7 hr
with high levels of thymidine-3H, is required to establish the
fraction of the population in S at t = 7 hr.

Interpretation of results with cultures allowed to enter S
prior to receiving drug is as follows. If the agent is without
effect upon cycle traverse, the labeled and mitotic fractions
will equal values in control 0. If an agent prevents entry into S
phase but does not affect continued synthesis of DNA or
completion of G2, the labeled and mitotic fractions will be
approximately equal to or slightly less than the labeled
fraction in control 7. For an agent that affects only
completion of G2, the labeled fraction will be that of control
0, but the autoradiograph will contain no mitotic cells.
Finally, with agents that either inhibit DNA synthesis and
prevent entry into S or, in addition, affect traverse in other
portions of the cell cycle, the fractions of labeled and mitotic
cells will be 0.

Distinguishing between agents which affect portions of the
cell cycle in addition to the S phase presents some additional
problems. Since a series of utilizable biochemical markers
throughout the cell cycle is not currently available, the only
way to establish unequivocally that an agent is affecting
processes at all stages is to demonstrate a lack of synchrony
induction following removal of a reversible inhibitor. That is,
if a reversible inhibitor prevents a process required for traverse
in all stages of the cycle, cells will stop wherever they are in
the cycle following drug addition and will resume traverse in
register (i.e., no synchronization) upon drug removal.
Alternatively, if the process affected by the agent is required
at only certain stages of the cycle, after the drug is added cells
in portions not affected by the agent will continue traverse
until they accumulate at the next point of inhibition; upon
removal of the drug, the cell division pattern will show signs of
synchronization, reflecting the redistribution of cells during
exposure to the drug.

Even if an agent is irreversible, general nonphase-specific
inhibitors can be readily distinguished from S-specific agents
by examination of cell division patterns or patterns of
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accumulation of mitotic cells in Colcemid-treated
asynchronous cultures treated with the agent. Information of
this nature is routinely obtained in preliminary experiments
designed to establish useful concentrations of new agents.
From knowledge of cell distribution in exponential cultures
and determination of the increase in cell number following
addition of the drug, it is possible to calculate how far back in
the cell cycle the terminal inhibition of traverse occurs. For
example, S-specific agents will yield cell number increases
equivalent to the sum of cells in G2 plus M at the time of drug
addition. Although very few cell count data are presented in
this report, it should be borne in mind that cell count (or
mitotic index) data obtained in asynchronous cultures treated
with test agents provide a valuable adjunct to the test protocol
data.

In Table 1 is presented a summary of the basic test
protocol, as well as expected results obtainable with the
protocol for major classes of agents which differentially affect
cell-cycle traverse. Also included are expected results for cell
number increases in asynchronous cultures treated with the

various classes of agents. The approximate numerical values for
cell number increases apply only to line CHO cells cultivated
in exponential culture, as described in "Materials and
Methods." Table 1 emphasizes the great amount of informa

tion obtainable with this extremely simple test protocol.

RESULTS AND DISCUSSION

The preceding discussion assumes sharp, well-defined end
points for drug action under ideal conditions. In reality, results
are rarely this precise but, instead, yield less easily interpret
able data. For establishment of the performance of the test
protocol, the procedure was utilized with a series of agents
with known effects upon cell-cycle traverse. In addition,
several relatively new agents with antitumor potential were
also examined. The first agent tested was hydroxyurea (Table
2). At 10~3 M, not only is entry into S phase affected in

cultures given the drug at / = 0 but hydroxyurea also inhibits
DNA synthesis in cells already in S at the time of drug

Table 1
Summary of results expected for agents affecting chÃnesehamster cell-cycle traverse with the use of the test protocol

Numerical values apply only to line CHO cells cultured under the conditions described in this report.

Test samples

0 sample
a. Drug added at r = 0 when all cells are in G,
b. Isoleucine and thymidine-3 H (to 0.06 juCi/ml) added at t = l hr, all

cells still inG,

Control 0
a. Isoleucine and thymidine-3 H (to 0.06 /uCi/ml) added at t - 0, all

cells in G,

6-hr sample
a. Isoleucine added at t = 0, all cells in G,
b. Drug added at r = 6 hr, ~ 25% of cells in S, remainder in G,
c. Thymidine-3 H (to 0.06 /uCi/ml) added at t = 7 hr, S fraction variable,

dependent upon drug, no cell completed S at t = l hr

Control 7
a. Isoleucine added at i = 0
b. Thymidine-3 H (to 2 Â¿iCi/ml)added from 6.75 to 7 hr, yields fraction

in S at 7 hr, ~ 35-40% in S, remainder in G,

Expected results for major classes of agents with different effects upon the CHO cell cycle

Agent does not affect cycle traverse Agent affects specifically the G, to S transition
a. Labeled and mitotic fractions in both 0- and 6-hr samples = Control 0 a. Labeled and mitotic fractions in 0 sample = 0
b. No effect upon cell division

Agent inhibits DNA synthesis and prevents G, to S transition
a. Labeled and mitotic fractions in both 0- and 6-hr samples = 0

b. Exponential cultures given drug, cell number increase = sum of cells
inG2 +M(~ 13%)

Agent inhibits operations throughout the entire cycle
a. Labeled and mitotic fractions in both 0- and 6-hr samples = 0
b. Exponential cultures given drug, cell number increase < sum of cells

inG2 +

b. Labeled and mitotic fractions in 6-hr sample equal to or slightly less
than Control 7 values

c. Exponential cultures given drug, cell number increase = sum of cells
inS + G2 +M (~ 35%)

Agent prevents completion of G2
a. Labeled fractions in both 0- and 6-hr samples = labeled fraction in

Control 0
b. Mitotic fraction in both 0- and 6-hr sample = 0
c. Exponential culture given drug, cell number increase < sum of cells

inG2 +

Agent prevents completion of M
a. Labeled and mitotic fractions in both 0- and 6-hr samples = control 0
b. Exponential cultures given drug, cell number increase =. the number

of cells in M, and mitotic fraction increases without concomitant
increase in cell number ( = 3%)

Agent primarily inhibits completion of G2 but also secondarily inhibits
G, to S transition

a. Mitotic fractions in both 0- and 6-hr samples = 0
b. Labeled fraction in 0- and/or 6-hr sample > 0, but less than Control 0

and Control 7, respectively
c. Exponential cultures given drug, cell number increases < sum of cells

inG2 +
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addition at t = 6 hr (approximately 53% of the cells were in S by this agent, indicating a requirement for protein synthesis
at t = 7 hr.) Also, even at 1(T4 M hydroxyurea produces a for both genome replication and completion of interphase,

partial inhibition of entry into S and prevents cells from These results are not unexpected in view of the reported
completing G2, even when added at 6 hr. In the extensive involvement of protein synthesis in both of these processes
studies of Sinclair (18, 19) on the effects of hydroxyurea in [reviewed by Baserga (2)]. There is a continuous requirement
Chinese hamster cells, it was shown that hydroxurea inhibited for protein synthesis in the CHO cell up to a point several
DNA synthesis and killed cells in S, prevented initiation of S, minutes before prophase (25, 28). Although in Table 3 it
and killed cells in other phases of the cycle which had been appears that completion of G2 is more sensitive to puromycin
inhibited only for 8 to 10 hr or more. Sinclair (19) also than is initiation of DNA synthesis, it is not clear whether this
indicated that G2 cells near the end of S at the time of implies a greater sensitivity of G2 events or results from a
addition of hydroxyurea had difficulty in traversing to mitosis, greater number of puromycin-sensitive steps required for
Under appropriate conditions, the effects of hydroxyurea were traverse through G2 than through S. In primary cultures of
reversible. Cells from G2, M, and d at the time drugs were rabbit kidney cells, cell division was more sensitive to the
added accumulated at the G,-S boundary and traversed in effects of puromycin than was DNA synthesis (10), whereas
synchrony upon removal of the drug (19), indicating that the reverse situation occurred in vivo in puromycin-treated
hydroxyurea is primarily an S-specific agent. Results presented crypt cells of the small intestine of the mouse (4). In any
in Table 2 are in good agreement with the data of Sinclair. event, the data in Table 3 are in good agreement with results

In Table 3 are presented data obtained with the inhibitor of obtained by more elaborate experimental procedures,
protein synthesis, puromycin dihydrochloride. Both initiation The effects of the RNA synthesis inhibitor, dactinomycin
of DNA synthesis and completion of G2 are grossly inhibited (actinomycin D), on cell-cycle traverse are shown in Table 4.

Table 2
Effects of hydroxyurea on cell-cycle traverse

Collection of samples at 18 hr, when only about 40% of the cells in control cultures have entered mitosis rather than at later times when the
entire population should have reached M, is dictated by the properties of Colcemid in the CHO cell. When CHO cells are treated with Colcemid, the
characteristic C-metaphase structures persist for approximately 6 hr and then spontaneously dissolve in a large proportion of the population
(unpublished observations). Since the 1st cells in the synchronized populations enter mitosis at approximately 12 hr. samples must be collected by
/ = 18 hr. Dissolution of the mitotic apparatus in Colcemid-treated Chinese hamster cells, strain Don, has been reported by Stubblefield (21).

Concentration of hydroxyurea

IO'3 M IO"1 M IO'5 M O

ofhydroxyurea0"6\\fControl,

7 hr**LFÂ°0.0620.0200.528MF000LF0.7600.752MF0.0040.010LF0.8660.848MF0.3520.256LF0.880MF0.0438

a The abbreviations used in the tables are: LF, fraction labeled with thymidine-3H (measured autoradiographically); MF, fraction of cells in
mitosis. All mitoses scored in this experiment in all samples were labeled with thymidine-3 H. The total volume in each culture was 25 ml, and the
initial cell concentration was ~200,000/ml.

6 Cells maintained for 30 hr in isoleucine medium were given the appropriate concentration of drug at / = 0, and then at t = 1 each culture was
given thymidine-3 H to a final concentration of 0.06 pCi/ml along with isoleucine to a final concentration of 4 X 10"* M. The drug-free control
received both thymidine-3 H and isoleucine at t = 0. All cultures received Colcemid to 0.2 ng/m\ at r = 9 hr. Autoradiographs were prepared at i =
18 hr. The total volume in each culture was 25 ml, and the initial cell concentration was ~200,000/ml.

c Cells maintained for 30 hr in isoleucine medium were given isoleucine to a final concentration of 4 X 10 "! M at / = 0; then the cultures
received the appropriate concentration of drug at t = 6 hr and were finally given thymidine-3 H to a final concentration of 0.06 juCi/ml at i = 7 hr.
The control culture received isoleucine at t = 0 and thymidine-3 H at / = 7 hr. All cultures received Colcemid to a final concentration of 0.2 Mg/ml
at t = 9 hr. Autoradiographs were prepared at t = 18 hr.

d The 7-hr control culture received isoleucine to a final concentration of 4.5 X IO"5 M at f = 0, then thymidine-3H to a concentration of 2
>iCi/ml at / = 6.75 hr. At / = 7 hr, the sample was prepared for autoradiography.

Table 3
Effects of puromycin dihydrochloride on cell-cycle traverse

The protocol is described in Table 2.

Concentration ofpuromycinTime

of addition
ofpuromycin0

6 hr
Control, 7 hr6X10'6LF0.030

0.352
0.482MMF0

0.010
0IO'5LF0.526

0.782MMF0.1260.250io-"LF0.8320.778MMF0.4340.4180LF

MF0.872

0.450
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Table 4
Effects of dactinomycin (actinomycin D) on cell-cycle traverse

The protocol is described in Table 2.

Concentration of dactinomycin

8X IO'7 M 8X KT" M IO'" M

ofdactinomycin06hrControl,

7 hrLF00.1180.416MF000LF0.7600.884MF0.0600.044LF0.8300.814MF0.3160.352LF0.878MF0.412

The protocol is described in Table 2.

Table 5
Effects of neocarzinostatin on cell-cycle traverse

Concentration of neocarzinostatin

400 Mg/ml 300 Mg/ml 200 fig/ml

ofneocarzinostatin06hrControl,

7 hrLF0.9340.9200.360MF0.13800LF0.9080.890MF0.2100.002LF0.9360.932MF0.3140.014LF0.898MF0.612

Table 6
Effects of bleomycin on cell-cycle traverse

The protocol is described in Table 2 except that the 6-hr control culture received isoleucine to4.5X10-5Matf = 0 and thymidine-3H to 0.03
MCi/ml at t = 1 hr. A sample was prepared for autoradiography at t = 18 hr.

Concentration of bleomycin

1 Mg/ml

of bleomycin06hrLF0.808

0.814MF0.0440.058LF0.7980.792MF0.0680.124LF0.8020.810MF0.2760.328LF0.8300.816MF0.2800.330LF0.8860.880MF0.3840.396

This agent inhibits both initiation of DNA synthesis and
completion of G2. These results are consistent with data from
a variety of cell types from which it was concluded that
inhibition of RNA synthesis with dactinomycin causes
cessation of both DNA synthesis and cell division (1, 2).
Although RNA synthesis occurs throughout the cell cycle
except during mitosis (23), the extent of interphase operations
for which RNA synthesis is essential is not clear. In CHO cells
the final process sensitive to dactinomycin occurs 78 min
before prophase, while cells closer to prophase continue
traverse and divide in the presence of the drug (28), indicating
that RNA synthesis is not required over a significant portion
ofG2.

The antitumor compound, neocarzinostatin, was examined
with the test protocol (Table 5). It is apparent, even at the
highest concentrations used that this agent does not prevent
initiation of DNA synthesis but effectively inhibits completion
of G2. The higher fraction of mitotic cells in cultures receiving
the drug at / = 0 versus t = 6 hr is especially interesting. Cells
exposed to the agent for a longer period of time are more
successful in reaching mitosis. The simplest interpretation is
that, with sufficient time, the CHO cell is able to overcome the

adverse effects of neocarzinostatin on completion of G2. From
studies of the effects of neocarzinostatin on HeLa cells, it was
concluded that the primary effect of the drug was an
inhibition of the G2 period without appreciable effect upon
DNA synthesis (11). Once again the data obtained with the
isoleucine technique confirm earlier findings.

Thus far, the drugs examined have been agents with known
specific effects upon cell-cycle traverse. In the following
section, results are presented for several new drugs with
antitumor potential. Bleomycin is a glycopeptide antibiotic,
derived from Streptomyces veriticullus, which has been shown
to be effective in the treatment of certain types of human
tumors (7, 9, 22). In the CHO cell this agent produces the
results shown in Table 6. As was true of neocarzinostatin,
bleomycin had little or no effect upon DNA synthesis but was
extremely effective in preventing completion of G2 ; in
contrast to neocarzinostatin-treated cells, cells exposed to
bleomycin did not appear to overcome drug effects. Further
studies have shown that cells from all portions of the CHO cell
cycle in bleomycin-treated cultures continue traverse and
irreversibly accumulate in the first 130 min of G2 (24). The
time course of genome replication and mass of DNA
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The protocol is described in Table 2.

Table 7
Effects of ellipticine on cell-cycle trÃ³vense

Concentration of ellipticine

2X IO'5 M 5 X IO'6 M IO'6 M

lime oraaaiiionof
ellipticine06hrControl,

7 hrLF00.4200.438MF000LF0.5720.724MF00.044LF0.8320.898MF0.2740.298LF0.894MF0.284

Table 8
Effects of L-O-Ethylthreonine on cell-cycle traverse

The protocol is described in Table 2.

Concentration of L-O-ethylthreonine

of L-O-ethylthreonine06

hiControl,
7 hr8XLF0.0300.3960.393IO'4

MMF00.1280IO"4LF0.6440.834MMF0.3420.3245XLF0.6820.802IO'5MMF0.3620.4040LF

MF0.854

0.352

Table 9
Effects of hydroxyurea upon cell-cycle traverse (cells prepared by mitotic selection)

The protocol is as described in Table 2 except that cells were parepared by mitotic selection and allowed to proceed into G, for 1 hr in spinner
flasks prior to addition of drugs. Thus, experimental t = 0 in this table corresponds to cells 1 hr beyond the point of mitotic selection.

Concentration of hydroxyurea

IO'3 M IO'4 M IO"5 M

lime oi aaaiuon
ofhydroxyurea06

hrControl,
7 hrLF0.0360.0140.498MF000LF0.7300.709MF00.002LF0.8520.890MF0.4620.226LF0.876MF0.444

synthesized in cultures treated with bleomycin are normal
(24). Recent studies of bleomycin effects upon nuclear DNA
synthesis in transplanted VX-2 carcinoma cells of the rabbit
indicated that a large fraction of the tumor cells ended up with
a G2 content of DNA (14). Thus, it would appear that results
obtained in the simple isoleucine in vitro technique mimic
results obtained in chemotherapeutic trials in vivo.

In Table 7 are results obtained with ellipticine, an
antileukemic agent effective against leukemia L1210 in mice
(6). This compound prevents both initiation of DNA synthesis
and completion of G2 but is ineffective in inhibiting DNA
synthesis in cells already in S at the time of drug addition
(compare similarity of labeled fraction in the culture receiving
ellipticine at 6 hr with the 7-hr control culture). According to
the data obtained in cultures receiving 5 X IO"6 M ellipticine,

the agent appears to affect completion of G2 to a greater
extent than it affects initiation of DNA synthesis. Since
ellipticine appears to allow continued synthesis of DNA by
cells in S at the time of drug addition, while effectively
inhibiting the G! to S transition and completion of G2, the

mechanism of action of this drug appears to be somewhat
different than the agents examined in earlier sections. We are
not aware of any studies of ellipticine-induced effects upon
the cell cycle.

The last new agent examined in this report was
L-O-ethylthreonine, an antagonist of isoleucine (17). This drug
has been used successfully in the treatment of chickens with
Marek's disease (17). In Table 8 are results obtained in studies

of this compound in CHO cells. Results obtained suggest that
this agent inhibits the Gt to S transition but is much less
effective in preventing cells in S at time of drug addition from
completing interphase. In a sense, these results mimic the
results obtained when exponentially growing cells in normal
medium are switched to medium deficient in isoleucine-a
specific block of the G[ to S transition. At drugconcentrations of 2 X 10~3 M or greater, L-O-ethylthreonine

abruptly shuts off initiation of DNA and mitosis and kills cells
within a 10-hr period, suggesting starvation for this essential
amino acid rather than induction of a state of limited
isoleucine supply. These data suggest that L-O-ethylthreonine
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may be an agent with specific effect upon the GÃŒto S
conversion and further reemphasize the essential nature of
isoleucine-mediated processes in regulation of genome replica
tion. Apparently, there have been no published reports of
L-0-ethylthreonine effects upon mammalian cell-cycle traverse

with which to compare the results obtained in the CHO cell.
The question may be raised whether the results obtained

with isoleucine-mediated Gj cells can also be obtained if Gt
cells prepared by a different method are utilized in the test
protocol. For this reason, cells were prepared by mitotic
selection and allowed to proceed into Gi in spinner flasks
prior to addition of hydroxyurea. With the exception of the
source of the G! cells, the experimental protocol was that
outlined in Table 2. Note the near identity of results obtained
with hydroxyurea utilizing the cells prepared by mitotic
selection (Table 9) with results obtained in which the cells
were prepared by manipulation of the isoleucine level in the
medium (Table 2). These results clearly indicate that Gj cells
from either source may be used successfully in the test
protocol.

The protocol described in this report provides a rapid
(results obtained within 1 day after running the experiment),
simple, and reliable means for determining the effects of
chemical agents on cell-cycle traverse. G! cells may be
provided by either mitotic selection or the isoleucine
deficiency technique, although the latter method yields larger
quantities of cells more easily. Large quantities of mitotic cells
may be obtained easily with the aid of mitotic inhibitors such
as colchicine but, even after removal of the mitotic arrest
agent, in view of the large number of biochemical
abnormalities induced by metaphase-arrest inhibitors [see
review in the paper of Petersen et al. (15)], it is essential that
distinction be made between the effects of the test agent and
those of the mitotic inhibitor. The technique may be adapted
to other cell lines if desired, but it is imperative that the
cell-cycle parameters be extremely well understood in advance.

According to Skipper (20), among the many manipulatable
parameters that must be considered in the design of a rational
chemotherapy program are the following: (a) biochemical site
of action and cell-cycle phase specificity of a
chemotherapeutic agent; (Â¿)dose levels; (c) intervals between
doses; (d) numbers of doses; (e) level of drug in the blood as a
function of time after injection; and (/) tumor kill and tumor
recovery versus kill and recovery of host cells. The agreement
of results in Tables 2 to 5 with results obtained with drugs of
known specific action determined by more detailed analyses
indicates that the test protocol yields valid data concerning
Item a. Data obtained with this procedure should be extremely
useful, particularly in the early stages of future selection of
chemical agents for clinical trial.
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