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SUMMARY

Camptothecin (CN) is active against several experimental
tumors and has also been studied clinically. We report here the
effect of CN on LI210 cells and asynchronous and
synchronous DON cells in culture.

CN was toxic both to LI210 cells (0.06 Â¿ig/ml,2-hr
exposure) and DON cells (0.15 Mg/ml, 1-hr exposure), and it
inhibited DNA and RNA synthesis more than it inhibited
protein synthesis. CN was more cytotoxic to DON cells in S
phase than cells in GÃŒor G2, although it inhibited DNA and
RNA synthesis of LI 210 cells and asynchronous DON cells
almost equally. When asynchronous DON cells were exposed
to CN for 30 min and CN was then removed, RNA synthesis
was no longer significantly inhibited, but the inhibition of
DNA synthesis persisted. The survival patterns of synchronous
DON cells were closely related to DNA synthesis inhibition
but not to RNA synthesis inhibition. These results collectively
suggested that the marked effect of CN on DNA synthesis
appeared to be one of the primary determinants of its
cytotoxicity. Since no significant effect was observed on the
enzymes involved in DNA synthesis, DNA synthesis inhibition
by CN may be in part due to its effect on the DNA template.
The interaction between CN and DNA was detected by
melting point determinations. CN did not block the
progression of mitotic cells into S phase. At 100 Mg/ml, CN
prevented the progression of S phase cells into G2 ; at 1 A/g/ml,
some cells did leave S and proceeded into G2. Cells in G2 were
blocked from moving into mitosis even at 0.01-Â¿/g/mldoses of

CN. Thus, the progression of late S or early G2 cells into
mitosis was most sensitive to the drug.

INTRODUCTION

CN2 (NSC 100880) is active against several experimental

tumors (5, 7) and has also been studied clinically (6, 17). The
drug inhibits nucleic acid synthesis in mammalian cells (2,
9-12, 21) and phytohemagglutinin-stimulated human lympho
cytes (5). The 1st part of this report describes the biological
effect of CN on LI210 cells and asynchronous and
synchronous DON cells in culture, and the 2nd part attempts
to describe the relationship between the biochemical effects
and drug cytotoxicity.
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2The abbreviations used are: CN, sodium Camptothecin; TdR,
thymidine; UdR, undine.
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MATERIALS AND METHODS

Tissue Culture Systems

L1210 cells were grown at 37Â°in basal medium (RPMI

1634 medium3: fetal calf serum, 100:5) developed by Moore

et al. (16). A mixture of penicillin (0.1 mg/ml of medium) and
streptomycin (50 Mg/ml of medium) was added. Cells used in
uptake studies were in the logarithmic phase of growth (ca.
5X 10s cells/ml).

DON cells, a Chinese hamster fibroblast line (ATCC No.
CCL 16), were grown in McCoy's Medium 5A modified by the

addition of lactalbumin hydrolysate (0.8 g/liter) and fetal calf
serum (200 ml/liter). The cell monolayer was detached from
glass by treatment with a 0.1% trypsin solution. The cells were
dispersed and grown in 8-oz bottles planted with about
2X IO6 cells in 25 ml medium. The cells were maintained in

the logarithmic growth phase by subculturing every 2 days.

Chemicals and Medium

CN was obtained from Drug Research and Development,
National Cancer Institute, Bethesda, Md. TdR-3H (2
Ci/mmole), UdR-3 H (2 Ci/mmole), and DL-valine-1-14 C (9.1

mCi/mmole) were purchased from New England Nuclear,
Boston, Mass. RPMI 1634 medium was supplied by Associated
Biomedic Systems, Inc., Buffalo, N. Y. McCoy's Medium 5A

and supplements were purchased from Grand Island Biological
Co., Grand Island, N. Y.

LI 210 Cell Growth Study

Four ml of cells (ca. 5 X IO3 cells/ml) were pipetted into

sterile plastic culture tubes with screw caps (16x 125 mm;
Falcon Plastics Co., Oxnard, Calif.) and incubated at 37Â°.The

experiment was initiated by the addition of 1.0 ml of medium,
metabolites, and/or CN, and cells were incubated for a given
period (0 to 2 hr). At the termination of each incubation, drug
was removed by centrifugation; cells were washed twice and
then resuspended in fresh medium at about 5 X IO3 cells/ml.

Five ml of these washed cells were pipetted into each culture
tube and incubated at 37Â°.Cell number was determined twice

a day for 3 days with a Coulter counter (Coulter Electronics,
Chicago, 111.)and was compared to control (no drug).

For determination of 50% and 90% cell-kill dose values, 5

3RPMI 1634 medium is medium developed at Roswell Park
Memorial Institute, Buffalo, N. Y., for growing human and mouse
leukemic cells.
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ml of LI210 cells (5 X IO3 cells/ml) were incubated with the
drug at 37Â°for 3 days, and cell growth was determined (3).

Macromolecular Synthesis

L1210 Cells. Cells, 25 ml, were incubated simultaneously
with CN (0 to 20MÃŸ/ml)and a labeled metabolite [TdR-3H or
UdR-3H (2.5 MCi/12 mamÃ³les of cells per ml) or
DL-valine-l-14C (0.5 /Â¿Ci/200Â¿umoles/ml)] for Up to 4 hr
(37Â°) with gentle shaking. Aliquots (10 ml) removed at

different times (1, 2, and 4 hr) were then pipetted into a
centrifuge tube containing 1 ml of corresponding unlabeled
metabolite at high concentration (10 mg/ml) kept at 4Â°.DNA

and RNA were extracted with perchloric acid from the
trichloroacetic acid- and organic solvent-washed cell pellet,
according to a procedure described elsewhere (13). Protein was
extracted from the washed cell pellet with 4 ml l N NaOH for
2 hr at 37Â°.Two ml of aliquots were mixed with 10 ml of 10%

trichloroacetic acid; and the protein precipitant was collected
by centrifugation, washed with 10 ml of cold water, and then
dissolved in 4 ml of Hyamine (Packard Instrument Company,
Inc., Downers Grove, 111.).An 0.4-ml aliquot was added to 12
ml Diotol and radioactivity was determined. Protein content
were determined by the procedure of Lowry et al. (14).

Asynchronous DON Cells. Cells were planted at IO6

cells/3-oz bottle in 10 ml of medium. After overnight
incubation, the cells were refed with fresh medium, and drug
and labeled precursors were added for 1 hr. To stop uptake of
radioactivity, cells were detached with 0.1% trypsin containing
unlabeled precursors (100 Mg/ml), and the cells were
suspended in 0.9% NaCl solution. One aliquot was counted in
the Coulter counter to give the cell number, while another (1
ml) aliquot of cells was filtered through 0.45-Mm Millipore
filters. The filter was washed 4 times with cold 10%
trichloroacetic acid and once with ethanol. The filter was then
incubated with 0.5 ml of 0.5 N perchloric acid at 70Â°for 20

min. Diotol (15 ml) was added, and the filter was counted in a
scintillation counter.

Determination of Phase Specificity of CN
Asynchronous and Synchronous DON Cells

in Both

DON cells growing logarithmically were inoculated into
roller bottles (2 X IO7 cells/670-sq cm bottle). The bottles

were rotated at 1 rpm on a roller apparatus (BÃ©licoGlass, Inc.,
Vineland, N. J.) for 2 days at 37Â°. Mitotic cells were

accumulated by exposure to Colcemid, 0.06 Mg/ml, for 3 hr.
The medium was then poured off and 40 ml cold trypsin
(0.125 mg/ml) and 1 ml of 7.5%NaHC03 were added. Mitotic
cells were harvested by rolling the bottle back and forth 25
times and mitotic cells were accumulated by centrifugation.
About 4X IO6 cells (90 to 95% mitotic) were obtained per
roller bottle. About IO6 cells were planted in 3-oz Duraglas

bottles (Owens-Illinois Co., Toledo, Ohio) in 10 ml of fresh
medium and gassed for 10 sec with a 5% C02 :95% air mixture
(approximately 5 pounds pressure per cubic inch). The cells
were then exposed to CN for 1 hr at different times after
planting to expose cells in different parts of the cell cycle. The

cell-cycle characteristics of this synchronous population have
been described (1, 19).

For experiments with asynchronous cells, IO6 cells in
logarithmic growth were planted in 3-oz prescription bottles.
After a 24-hr incubation, the monolayer cultures were exposed
to different concentrations of CN for 1 hr. The medium was
then poured off, and the cells were detached with trypsin,
centrifuged, and resuspended in fresh medium. The cells were
diluted in warm medium, and about 40 cells were plated in
plastic Petri plates (Linbro Chemical Co., New Haven, Conn.)
and incubated in an atmosphere of 8% CO2:92% air for 7 days
(37Â°). Then the medium was removed by suction, and the

colonies were stained with 0.2% mÃ©thylÃ¨neblue in 70%
ethanol and counted with a Quebec Colony counter (Spencer
Lens Co., Buffalo, N. Y.). The plating efficiencies were about
40 to 50% for synchronous cells and 60 to 80% for
asynchronous cells.

Enzyme Assays

A crude cell-free extract was obtained from L1210 cells in
culture by suspension of the cells in a given volume of water
and sonic extraction with a Biosonik (Bronwill Scientific, Inc.,
Rochester, N. Y.) at 70% maximal output for 30 sec. The
supernatant was collected after centrifugation at 105,000 X g
for 60 min (4Â°)in a Spinco Model L ultracentrifuge (Beckman

Instruments, Fullerton, Calif.) and used as the source of
enzymes. DNA polymerase activity was measured according to
the procedure of Magee (15). The assay systems for the
measurement of pyrimidine nucleoside (UdR) and
deoxynucleoside (TdR) kinases were essentially those
described by Chu and Fischer (4). However, reactions were
terminated by heating for 2 min in a boiling water bath, and
the phosphorylated derivatives were separated by thin-layer
chromatography (silica gel) via the solvent system methyl
ethyl ketone:acetone:water (7:2:1). The plate was sectioned
(1x5 cm) and scraped, and the radioactivity in the scraping
was determined.

RESULTS

Cytotoxicity. CN was cytotoxic to both DON cells and
L1210 cells in culture. The dose for 50% cell-kill were 0.15
Mg/ml for DON cells (1 hr exposure to drug) and 0.06 Mg/ml
for L1210 cells (2 hr exposure), respectively. The inhibition
was greater (50% cell kill, 0.0088 Mg/ml) when LI210 cells
were exposed continuously to CN for 3 days.

Inhibition of L12IO cell growth was an immediate
phenomenon as shown in Chart 1. The results indicate that
inhibition of cell growth could no longer be eliminated after
only 5 min contact between drug and cell, and inhibition
increased with contact time. Furthermore, the inhibition was
not affected by the simultaneous addition of drug (4.5 MM)of
various metabolites such as purine and pyrimidine mixture (ca.
10 MM concentrations of each compound), tricarboxylic acid
cycle intermediates (ca. 40 MM concentrations of each
compound), vitamins and coenzymes (riboflavin, ca. 0.9 MM;
folie acid and thiamine, ca. 6.5 MM; biotin, pantothenic acid,
and pyridoxal, ca. 10 MM; choline, inositol, and nicotinamide,
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Chart 1. Time-course study of the effect of CN on L1210 cell growth
in culture. Cells (ca. 5 X 10s /mi) were exposed to CN (0.25 /Â¿g/ml)for
5 to 120 min (37Â°),and drug was removed afterward by centrifugaron

and washings. Cells were then resuspended in fresh medium at a given
concentration of 5 X 103/ml, and cell growth was determined twice a

day for 3 days. Percentage of inhibition was calculated from the growth
of CN-treated cells as compared to growth of the control (no drug)
cells.

ca. 20 pM concentrations of each), and amino acid mixtures
(approximately 250 Â¡M concentrations of each compound)
(data not presented).

Survival of Asynchronous and Synchronous DON Cells.
Chart 2A shows that when asynchronous DON cells were
exposed to CN (0.25 to 20 Mg/ml) for 1 hr (37Â°), the

percentage of cell kill reached a constant saturation value,
indicating the presence of a subpopulation of cells resistant to
CN. However, CN killed more than just the S-phase cells, as
shown by the larger percentage of cell kill with CN as
compared to high-specific-activity TdR-3H.

Chart 2B indicates that CN was much more toxic to
synchronous DON cells in S phase than to cells in G, or G2.
The cell population in the 1st 2 hr after planting is composed
of mitotic cells and G! cells; after 8 hr it is composed of slow
S cells, G2 cells, and M cells.

The survival of synchronous DON cells exposed to different
concentrations of CN is shown in Chart 3. The doses for killing
50% of cells in M, G,, S, and G2 phase were >1000,4, 0.04,
and >1000 Â¿ig/ml,respectively. About 10% of the cells in S
survived even with 50-fzg/ml doses of the drug. This could be
due to contamination with G! and/or G2 cells. Since M cells
continuously divide and enter G! , 2 types of experiments were
done in order to expose M cells to CN. Mitotic cells were
harvested and exposed to Colcemid (which kept them in
mitosis) and CN together for 1 hr; then cell survival was
determined. In the 2nd type of experiment, Colcemid was
added to asynchronous cells at 0 time. Two hr later, different
levels of CN were added, and mitotic cells were harvested after
1 hr of exposure to CN. The survival of the harvested mitotic
cells was determined. Both types of experiments gave similar
results, namely, the 50% inhibiting dose for mitotic cells is
over
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Chart 2. Sensitivity of DON cells to CN and TdR-3H. In A,

asynchronous cells were exposed to either CN (0.25 to 20 jig/ml) or
TdR-3H (10 MCi/ml) for 1 hr. The drugs were removed, and cells were

diluted and planted. Colonies were counted after 7 to 8 days of
incubation. In B, at different times after planting, synchronous DON
cells were exposed to CN (2 jug/ml) for 1 hr and percentage of cell
survival was determined. , average of 3 experiments; ,
percentage of control cells labeled by a 15-min pulse with TdR-3H (2

II
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Chart 3. Survival of synchronous DON cells exposed to CN for 1 hr
in M, G,, S, and G3 phases. Mitotic DON cells were planted and
exposed to different levels of CN for 1 hr in G, (1 hr after planting), S
(4 hr after planting), or G2 (9 hr after planting). For exposure of
mitotic cells, Colcemid was added to a monolayer of asynchronous cells
at 0 hr, CN was added 2 hr later, and mitotic cells were harvested at 3
hr. The survival of the harvested mitotic cells was determined. Similar
results were obtained when mitotic cells were harvested in the usual
manner and were then exposed to Colcemid (0.06 Mg/mlkeeps them in
mitosis) and CN for 1 hr. Bars, average deviation of 2 experiments.
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Effect on Progression of Cells through the Cell Cycle. The
progression through the cell cycle of mitotic DON cells
exposed continuously to CN is shown in Chart 4. The
percentage of mitotic cells in the population exposed to CN,
100 Mg/ml, was only 0.2% at 2.5 hr, indicating that CN did not
affect the completion of mitotic division. The percentage of
labeled cells in the control and the population exposed to CN
were quite similar at 2.5 and 4 hr, indicating that CN had no
appreciable effect on the progression of GÂ¡cells into S. DNA
synthesis was inhibited 58 and 85% of the control at 1- and
lOO-fzg/ml concentrations of CN, respectively. Therefore, after
exposure to these concentrations of the drug, labeled cells had
fewer grains per cell than the control. At 100 Me/ml, CN
prevented the progression of cells out of S into G2. At 1
jug/ml, some cells did leave S and proceeded into G2, as shown
by the lower level of percentage of labeled cells at 9 and 11 hr.

Cells in early G2 or at the G2-S boundary were blocked
from progressing into mitosis even when exposed to only 0.01
Mg/ml doses of the drug. This effect of CN is further illustrated
in Table 1. In this experiment, cells in G!, S, or G2 were
exposed to the drug for 1 hr, and their ability to progress into
mitosis was measured. Cells exposed to 1 Mg/ml doses of drug
were almost completely blocked from entry into mitosis.

Control

O 2 4 E 8 10

HOURS FROM PLANTING MITOTIC CELLS

Chart 4. Effect of CN on progression of mitotic DON cells through
the cell cycle. CN was added to mitotic cells at zero time. At different
times thereafter, cells were pulse labeled with TdR-3H (20 /aCi/ml; 20

Ci/mmole). Slides were then prepared for autoradiography and mitotic
index determination.

Table 1
Effect ofCNon progression of synchronous DON cells into mitosis
Mitotic DON cells (2 X IO6 cells) were planted in 3-oz bottles at

zero time and exposed to drug from 1 to 2 hr (G, ), 4 to 5 hr (S), and 8
to 9 hr (G2). Cells were harvested at 11 hr after planting and the
percentage of mitotic cells was determined.

% mitotic cells at 11 hr

CN(fig/ml)0

(control)0.1110Drug

exposureinG,6.02.60.40Drugexposurein
S5.60.400.2Drug

exposurein
G27.60.40.40

Some of the cells in G] exposed to CN, 0.1 Mg/ml, could enter
mitosis.

The effect of CN on the progression of asynchronous cells
into mitosis is shown in Chart 5. The results indicate that CN
(between 0.01 to 0.1 Mg/ml) did not inhibit the flow of cells
into mitosis during the 1st hour of exposure suggesting the
block is probably in early G2 or at the G2-S boundary. Similar
results were obtained when the cells were preincubated for 2
hr with Colcemid prior to the addition of CN. However, at
higher concentration (0.3 Â¿ig/ml)a block was observed during
the 1st hr of exposure suggesting that the block is in late G2.

Effect of CN on Macromolecular Synthesis. As illustrated in
Table 2, CN at 10 to 20 fig/ml did not markedly inhibit
protein synthesis of either LI 210 cells or asynchronous DON
cells in culture. However, both DNA and RNA synthesis were
inhibited by approximately 50% at much lower concentrations
(1 to 2 Mg/ml) of CN, and the inhibition was noted within 15
min following the addition of drug.

Effect of Removal of Drug on Subsequent DNA and RNA
Synthesis. Asynchronous DON cells were exposed to different
levels of CN for 1 to 12 hr. After different contact periods, the
drug was removed and the cells were allowed to recover from
drug effects for 0.5 or 4.5 hr. The cells were then pulse labeled
with TdR-3H or UdR-3H for 0.5 hr. Therefore, the actual

recovery periods after the removal of CN were 1 and 5 hr,
respectively. The results shown in Chart 6 indicate the
following, (a) For a 1-hr exposure to the drug and a 1-hr
recovery period, DNA synthesis was inhibited about 70 to 95%
(Chart 6B) while the inhibition of RNA synthesis was largely
reversed at all levels of CN (Chart 6A). For a 1-hr exposure
and a 5-hr recovery period, DNA-synthetic capacity was
partially recovered (Chart 6D), while RNA synthesis was
restored completely at all doses used (Chart 6C). (b) For a 4-hr
exposure and a 5-hr recovery period, there was minimal
recovery of DNA synthesis after such a long exposure to the
drug. However, there was significant recovery of RNA
synthesis (Chart 6, C and D). The degree of recovery of RNA
synthesis appeared to be dose related, as was the recovery of
DNA synthesis, (c) For an 8-hr exposure or longer and a 1-hr
or 5-hr recovery period, no significant recovery of either DNA
or RNA synthesis was observed at all the concentrations used
(Chart 6). At the 100-jug/ml level, the RNA-synthetic capacity
was further reduced 5 hr after the removal of drug (Chart 6C),
indicating the extensive damage to the cells after such a long
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exposure to CN. However, the overall recovery of RNA
synthesis was a dose-related phenomenon.

Although DNA and RNA synthesis are equally inhibited by
CN (Table 2), the recovery of synthetic capacity for DNA and
RNA are different after the drug is removed. The degree of
recovery was related to the drug concentration and the period

Control

140

120

100

10

00

41

80

60

20

(A) RNA Syn.
1 ht recovery

IBI DNA Syn
1 IH recovery

CN and Mammalian Cells

(C) RNA Syn.
5 hr recovery

(D) DNA Syn
5 hr recovery

01234

HOURS AFTER CAMPTOTHECIN ADDITION

Chart 5. Effect of CN on the progression of asynchronous DON cells
into mitosis. Bottom curves, CN and Colcemid (0.06 Mg/ml)were added
at zero time and samples were taken 1, 2, and 4 hr later; top curves,
cells were preincubated with Colcemid for 2 hr, after which CN was
added. Samples were taken 1 and 2 hr later.

0 4 8 12 0 4 8 12

CONTACT TIME (hr)

Chart 6. Effect of CN on DNA and RNA synthesis (Syn.) of
asynchronous DON cells in culture. Cells were exposed to CN (1, 10,
and 100 ng/ml) for various times (1, 4, 8, and 12 hr), and drug was then
removed. One-half or 4.5 hr later, cells were pulse labeled with either
TdR-3H or UdR-3H (4 Â¿iCi/1jig of cells per ml) at 37Â°.Inhibition was

determined by comparison to the controls.

Table 2
Effect ofCN on macromolecular synthesis of mammalian cells in culture

L1210 cells (ca. 1 X 10s /ml) were incubated simultaneously with 0.9% NaCl solution
(controls) or CN and with radioactive precursors [TdR-3H or UdR-3H (2.5 i/Ci/12
m/jmoles/ml) or DL-valine-l-"'C (0.5 /jCi/200 Mmoles/ml)] for 4 hr (37Â°).The specific

incorporations for controls (no drug) into DNA, RNA, and protein were 2883, 1699, and 386
cpm/Mg of metabolite, respectively. Asynchronous DON cells were incubated with radioactive
precursors with or without CN for 1 hr. TdR-3H (5 juCi/2 Mg/ml), UdR-3H (5 ^Ci/5 jug/ml), or
DL-valine-1-'4C (0.1 MCi/23 Mg/ml) were added. The specific incorporations for controls into
DNA, RNA, and protein synthesis were (per IO6 cells): 1.35 X 10s, 20 X 103,and 16.1 X IO2
cpm, respectively. All samples were in duplicate.

CelllineL1210

cellsAsynchronous

DON cellsCN

concentration
(Mg/ml)1

5201.85

9.2DNA

synthesis56.1

82.4
86.460.0

77.0%

inhibition"RNA

synthesis54.5

74.3
78.053.0

64.0Protein

synthesis012.0

11.50

a Calculated from specific activity (cpm/Mg of metabolites or cpm/106 cells).
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of exposure to CN. A complete restoration of DNA synthesis
was never achieved under our experimental conditions.

Similar results were obtained with L1210 cells. Inhibition of
RNA synthesis was largely reversed when the drug (20 Mg/ml)
was removed after 2 hr contact with cells. However, DNA
synthesis was still inhibited where CN (2 Mg/ml) was removed
after 15 min contact with the cells (data not presented). The
inhibition pattern of DNA synthesis by the drug was closely
related to that of cell growth (Chart 1).

Effect of CN on Polynucleotide Synthesis and Cell Survival
of Synchronous DON Cells in Culture. The relationship
between inhibition of DNA and RNA synthesis by CN and the
cytotoxicity of CN was further evaluated with the use of
synchronous DON cells.

At various times (0 to 7 hr) after mitotic cells were planted,
CN (2 Mg/ml) was added to the cells; CN was removed 30 min
later. Ten min later, cells were pulse labeled with either
TdR-3H or UdR-3H for 20 min. The results shown in Chart 7

clearly indicate that the effect on cell survival is closely related
to inhibition of DNA synthesis rather than to that of RNA
synthesis.

Effect of CN on Several Enzyme Systems of LI210 Cells in
Culture. CN (250 Mg/ml) did not cause significant inhibition of
TdR kinase, UdR kinase, or DNA polymerase of L1210 cells,
as shown in Table 3.

Interaction between CN and DNA. In an attempt to detect
the possible interaction between DNA and CN, the effect of
CN on the melting temperature (Tm) of DNA was studied.
Although the Tm of DNA was not affected, CN suppressed the
hyperchromicity seen on strand separation of DNA caused by
heating.

The effect of CN concentration on the suppression of
hyperchromicity is shown in Table 4. There was greater

120r CAMPTOTHECIN - 2 lit) nil

- 40 ?

- 20

0 2 4 6 8

HOURS AFTER HARVESTING MITOTIC CELLS

Chart 7. Effect of DNA and RNA synthesis and cell survival of
synchronous DON cells in culture. CN (2 Mg/ml) was added to cells at
various times (0 to 7 hr) after planting of mitotic cells, and the drug
was removed 30 min later. After 10 min, cells were pulse labeled with
either TdR-3 H or UdR-3 H for 20 min and incorporation was

determined.

inhibition with sonically disrupted than in control DNA. Thus
this inhibition appeared to be related to drug concentration
and the structure of DNA.

The effect on CN on the Tm and the hyperchromicity of
several DNA is shown in Table 5. The results indicate that in
all cases there was no marked change in Tm on addition of CN,
but there was significant suppression of hyperchromicity,
which appeared to be inversely related to GC content of DNA.

DISCUSSION

CN was cytotoxic toward both L1210 cells and DON cells
growing in culture, but L1210 cells were about 3 times more
sensitive to this drug. Although the exposure time to CN for
these 2 cell lines were different in this study (1 hr for DON
cells and 2 hr for L1210 cells), cell kill by CN was closely
related to the drug concentration and rather insensitive to
exposure time after cells had been in contact with the drug for
30 min or so (Chart 1). However, the inhibition of CN on
mammalian cells growing in culture was an immediate
phenomenon. When cells were exposed to the drug for a very
short time (15 min) and drug was then removed, the damage
had been done and a lesion was demonstrated by following cell
growth for 3 days. Approximately 40% of the cells could no
longer function as compared to the controls (Chart 1). In an
attempt to understand the nature of its activity, the effect of
CN on macromolecular synthesis was studied. At a given
concentration (1 to 2 jug/ml), DNA and RNA synthesis of both
cell lines were almost equally inhibited (Table 2), but protein
synthesis was not significantly affected in the same period of
exposure (1 to 2 hr). We found that the dose-survival curves of
asynchronous DON cells exposed to CN (Chart 2A) decreased
to a constant saturation value at high doses (up to 20 Mg/ml),
suggesting that cells in a certain phase or phases of the cell
cycle were more sensitive to CN. Results obtained with
synchronous cells (Chart 2B) indicate that S-phase cells were
more sensitive to CN. The results also show that CN killed
more than just the S-phase cells. The cell kill with CN was
greater than that with high-specific-activity TdR-3 H (Chart
2A). High-specific-activity TdR-3 H was used since it

specifically kills S-phase cells subsequent to its incorporation
into DNA. Dose-survival curves of M, Gt, S, and G2 cells
(Chart 3) showed that S-phase cells (50% inhibition dose,
0.040 Mg/ml) were about 100 times more sensitive than Gj
cells (50% inhibition dose, 4 Mg/ml), while G2 and M cells 50%
inhibition dose > 1000 Mg/ml) were highly resistant to CN.

Our results (Table 2) clearly indicate that CN inhibited
DNA and RNA synthesis almost equally. However, with both
asynchronous DON (Chart 6) and LI210 cells, inhibition of
RNA synthesis was largely reversed when CN was removed.
However, inhibition of DNA synthesis was not reversible and
this might be related to the rapid inhibition of cell growth by
CN as discussed in the previous paragraph. The reversibility of
RNA synthesis appeared to be both dose related and
dependent on contact time (Chart 6). These observations are
in agreement with those of Kessel (12) on LI 210 cells and of
Horwitz et al. (9) on HeLa cells, suggesting that this may be a
common phenomenon for the action of CN on mammalian
cells in culture.
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Table 3
Effect ofCN on the enzyme systems of crude ceil-free extracts isolated from L12IO cells in culture

TdR kinase0 UdR kinase" DNA polymerase

CNconcentration(Â¿ig/ml)01050250Ratec38.134.835.7%

inhibition8.76.3Ratec27.529.629.1%inhibition00Ratec28.132.530.528.9%inhibition000

" The assay conditions for nucleoside and deoxynucleoside kinases are essentially those
described by Chu and Fischer (4) for deoxycytidine kinase. The complete reaction mixture in
0.2 ml final volume contained ATP, 2.25 X IO"3 M; MgCl2, 3.5 X IO"3 M; the appropriate
substrate (TdR-'H, etc.), 0.0015 Mmole; protein (crude cell-free extract), 0.2 mg; Tris buffer,
10.0 jumÃ³les(pH 7.95). The reaction system was incubated at 37Â°for up to 60 min, with

continual gentle shaking, and terminated by heating for 2 min in a boiling water bath; the
phosphorylated derivatives were separated by thin-layer chromatography (silica gel) with the
solvent system methyl ethyl ketone:acetone:water (7:2:1). The plates were sectioned (1 X 5 sq
cm) and scraped; radioactivity was then determined.

k The assay and work-up conditions for DNA polymerase were essentially those described by
Magee (21). The reaction mixture contained (in AmÃ³les):potassium phosphate (pH 7.4), 15;
EDTA, 2; ATP, 0.05; Mg**, 2.5; triphosphates of deoxycytidine, deoxyguanosine, and
adenosine, 0.01 each; TTP-3H, 0.01 (100 mCi/mmole); DNase-treated Escherichia coli DNA,
0.2 mg; and cell sonic extract, 0.2 mg protein in a total volume of 0.5 ml. After incubation at
37Â°for up to 60 min with continual gentle shaking, the reactions were stopped by the addition

of carrier DNA (200 MS)and perchloric acid (to 0.5 N) continaing 2% Celile. The pellet was
washed with perchloric acid, dissolved in l N NaOH, reprecipitated, washed with perchloric
acid, extracted with 0.15 ml 0.5 N perchloric acid (70Â°)for 20 min, and counted in 12 ml of

Diotol.
e The enzyme rates (cpm/min) were derived from the slope of initial phosphorylation or

incorporation rates calculated via a linear regression program on a Hewlett-Packard Model 9100
calculator. The Pearson coefficients (/â€¢)for those experiments were from 0.9912 to 1.000.

Table 4
Effect ofCN on the increment of hyperchromicity of DNA

% inhibition"

Salmon sperm DNA Bacillus subtilis

CNconcentration(Mg/ml)3102550100Sonicallyextracted62.525.248.975.982.5Not
sonicallyextracted03.349.585.7DNA9.153.470.5

" Calculated from the increment of hyperchromicity (arbitrary unit).
The melting at DNA was determined in a buffer of NaCl and Tris-HCl,
pH 7.4, 2 mM each, on a Gilford Model 2000 spectrophotometer
(Gilford Instrument Laboratories, Inc., Oberlin, Ohio).

0 DNA (50 Mg/ml) was sonically extracted with a Biosonik at 70%
maximum output for 5 min (4Â°).

In an attempt to elucidate the mechanism of inhibition of
polynucleotide synthesis, the effects of CN on TdR and UdR
kinase or on DNA polymerase obtained from LI 210 cells were
studied. The results (Table 3) clearly indicate that, at up to
250 Mg/ml, CN did not prevent the conversion of TdR or UdR
to their respective phosphorylated products, nor did it inhibit
the incorporation of the phosphorylated TdR into
acid-insoluble fractions. These results are similar to those
reported by Horwitz et al. (9) on HeLa cells. They also failed

to detect any significant effect of CN on RNA polymerase.
Recently, Nahas (18) reported that efflux of drug from

LI210 cells in drug-free medium was rapid in the beginning,
although about 10% of the drug was left in the cells after 30
min. After that, however, the intracellular level did not
decrease further. His results suggested that CN might be bound
to certain cellular components. Since we were not able to
demonstrate any significant effect on the enzymes involved in
DNA synthesis, the possible interaction between CN and DNA
was studied. CN inhibited the hyperchromicity that occurs
when DNA strands separate ("DNA melting") on heating.

However, the Tm of DNA was not affected by CN (Table 5).
The inhibition of hyperchromicity by CN appears to be related
both to the concentration of CN and to the composition
and/or structure of DNA (Tables 4 and 5). When we mixed CN
and DNA in the proportion (CN:DNA, 3:50) used by Gallo et
al. (5), we also did not detect any significant effect of CN on
the DNA. While these findings suggest interaction between CN
and DNA, the nature of the interaction is not clear. Horwitz et
al. (9) also reported that CN might bond to DNA under certain
experimental conditions, although the conditions were not
defined.

Recently, Horwitz and Horwitz (8) observed that DNA of
uninfected HeLa cells and viral DNA of adenovirus-infected
cells were degraded under the influence of CN, and they
suggested that the degradation of template DNA could
account for the inhibition of DNA synthesis. Horwitz et al. (9)
also found that an intermediate in the chemical synthesis of
CN was equal to CN in inhibiting RNA synthesis but was much
less effective in inducing DNA degradation. This intermediate
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Table 5
Effect ofCN on melting of DNA

The melting of DNA was determined in a buffer of NaCl and Tris-HCl, pH 7.4, 2 mM each, on a Gilford
Model 2000 spectrophotometer.

7"m Increment of hyperchromicity

DNAÂ°Clostridium

perfringensT
5phageB.

subtilisE.
coliGC

content(%)30Â°394252Control74.6Â°75.580.083.5CN,50/ug/ml73.2Â°75.081.084.5Control616.613.529.233.4CN,50Mg/ml9.68.820.024.0%
inhibition42.234.831.528.1

0 The final DNA concentration was from 0.220 to 0.250 A260 unit.
b Arbitrary units.

was inactive in vivo. We observed that CN was most cytotoxic
to cells in S (Chart 2B) and that inhibition of DNA synthesis,
rather than that of RNA synthesis, was closely related to the
effect of CN on cell survival (Chart 7). These results
collectively suggest that the marked effect on DNA synthesis is
one of the primary determinants of CN cytotoxicity. However,
at present, the reasons for the ready reversibility of the
inhibition of RNA synthesis after the removal of CN remain
unclear.

We also studied the effect of CN on progression of DON
cells through the cells cycle and found that CN did not
significantly affect mitotic cells moving into Gj phase or on
the progression of GÃŒcells into S phase. At 100 /ig/ml, CN
prevented the movement of cells out of S phase, and this may
be interpreted as the result of its effect on DNA synthesis
(Chart 4). The most striking effect is that CN (even at 0.01
/ug/ml) blocks the progression into mitosis of cells in early G2
phase or at the S-G2 boundary.

Similar results were obtained by Tobey (20), using
synchronized CHO cells. We found that CN prevented the
progression of Gt, S, and G2 cells into mitosis when these cells
were exposed to the drug for only 1 hr (Table 1). Gallo et al.
(5) reported that, when "G0" lymphocytes exposed to CN

were subsequently stimulated to enter the cell cycle, their
diversion was still blocked. It has not been determined
whether their G2 "lesion" is due to the effects of the drug on

the DNA template and/or on specific RNA or protein
synthesis.
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