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SUMMARY

The effect of different concentrations of 1-0-D-arabino-
furanosylcytosine (ara-C) on the progression of an established
cell line of human lymphoid cells through the cell cycle was
studied using a fluorescent DNA-specific Feulgen-type staining
technique and a flow microfluorimeter. In addition to the
distribution analysis of the relative DNA content, the number
of intact cells, the percentage of incorporation of thymidine-
3H, and the mitotic activity were determined after different

periods of treatment.
At a low ara-C concentration (10~6 M), the cells were

transiently synchronized and the DNA-inhibitory effect was
â€¢¿�expressedas a slowing of the growth rate. At all effective

concentrations, there was a blocking effect of the cells in S
phase; most cells continued to enter S phase at a near-normal
rate and were blocked immediately upon entrance. This
blocking effect was only partial and was reversible at low ara-C
concentrations if the cells were exposed to the drug for short
periods of time (cytostatic effect), whereas it was more
complete and irreversible at high concentrations even after
short exposure times (cytocidal effect). The cells that
completed S phase at low ara-C concentrations accumulated in
G2, and the cells blocked in G| and G2 remained relatively
protected from further drug action. A minor proportion of
cells, representing about 10% of the whole population, was
blocked in G( during the entire period of continuous exposure
to the drug and remained in GÃŒfor a considerable time after
its removal. Some of these Gt cells can survive at least 5 to 7
days of treatment with high ara-C concentrations and
eventually resume normal growth after drug removal.

INTRODUCTION
The major mechanism by which ara-C3 affects DNA

synthesis has been found to be competitive inhibition of
ara-CTP with dCTP for DNA polymerase (16, 19, 21, 23, 34,
35), and the lethal effect of ara-C is restricted to cells
synthesizing DNA (2, 29). The usefulness of the antimetabo-
lite activity of ara-C has repeatedly been demonstrated in the
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treatment of acute granulocytic leukemia (14,20). The design
of optimally effective treatment schedules in the treatment of
experimental leukemia was based on the findings that ara-C is
an S-phase-specific agent (37), and efforts have also been made
to devise more effective treatment schedules for human
leukemia based on current knowledge of the kinetic para
meters of human leukemic cells (11). These considerations,
however, have not greatly improved the effectiveness of
treatment of acute granulocytic leukemia.

The quantitation of the relative DNA content of a single cell
after staining with a DNA-specific Feulgen-type stain is a
reliable method to identify which phase of the cell cycle the
cell is in at any time. Such methods have been applied
successfully in studies of ara-C action on cell lines in culture
(4, 5) and in human leukemic cells (15). The availability of a
continuous flow system provides an appropriate method to
record rapidly the distribution of a large number of cells in the
various phases of the cell cycle. Such systems have been
applied previously and provided significant information on the
effects of some chemotherapeutic agents on progression of a
synchronized cell line through the cell cycle (38, 39). The
purpose of this study was to obtain information on ara-C
action from the analysis of the DNA distribution of a
continuously dividing human cell line in logarithmic growth
phase treated with different drug concentrations for various
periods of time. It is hoped that the results obtained will
provide a clearer understanding of the effects of the drug at
different concentrations and that this information will be
helpful in learning to use the drug most effectively in treating
leukemia.

MATERIALS AND METHODS

Agents. ara-C (Cytosar) was obtained from Upjohn Com
pany, Kalamazoo, Mich. Colcemid-Lyophilized (10 Mg/ml) was
obtained from Grand Island Biological Co., Grand Island,
N. Y. TdR-3H (specific activity, 6 Ci/mM) was obtained from

Schwarz/Mann, Orangeburg, N. Y.
Cell Line and Experimental Conditions. Cells of the SK-L7

line were used in all experiments described below. This cell
line was derived from the peripheral blood of a child with
acute myelomonocytic leukemia (12) and has been maintained
in suspension culture continuously for 7 years. Although most
of the cells placed in culture initially were leukemic, there is
evidence to suggest that the cell line may have been derived
from normal lymphoid cells (9). The cells used in the drug
experiments were taken from stock cultures maintained in a
logarithmic phase of growth. These were grown in 75-sq cm
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Falcon tissue culture flasks in a volume of 100 ml of McCoy
Medium 5A (modified) (Grand Island Biological, Co.)
supplemented with 30% FCS. The cell concentration was
adjusted twice weekly to maintain logarithmic growth. At the
time of each experiment the cells were transferred to fresh
medium containing 30% FCS and adjusted to 5 X 10s cells/ml

in a volume of 100 ml. The different drugs were added at the
appropriate concentrations in a volume of 1 ml of distilled
water immediately after preparation of the cell suspension.
Control flasks received 1 ml of distilled water. The cells were
incubated at 37Â°in an atmosphere of 95% air and 5% C02.

Every 24 hr the flasks were placed upright for 30 min to
allow the cells to settle. One-half of the cell-free supernatant
was removed and replaced with an equal volume of fresh
media and drug, at the same concentration. No significant
degradation of ara-C was found during the 6-day period of the
experiments (10). Before the samples were collected, the cells
were thoroughly mixed to break up any existing clumps.
Trypan blue dye exclusion was used as a measure of cellular
integrity and was determined together with the total cell
counts in a hemocytometer; untreated control cultures
contained consistently 98% or more cells impermeable to
try pan blue. Duplicate samples containing 2 X IO6 cells were

used for determination of the relative DNA content. At the
same time IO6 cells were used to prepare smears for

determination of the MI which was based on counts of 1000
or more cells. Because of difficulty in recognition, early
prophases were not included.

For the recovery studies after incubation with the drug for
different periods of time, the cells were transferred to 50-ml
screw-capped sterile centrifuge tubes. They were centrifuged,
washed twice in 10 ml of medium, resuspended in 100 ml of
fresh medium, and then transferred to new tissue culture
flasks. The concentration of Colcemid used in recovery
experiments was 0.06 /Â¿g/ml,which was found to be the least
toxic concentration effective in arresting cells in metaphase
under the experimental conditions used.

Autoradiography. In the experiments requiring continuous
exposure to TdR-3H, final concentrations of 0.05 or 0.1

/LiCi/ml were used. For short labeling experiments, aliquots
containing 3 X 10s cells in 2 ml of McCoy medium with 30%

FCS were incubated for 1 hr in the presence of the drug with
TdR-3H at a final concentration of 2 /iCi/ml. Autoradiographs

were prepared using Kodak NTB2 emulsion. When possible,
appropriate exposure times were chosen to obtain median
grain counts higher than 50 grains/nucleus. For labeling
experiments conducted in the presence of ara-C, which greatly
inhibited incorporation of TdR-3H, it was not always possible

to achieve such high grain counts in all cells even with
exposure times of up to 5 months. TdR-3H with a specific

activity of 6 Ci/mM was used in most experiments since higher
specific activity did not give higher Li's and seemed to increase
the background activity. For the determination of the TdR-3H

LI, 1000 or more cells were counted. Only (apparently intact)
cells with well-preserved nuclei and cytoplasm were included
in determining the LI.

Microfluorimetry. The relative DNA content of the drug-
treated cells was determined using a fluorescent acriflavine-
Feulgen technique, described in detail elsewhere (43). The
fluorescence intensities corresponding to the DNA content

were recorded in the Cytofluorograf (Model 4802; Bio/
Physics Systems Inc., Mahopac, N. Y.) in connection with the
Cytograph (Model 6300; Bio/Physics Systems Inc.). The
frequency distribution of the relative DNA content was
analyzed in a pulse height analyzer (Model NS 600, Northern
Scientific Inc., Middleton, Wis.). The cell number per channel
was printed out on a teletype.

The relative DNA content may be used to determine
drug-induced changes in the progression of cells through the
cell cycle. This is possible by comparing the DNA distribution
pattern of drug-treated cells with the normal pattern of the
untreated population in logarithmic phase of asynchronous
growth.

In order to investigate the stability of the fluorescent
spectrum obtained upon repeated sampling, the following
procedure was used. Fractions of SK-L7 cells in the various
phases of the cell cycle were separated using a continuous
sucrose gradient (10, 43). The fractions consisting of pure GÃŒ
cells exhibited normal (Gaussian) DNA distribution patterns.
When different control specimens of pure Gj cells were
stained and analyzed on different days without changing the
instrument settings, the standard deviation of the channel
number corresponding to the sample peaks was 1.23.

Therefore, in any single series of experiments in which the
instrument settings were unchanged, any shift of the G! peak
(mode) by 2 channels or more relative to the control was
considered to be a real effect of the drug on the distribution of
the cells among the phases of the cycle (43). Since changes in
the settings on the microfluorimeter or the multichannel
analyzer can shift the pattern along the abscissa, differences in
the absolute channel locations between different experiments
(e.g., in Charts 3 and 4) have no significance.

The determination of viability using trypan blue dye
exclusion does not correspond to the true number of cells with
reproductive integrity, since when treated SK-L7 cells were
cloned in methylcellulose the cloning efficiency of the treated
cells excluding the dye was considerably less than in untreated
control cultures (unpublished observations). Thus many of the
cells excluding the dye are in fact destined to die and the
counts of the thus determined intact cells after treatment
represent overestimates of the true surviving fractions of the
population. It is assumed that all cells permeable to trypan
blue represent irreversibly damaged cells that have lost their
reproductive capacity.

As shown previously (43), the total number of cells used for
staining is critical in comparing the distribution of the DNA
content of 2 different samples, since higher cell numbers
cause a shift of the distribution towards higher fluorescence
intensities for reasons as yet unexplained. The cell counts were
therefore performed as accurately as possible and 2 X IO6
trypan blue-excluding (intact) cells were used in all experi
ments described below. The cells that were permeable to
trypan blue, and presumably dying, contributed relatively
little to the DNA histograms of the intact cells, since the
fluorescence of the former was significantly lower than that
corresponding to the diploid DNA content range (41). In drug
treated specimens, it was therefore necessary to use 2 X IO6

intact cells for DNA staining irrespective of the number of
trypan blue-permeable (dead) cells. The addition of any
amount of the latter to intact cells caused very little change in
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the distribution pattern of the DNA content (41). However,
this does not exclude the possibility that some cells that were
destined to die were included in the distribution histogram.
The number of cells included in the DNA distribution
histograms varied in the different experiments, but this did not
affect their interpretation.

The microfluorimetric data presented here will be discussed
in qualitative rather than quantitative terms. Although a
quantitative method for estimating the fractions of cells in the
GÃŒ, S, and G2 + M phases in drug-treated populations has been
devised (J. Fried, X. Yataganas and B. D. Clarkson, manuscript
in preparation), it has not yet been applied to the data
presented here. When applied to microfluorimetric data from
asynchronous log-phase (untreated) SK-L7 cells, the method
yielded the following fractions of cells in the various phases:
G, = 0.39, S = 0.50, and G2 + M = 0.11. These values are
consistent with the results obtained from independent tracer
methods using labeled mitoses curves (40) and interpreted
with the aid of a mathematical model and computer analysis
(18).

In the present report, the perturbations caused by ara-C are
sufficiently striking to justify analysis and interpretation of
the data on the basis of qualitative changes in the patterns of
fluorescence intensity.

RESULTS
The pattern of DNA distribution of SK-L7 cells in

logarithmic growth phase obtained after staining with the
acriflavine Feulgen technique in the Cytofluorograph is shown
in Chart 1. The abscissa represents the channel number, which
is proportional to the fluorescence intensity and expresses the
relative DNA content. The cell number per channel is plotted
on the ordinate. The 1st peak represents mainly the
population of cells in GÃŒdisplaying a diploid DNA content
(GÃ¬peak). The 2nd small peak includes cells in G2 and mitosis
(G2 + M peak). This population has twice the relative DNA
content of the GÃŒpopulation. The cells included between the
2 peaks represent the population in S. Cells in early and late S
contaminate the GÃŒand G2 + M peaks, respectively (10,43).

Chart 2 illustrates the rate of growth of untreated SK-L7
cells and their inhibition or rate of cell kill when exposed to
ara-C at a concentration range of 10 "* to 10 ~3 M for up to 6
days. With the lowest concentration (10~6 M), after an initial

delay of 24 hr, the cells grew although at a slower rate than
the control. At this concentration, a doubling of the

15 20

I
RELATIVE DNA CONTENT

Chart 1. The pattern of DNA distribution of SK-L7 cells in
logarithmic growth phase as obtained in the Cytofluorograph after
staining with the acriflavine Feulgen technique. For further explanation
see text.

population occurred after about 60 hr as compared with about
24 hr for untreated cells. After a lag period of around 24 hr an
increasing rate of cell kill was observed with increasing drug
concentrations, although the difference between IO"4 and
10~3 was not significant.

ara-C, IO"6 M (0.24 Mg/ml). The DNA distribution pattern

during continuous exposure to the drug was examined every
24 hr for 5 days and compared to the distribution pattern of
the controls. At this concentration, after 24 hr of treatment,
the majority of cells accumulated predominantly in the latter
part of S and G2 (Chart 3, left). This accumulation coincided
with the delay observed in cell growth during the 1st 24 hr of
treatment (Chart 2). Only minor differences in the DNA
distribution as compared with the control were noted after 24
hr.

The transient accumulation of cells in S during the 1st day
was studied more closely by following serially the changes in
DNA distribution between 8 and 30 hr after addition of the
drug (Chart 3, right). Mi's were determined in order to

evaluate any change in growth during this period. After 8 hr
there was a significant broadening of the right slope of the GÃŒ
peak, indicating an accumulation of cells in early S, while at
the same time the MI decreased from 1.9 to 0.2%. At 16 hr
there was further accumulation of cells in S, still predomi
nantly in early S, but some also in mid-S. Further follow-up of
the distribution every 2 hr indicates a progressive semisyn-
chronous movement of the population through S towards G2.
Most of the cells had reached the G2 + M phase by 24 hr. The
high G2 plus M peak together with the still relatively low MI
(1.2%) at 24 hr is best explained by slow progression and some
degree of cell death of the semisynchronously moving
population through late S or G2 or, less likely, by a shortening
of the mito tic period. The intact cell count did not change
significantly during the 1st 24 hr and increased steadily
thereafter; the percentage of intact cells remained higher than
85% the entire time. The progressive decrease of the G2 + M

â€¢¿�.)

Chart 2. The rate of growth of untreated SK-L7 cells and rate of kill
of cells treated with different concentrations of ara-C. The percentages
of intact cells were determined on the basis of trypan blue dye
exclusion. On the ordinate the number of cells with preserved integrity
is expressed in percentage of the initial intact cell count. Each point
represents the mean of 2 or more experiments.
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0-l20hr 8-30 hi

B h,
MI 0.2%

30 hr
M I I 9%

40

Relative DNAContent

Chart 3. The pattern of DNA distribution at 24-hr intervals of cells
exposed continuously to IO"6 M aia-C (left) and at shorter intervals

during the 1st 30 hr of continuous treatment (right). V, viability
(percentage of intact cells excluding trypan blue).

peak between 24 and 48 hr, together with the increase in the
intact cell count during this period in the absence of
significant cell death indicates that the majority of the
population which was temporarily arrested in S is capable of
recovery and completing ceÃœdivision.ara-C, IO"5 M (2.43 ng/ml). The MI decreased progressively

after addition of the drug, and after 6 to 8 hr very few mitoses
were found and all mitotic figures observed throughout the
rest of the experiment were abnormal. Thus no appreciable
growth took place after 6 to 8 hr of continuous exposure to
10~s M ara-C. Between 8 and 40 hr there was progressive

accumulation of cells first in early S, then mid-S and then late
S and G2 (Chart 4, left). The accumulation of increasing
number of cells throughout S and the increase in the G2 peak
at 40 hr and absence of normal mitoses indicate that many
cells that were initially blocked in early S were able to progress
slowly through S but were unable to undergo normal division.

Between 40 and 48 hr, a shoulder and then a distinct peak
can be observed corresponding to the GÃŒregion (Chart 4).
This suggests that a significant fraction of the population was
blocked in GÃŒor very early S and was unable to progress
through S. The absence of normal mitotic figures, and the
progressive fall in the intact cell count indicates that most of
the cells in GÃŒcould not have derived from dividing cells but
had persisted in Gt from the beginning of exposure to the
drug. The reappearance of the GÃŒpeak at 48 hr is attributable
to progressive death of cells in other phases and accentuation
of the peak of intact GÃŒcells since only intact cells are
included in the histogram. After 48 hr, the further drop in the
intact cell count and the progressive elimination of cells
suggest that most of the cells in S were dying throughout S;

this population was significantly reduced after 96 hr of
continuous treatment. At this time, the existence of popula
tions blocked both in GÃŒor very early S and in late S or G2
can clearly be distinguished. After 120 hr of treatment, there
was a progressive decrease of the cells in late S or G2 and only
GÃŒcells remained intact after 6 or 7 days of treatment (not
shown). Thus 3 different effects of 10 ~s M ara-C on

progression through the cell cycle were noted: (a) an
accumulation of cells in S; (b) a block in G2 and/or late S; and
(c) a block in G].Recovery after Treatment with 10~5 M ara-C. Cell recovery
after treatment with IO"5 M ara-C for 24 hr is shown in Chart

5 (left). Four to 6-hr after release from the drug, there was
significant progression of the population blocked in early S
phase, as indicated by the increase of the population
throughout S and in G2 and the appearance of a G!
population. The large G2 peak at 8 hr together with the
relatively low MI (2.9%) suggests that the recovering cells were
retarded in their passage through G2. During the next 8 hr,
most of these cells divided since the intact cell count increased
by approximately 50% between 8 and 16 hr and the DNA
distribution pattern returned to normal.Recovery after treatment with IO"5 M ara-C for 48 hr is

shown in Chart 5 (right). During the 1st 8 hr of recovery the
elimination of drug-affected cells blocked in S correlates with
the drop in cell count during this period, and by 8 hr most of
the remaining cells are in G! or G2. The release from drug
action may even enhance the rate of disintegration of the
drug-affected cells as compared with continuous treatment
(Chart 4, right). After treatment for 24 or 48 hr with ara-C,
cells washed free of ara-C and recovering in the presence of
Colcemid had a MI of 38% after 24 hr (not shown), indicating
that a considerable fraction of the cells released from ara-C is

V 34%
M I 01%

10 20 30 4O 50
Relotive DNA content

Chart 4. The pattern of DNA distribution of cells treated with 10 '*

M ara-C for 5 days. V, viability.
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Ohr
265xl03/ml

V: 63%
M.I.0.2%

.?â€¢â€¢â€¢4n

16 hr
225xl03/ml
W47%
M.I. 1.1%

TO 40 50

4n
Relotive DNA content

Chart 5. The pattern of DNA distribution of recovering cells at
intervals after removal of the drug following 24 hr (left) and 48 hr of
treatment (right) with 10 "5 M ara-C. Cells were incubated at 37Â°during

recovery. V, viability.

capable of reaching mitosis (41).
Additional evidence that ara-C arrests cells in both S and GÃŒ

was provided by comparing the behavior of untreated cells and
of cells recovering from treatment with ara-C at room
temperature (21Â°).At this temperature, untreated cells remain

viable for several days. The cell count increases only slightly
during the 1st 2 days (presumably due to slow passage and
division of the cells already in G2 + M when the temperature is
lowered) and then stabilizes for several more days before the
cells begin to die. Cells in GÃŒare unable to initiate DNA
synthesis, whereas cells already in S progress only slowly
through this phase and accumulate in G2 since most of them
fail to divide effectively. Chart 6 illustrates the effect of room
temperature on untreated cells. After 48 hr at 21Â°, the

fraction of cells in S has declined significantly, and most of the
cells are arrested in GÃŒor G2. The MI fell from 2% to <1%;
since the cell count increased only slightly during the 1st 2
days, passage through M was obviously delayed. After 48 hr
there was no further increase in the cell count, which remained
stable for several more days until the cells began to die.

Chart 7 illustrates the DNA distribution of cells recovering
at room temperature (21Â°) after 24 hr of treatment at 37Â°
with 10~s M ara-C. Twenty-four hr after ara-C was removed

the population blocked in early S phase had progressed further
through S and the population in GÃŒbecame apparent. After
48 hr most of the cells had reached late S and were
accumulating in G2, but a significant fraction remained in G i.
The behavior of ara-C-treated cells recovering at room
temperature supports the conclusion that the large peak whichis evident 24 hr after treatment with 10~s M ara-C includes 2

subpopulations, a major one blocked in early S phase and a
lesser one which is arrested in GÃŒ.

ara-C, IO"4 M (24.3 pglml). Twenty-four hr after continu
ous treatment with IO"4 M ara-C, a slight but significant shift

of the GÃŒpeak towards higher fluorescence intensity could be
observed (Chart 8). This indicates a block in early S phase of
cells that entered this phase after addition of the drug.
Meanwhile the proportion of cells in late S, G2, and M was
reduced significantly as a result of early death of some S-phase
cells and division of cells which were in G2 and M during the
1st few hr after the drug was added. The majority of cells died
between 24 and 72 hr, but the progressive broadening in the
right slope of the major peak at 48, 72, and 96 hr during
continuous treatment indicates a very slow progression of
some of the remaining cells through S and their accumulation
in G2. However they were unable to divide, since the MI
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SK-L7 GROWTH AT ROOM TEMPERATURE

Initial
550 x I03/ml

V 99%

L I 53 6 %

24 Hr
550 xl03/ml

V' 95%

L I 37.5%

48 Hr
660 x I03/ml

V 98%
L I 360%

5010 20 30 40
Relative DNA Content

Chart 6. The pattern of DNA distribution of untreated SK-L7 cells at
room temperature (21Â°)for 48 hr. V, viability.

Initial4801 IO3''/ml

V 95%
MI 02%

48 hr
4ZO* IO3/ml

V 9O%
Ml 09%

Ã•.O

Relative DNA Content

Chart 7. The pattern of DNA distribution of recovering cells at
room temperature (21Â°)following 24 hr of treatment with IO"5 M

ara-C. V, viability.
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INITIAL
520xlOJ/ml
V 100%
M I I 1%

24 Hours
555xlOVml
V. 96%
M.I.0

48 Hours
235xl05/ml
V. 63%
M.I.O

72 Hours
SOxlO'/ml
V. 16%
M.I. 0

96 Hours
40xlOVml
V 9%
M.I.0

10 20 30 40 ,50 60
2ti 4'n

RELATIVE DNA CONTENT

Chart 8. The pattern of DNA distribution
continuously with 10 ~4 M ara-C. V, viability.

of cells treated

remaining apparently intact cells had a GÃŒDNA content and
did not progress or progressed only very slowly through S
upon drug removal, in contrast to their rapid semisynchronous
progression through S following recovery from a lower drug
concentration (Chart 5). This was consistent with thesustained low MI during the 1st 48 hr of recovery from 10~3

M (Chart 11). Nevertheless even with the higher drug
concentrations a significant number of cells were able to reach
mitosis, since surviving cells recovering from 24 hr oftreatment with IO"4 or 10~3 M ara-C in the presence of
Colcemid attained, respectively, Mi's of 36 to 52% and 12 to

21% at 24 hr after drug removal (3 experiments following
treatment with each concentration of ara-C). However, the

INITIAL
510 x 10s

V. 99%
M.I. 1.6%

24 Hours
425x10*
V 99%
M.I.O

48 Hours
195 x 10s
V. 57%
M.I.O

decreased to zero after the 1st 6 to 8 hr and no mitoses were
found thereafter.ara-C IO"3 M (243 Mg/ml). A similar DNA distribution to
the one shown above was obtained for cells treated with 10~3

M ara-C (Chart 9). At this concentration, however there was
little progression of the cells blocked in early S through this
phase during the entire period of observation.Recovery after Treatment with ara-C 10~3 and 10~4 M.

Cells washed free of drug after 24 and 48 hr of treatment at
both concentrations of ara-C continued to die for at least 48
hr after removal of the drug (Chart 10). A faster rate of cell
kill was observed after drug removal following 48 hr than after
24 hr treatment; but except for a shoulder during the 1st 12 hrafter release from IO"4 M, the rates of cell kill were similar

after exposure to both drug concentrations. Thus, in contrastto the findings at 10~5 M, the majority of cells blocked in S

for 24 or 48 hr by these higher drug concentrations suffered
irreversible damage and continued to die even after removal of
the drug.

The DNA distributions of cells recovering from 24 hr oftreatment with IO"3 M ara-C are shown in Chart 11; the
results after treatment with IO"4 M were very similar (not

shown). As implied by the shift of the peak toward the
channel corresponding to 2 n, the cells that were blocked in
early S phase were drastically reduced during that 1st 24 hr
after release from the drug in accord with the drop in cell
count and in the percentage of intact cells. Most of the

72 Hours
75xl03
V. 27%
M.I.O

10 20 30 40 50
2 n 4n

RELATIVE DNA CONTENT

Chart 9. The pattern of DNA distribution of cells treated
continuously with IO'3 M ara-C.

â€¢¿�â€”¿�-24Hr Rxwith Aro-C IO'4 M
â€”¿�-â€¢¿�>48Hr Rx with Ara-C IO'4 M

.â€”¿�. 24 Hr Rx with Aro- C IO'3 M

<-- =48 Hr Rxwi1hAro-CICr3M

Chart 10. Percentage of intact cells after removal of the drug
following 24 and 48 hi of treatment with 10 "* and IO'3 M ara-C. The

100% value represents the intact fraction at the time of drug removal.
V, viability.
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RECOVERY AFTER:

24 HOUR TREATMENT
with Aro - C IO"3 M

RELATIVE DNA CONTENT

Chart 11. The pattern of DNA distribution of cells recovering from
24 hr of treatment with 10 ~3 M ara-C. V, viability.

fact that the cell count fell continuously for 48 hr following
treatment with these higher concentrations of ara-C (Chart 10)
suggests that most of these cells reaching mitosis were not able
to divide effectively.

Early Effects of ara-C on Late S and G2 Cells. The
proportion of cells reaching mitosis during the early hours of
treatment with 10~s, lO^.and IO"3 M ara-C was determined

by serial measurement of the MI during ara-C treatment in the
presence of Colcemid. The MI increased at a similar rate at all
3 concentrations of ara-C and reached a maximum of 7% at 7
hr, at which level a plateau occurred for 3 hr and then declined
(Chart 12). The rate of increase of the MI of the ara-C plus
Colcemid-treated cells was significantly slower than that of
cells in Colcemid alone, indicating that ara-C significantly
inhibits the progression of cells through G2. Apparently, no
cells in S reached mitosis, because the MI of 7% is lower than
the proportion in G2 + M (11%) when the drug was added.
Since the rate of disappearance of cells arrested in metaphase
could not be determined from these data, it is not certain
whether the entire G2 population or only part of it was able to
reach mitosis in the presence of both drugs.

For confirmation of the tentative conclusion that no cells in
S were able to reach mitosis during exposure to 10s M ara-C

and higher concentrations, logarithmically growing cells were
treated simultaneously (and continuously) with TdR-3 H (0.05
MCi/ml), Colcemid (0.06 jug/ml), and ara-C. With TdR-3H and
Colcemid (without ara-C), labeled mitoses first appeared at 4
hr (total MI, 7.5%; 8% of mitoses labeled), whereas with
TdR-3 H alone the 1st labeled mitoses were noted at 3 hr; thus

Colcemid had a slight delaying effect on passage through G2.
After exposure to TdR-3H and Colcemid for 8, 12, and 24

hr the total Mi's respectively, were 25, 38, and 74%, of which,

respectively, 52, 76, and 94% of the mitoses were labeled. The

autoradiographs were exposed for 2 weeks; most of the
mitoses scored as labeled had over 20 grains/nucleus and only
0 to 5% had less than 10 grains.When ara-C (10"s, IO"4, and IO"3 M) was added together

with TdR-3H and Colcemid, mitoses appeared at a slower rate

and, as found in the experiment shown in Chart 12, the MI
never rose higher than around 7%. Although the exposure time
of the autoradiographs was increased to 12 weeks, none of the
mitoses contained more than 9 grains and 94 to 100% had less
than 5 grains at all time intervals with all 3 concentration of
ara-C (not shown). Thus, it seems certain that few if any cells
in any part of S were able to reach mitosis during exposure to
10~s M ara-C or higher concentrations.

Incorporation of TdR-3 H by Cells during Exposure to ara-C.

To determine the proportions of cells blocked in S phase by
different concentrations of ara-C after 1 or 2 days of
treatment, TdR-3 H was added to the treated cultures either

for 1 hr at the end of 24 or 48 hr while the cells were still
exposed to ara-C or simultaneously at the beginning of
treatment with ara-C, in which case the cells were exposed
continuously to both compounds for 24 or 48 hr. Auto
radiographs were prepared of samples of cells at 24 and 48 hr
and the TdR-3H Li's were determined. In these experiments,

the cells were started at lower cell concentrations (1 to 2 X
10s cells/ml) than in the above DNA distribution experiments

and were growing at nearly their maximum rate with doubling
times of about 18 hi for untreated cells (10). The results are
shown in Table 1. Increasing concentrations of ara-C pro
gressively inhibited TdR-3 H incorporation, and even using
relatively high concentrations of TdR-3 H it was necessary to

expose the autoradiographs of the ara-C-treated cells for up to

â€¢¿�â€¢¿�Cofcemdolone
o. Aro-C ICi'M + Cofcema
â€¢¿�'Aro-C ia4M*COTCemrd
â€¢¿�.Aro-C O'3M+Colcemd

Chart 12. Rates of accumulation of cells in mitosis of cells treated
with Colcemid alone and ara-C at different concentrations plus
Colcemid. The starting cell concentration was about 5 X 10s cells/ml in

these experiments.
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Table 1
Thymidine-* H incorporation during treatment with ara-C

TdR-3 H Li's of remaining viable cells during continuous treatment with ara-C following 1 hr of exposure to TdR-3 HÂ°at 24
and 48 hr and after continuous TdR-3 H exposure6 for 24 or 48 hr.

24 hr 48 hr

Concentrationofara-C
(M)None10-'irr5io-410-'%

initialviable
cellcount2501001009090LI

following1
hrexposureto
TdR-3 H(%)58e90e87eLI

followingcontinuousexposureto

TdR-3 H(%)99e97d92d86d88d%

initialviable
cellcount660160604040LI

following1
hrexposureto
TdR-3 H(%)60e62e78eLI

followingcontinuousexposuretoTdR-3H(%)99c98d82d63d80d

" TdR-3 H, 2 juCi/ml culture medium.
b TdR-3 H, 0.05 or 0.1 nCi/ml of culture medium.
c Autoradiographs exposed 8 weeks for determination of TdR-3 H Li's.
d Autoradiographs exposed 5 months for determination of TdR-3 H Li's.

5 months to obtain sufficiently high grain counts to
distinguish clearly labeled cells (compared to exposure times
of 8 weeks or less for untreated cells). With these exposure
times there was little difference in the Li's whether the

labeling threshold was set at 5 or 10 grains/nucleus except in
cells treated for 48 hr with higher doses of ara-C. After 48 hr
of treatment there was already considerable cell death and
higher background radioactivity, and it was more difficult to
distinguish the truly labeled remaining intact cells; thus in the
48-hr samples the labeling threshold was set at 10 grains for
cells treated with IO"5 M or higher concentrations of ara-C.

In agreement with the DNA distribution data, 97 and 98%
of cells treated with IO"6 M ara-C were labeled at 24 and 48

hr, respectively, and therefore were in or had passed through
S, compared to 99% of untreated cells (Table 1). Eighty-six to
92% of cells treated with IO"5 M and higher concentrations of

ara-C were labeled at 24 hr; since no effective cell division
took place at any of these higher concentrations and there was
as yet little cell death, it can be concluded that about 90% of
these populations were in S phase, as compared to about 60%
for untreated growing cells.

The Li's of cells treated with 10 "5 M and higher

concentrations of ara-C for 48 hr are less accurate for the
reasons stated previously, but they were consistently lower
than at 24 hr (Table 1), and this was true even if the labeling
threshold was set at 5 grains. The most likely explanation for
this is that considerable death of cells in S had already taken
place by 48 hr and thus there were relatively more unlabeled
intact cells remaining in G].

The labeling patterns during continuous exposure to
TdR-3H for the 1st 24 hr of untreated cells and cells during
continuous exposure to 10 "6 and 10~3 M ara-C, are shown in
Chart 13. The results with 10"5 and IO"4 M were

intermediate between these lowest and highest concentrations
of ara-C and are not shown. The Li's of the treated cells were

significantly lower at 6 hr than in untreated cells, and cellstreated with 10 ~3 M ara-C had consistently lower Li's at all
times than those treated with IO"6 M. In interpreting these

data it must be remembered that the untreated cells were
proliferating rapidly and had almost doubled by 12 hr,
whereas the cells treated with 10~6 and IO"3 M ara-C,

respectively, were proliferating only very slowly or not at all
during the 1st 24 hr (except for division of unlabeled G2
cells). Thus the labeling index of the untreated cells increased
faster than that of the treated cells because of division of
labeled cells as well as because of more rapid uptake of
TdR-3H to exceed the labeling threshold. By 12 hr, only 4% of

the untreated cells remained unlabeled (which represented
nearly 8% of the original population because most of the
labeled cells had already divided), and only 6% of the cells
treated with IO"6 M ara-C remained unlabeled. Fourteen % of
the cells treated with IO"3 M ara-C were unlabeled at 12 hr,

100-

80-

60-

40-

THYMIDINE-'HLABELINGINDEX

* Control
o Aro-C IO"6
>Ara -C IO"5

-

% 40

8

% 40
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0 24 6 8 10 12 14 16 18 20 22 24
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GRAIN COUNT DISTRIBUTION
CONTROL

3

Ara-C 10

>OL ^ _ â€¢¿�

â€¢¿� p-^J _= 1 _. I
6 246 12
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â€¢¿�^ n-o77^ râ€”^&(
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12 24

Chart 13. TdR-3H Li's and grain count distributions of untreated
cells and cells during continuous exposure to 10~6 and 10 "3 M ara-C.
The experiments began at starting cell densities of 1 to 2 X 10s
cells/ml. The cells were continuously exposed to TdR-3H [0.05 mCi/ml
(untreated cells) and 0.1 mCi/ml (ara-C-treated cells)], and the
autoradiographs were exposed for 8 weeks and 5 months, respectively.
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and 12% were still unlabeled at 24 hr, although the labeling
intensities of the labeled cells continued to increase between
12 and 24 hr. Thus about 12% of the cells failed to
incorporate measurable amounts of TdR-3H during the 1st 24
hr of exposure to 10~3 M ara-C.

DISCUSSION

The extent of DNA inhibition by ara-C has been shown in
the present study to be concentration dependent as monitored
by changes in the frequency distribution of the DNA content
of treated cells. At IGT6 M, which is the lowest concentration
to have an effect on the growth of SK-L7 cells, the DNA
inhibition was expressed by a significant slowing of growth
with negligiblelethal effect. The transient accumulation of cells
in S phase during the 1st 30 hr of treatment reflects a slowing
of DNA synthesis in cells already in S when the drug was
added, while GÃŒcells continued to enter S at a near normal
rate and almost all did so. By 48 hr the pattern of DNA
distribution had returned nearly to normal.At IO"5 M ara-C the inhibition of DNA synthesis was first

expressed as a block in early S. There was then slow
progression through S, but no appreciable growth took place.The inhibitory effect at 10"5 M during the 1st 24 hr was
largely reversible and can be considered as "cytostatic," since

the cells accumulated in S but most of them did not die. Thus
a considerable degree of synchronization was achieved.
However, progression through the cell cycle after drug removal
was not synchronous as evidenced by the variable DNA
distribution and by the low MI at all times after drug removal
(Chart 5). This is probably because the release from the
cytostatic effect is a function of the time the cells have spent
in the drug-sensitive (S) period of the cell cycle. Within a day
after drug removal following treatment with IO"5 M ara-C for

24 hr, the cells resumed a normal growth rate and their DNA
distribution returned to normal.

After 48 hr of exposure to IO"5 M ara-C approximately

one-half of the cells had already died, but the remaining cells,
which were mostly blocked throughout S, were still able to
recover to a large extent (Charts 4 and 5). Cells recovering in
the presence of Colcemid after ara-C treatment for 24 and 48
hr showed a significant accumulation in mitosis by 24 hr (MI =
up to 38%), indicating that many of the cells blocked in S
were still capable of division. This was supported by the
resumption of normal growth of surviving cells within 16 hr
after drug removal. After longer than 48 hr of continuous
treatment, however, the DNA inhibition was largely irre
versible and most of the cells blocked in S died (Chart 4).Higher concentrations of ara-C (IO"4 and IO"3 M) caused

more complete inhibition of DNA synthesis. Cells that entered
S phase after addition of the drug were blocked early in S andthere was little (with IO"4 M) or no progression (with 10~3

M) through S. The inhibition at these drug concentrations
resulted in a rapid cytocidal effect both in the continued
presence of ara-C or after its removal. Thus, reversibility of the
DNA-inhibitory effect of ara-C was related to drug dose and
the extent of lethal damage was related to the duration of
exposure. Similar effects on various tissues have been reported
in vivo (29).

Cells treated with high ara-C concentrations were still able
to incorporate TdR-3H, although at much lower rates than in
untreated cells. With the concentrations of TdR-3H used and

the degree of incorporation obtained, it is unlikely that the
incorporation reflected DNA repair rather than replication.
Even with ara-C concentrations as high as IO"4 M, a slow

progression of some cells through S was observed during
treatment (Chart 8). Thus DNA synthesis is not inhibited
completely and this minor degree of replicative activity is
sufficient to allow some incorporation of TdR-3H. Thymidine

kinase activity has been reported to be increased following
ara-C treatment (28). Ninety-seven % of the population had
incorporated measurable TdR-3H after 24 hr in the presence
of 10~* M ara-C, and about 90% had done so after 24 hr of

treatment with higher ara-C concentrations (Table 1; Chart
13).

With the 3 higher drug concentrations used in this study(10~5 to IO"3 M), there was an initial lag phase before the

cells began to die (Chart 2). This lag period corresponds to the
time required for the cells to accumulate in S and remain there
for a sufficient duration before they die. In accord with other
studies (29) the critical duration was shown to depend on the
drug concentration. At lower drug concentrations, cell
integrity is affected more slowly than at high concentrations
and some cells are able to recover. A lag period between the
initiation of ara-C treatment and reduction of the surviving
fraction has also been shown using the cloning method to
determine viability (25).

The quicker disappearance of S-phase-arrested cells after
release from the drug as compared with the cells undercontinuous treatment with IO"5 M ara-C indicates that some

DNA activity may be very important for the disintegration of
irreversibly damaged cells. It has been suggested that ara-C-
mediated cell death is not a passive process but an active one
in which the metabolic response to damage is essential (31).

The concentration-dependent interference of ara-C with the
progression of the cells through the cell cycle lends support to
the suggestion that the mechanism of DNA inhibition is
competitive inhibition of ara-CTP with dCTP for DNA
polymerase (19, 21). The inhibition was largely reversible inSK-L7 cells treated with IO"5 M ara-C for less than 48 hr, and

such reversibility has been reported previously in other types
of cells (21, 29). Complete DNA inhibition by higher ara-C
concentrations caused irreversible damage, which has variously
been attributed to complete inhibition of DNA repair
mechanisms mediated by a DNA polymerase (27), to
chromosome breakage in a large percentage of cells (4, 24), or
to the incorporation of ara-C into DNA (36). However, the
most critical biochemical lesion(s) and the precise mechanism
of ara-C-induced cell death have not yet been well defined
(31).

At all ara-C concentrations above 10 6 M, a significant

fraction of cells were blocked in GÃŒthat were unable to
initiate DNA synthesis. This subpopulation became evident in
the DNA distribution histograms after 40 hr of treatment with10~5 M ara-C, once the cells blocked in S phase had been

eliminated; it persisted during the entire period of observation
and apparently includes the small fraction of cells that had
previously been shown in sterilization experiments to surviveat least 10 days of treatment with IO"5 M ara-C (10). A
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population blocked in G, is also evident in the recoveryexperiments of cells treated with IO"3 and IO"4 M (Chart

11). The cells remain in G, 48 hr after removal of the drug,
while the remaining cells are eliminated as evidenced by the
decrease of the populations in S and G2. Even at these higher
concentrations of ara-C, a few cells, presumably those in G! ,
may survive for at least 5 to 7 days of continuous treatment
and then eventually resume normal growth after drug removal
(10).

The population blocked in G! may originate from the cells
which were in G2 or M at the time ara-C was added. These

cells may have been affected slightly by the drug but were able
to complete 1 mitosis and accumulated in GÃŒ, where they
were not capable of further progression through the cell cycle.
By means of simultaneous treatment with Colcemid, it was
found that at least 7% of the cells were able to reach mitosis
shortly after the initiation of treatment with ara-C (Chart 12).
Seven % is lower than the estimated percentage of cells in
G2 +M at any time during growth (approximately 11%). This
could be explained either by a blocking effect of cells early in
G2 or by death of Colcemid-blocked mitotic cells after they
have spent a certain period of time in this phase. In the
absence of Colcemid, the 7% or more of cells that are able to
reach mitosis shortly after addition of ara-C will divide and
accumulate in Gt and may account entirely for the unlabeled
cells found after 24 hr treatment with IO"5 to 10"3 M ara-C,
in the presence of TdR-3H, which comprised 8 to 14% of the

total population (Table 1). Alternatively, the population
blocked in GÃŒmay be derived at least in part from cells
already in early Gt when the drug was added which for some
reason were unable to initiate DNA synthesis as most G] cells
did.

Continuous treatment with ara-C at any concentration did
not prevent the entrance of GÃŒcells into S except for the
minor population discussed above. ara-C-treated cells have
previously been shown to accumulate in S using the
conventional Feulgen technique and microspectrophotometric
methods to measure the DNA content and TdR-3H uptake of

the same individual cells (4). This combination of methods is
considered to be the most accurate means of determining the
relative DNA content that represents the boundary between
the GÃŒand S phases, and these results are in excellent
agreement with those of the present study using microdensito-

metric measurements of the DNA content of single cells (5).
The nature of the defect that prevents the entrance of some

GÃŒcells into S is uncertain. ara-C is reported to have a
chromosome-breaking effect, which takes place predominantly
in G2 but also occurs in S and GÃŒ(1,22). ara-C has also been
shown to inhibit DNA-associated histones, which are linked
with the DNA synthetic capacity of the cell (3). The activity
of DNA polymerase I (6 to 8 S polymerase) increases
significantly during cellular proliferation, and it is therefore
thought to have a replicative function (6-8, 35). DNA
polymerase II (3.4 S polymerase) remains relatively constant
during the cell cycle (7, 8). It has recently been shown that
DNA polymerase I is strongly inhibited by ara-CTP in cultured
human lymphoid cells, while polymerase II is inhibited to a
lesser extent (16, 35). In accord with the present experiments
it may be speculated that the main action of ara-C in the
majority of cells is inhibition of polymerase I and thus most of

the cells are blocked in S. Other DNA polymerases have been
described (17, 30, 32), and it is possible that 1 or more of
these may be formed predominantly in GÃŒ(33) and could be
critical for initiation of DNA synthesis. Inhibition of these
polymerases could explain the minor population of cells
persisting with a G! DNA content in the presence of ara-C.
The cells in this minor population may be arrested in such an
early stage of the prereplicative sequence that they do not
suffer from the lethal consequences of ara-C as rapidly as do
cells that have progressed further into S.

The blocking effect in late S and G2 found at all ara-C
concentrations has been reported previously (5) and was
interpreted to result from slowing of the rate of cell passage
from S to G2 (26). In the present study there is evidence for
an inhibition of passage through G2. When cells were treated
with ara-C in the presence of Colcemid, the mitotic peak
occurred at 7 hr (Chart 12) which corresponds to the time
growth ceases after the addition of ara-C alone, since the MI
declines during the 1st 6 to 8 hr of treatment and no mitoses
are found thereafter. Thus ara-C causes a delayed entry into
mitosis due to inhibition of progression through G2, while
Colcemid alone has only a very slight such effect.

With the use of a flow microfluorimetric method and
synchronized Chinese hamster cells, it was concluded that
ara-C (5 mg/ml) grossly interfered with the progression of cells
from GÃŒinto S during the 1st 10 to 16 hr of treatment and
that the rate of reduction of entry of GÃŒcells to S was
proportional to the concentration of the drug (39, 40). In a
recent report using LI210 cells and various S-phase-specific
agents, it was similarly concluded that ara-C delayed cells from
entering S (2). In the present experiments, there was an
apparent slight delay of entry of GÃŒcells into S during the 1st
6 to 12 hr in ara-C (Chart 13), but this delay was easily
explainable on the basis of reduced incorporation of TdR-3 H

and absence of division of labeled cells, and by 24 hr all except
8 to 14% of the cells had clearly entered S even at the higher
ara-C concentrations.

Preliminary experiments in patients with leukemia have
been performed using continuous infusion of ara-C (42).
Patients were selected who had greater than 90% leukemic
cells in the bone marrow, and the DNA distribution of the
marrow leukemic cells showed an accumulation in early S
phase similar to that observed in vitro. However, the serum
concentration of ara-C at which this effect was observed was
much lower than that necessary to cause a detectable effect in
SK-L7 cells in vitro. One possible explanation is that human
lymphoid cells in culture have been found to have low levels of
ara-C kinase (13), and there may also be increased competition
by metabolites in the media or serum used to grow the cells in
vitro. It also seems probable that cells damaged in vivo are
recognized selectively and rapidly eliminated by the reticulo-
endothelial system. A single i.v. injection of ara-C (2.0 to 2.5
mg/kg in vivo) was found to produce an accumulation of the
myeloblasts in early S phase (15).

Since ara-C has been found to have similar perturbing
effects on the cell cycle of cells in vivo and in vitro, several of
the points raised in the present report may be relevant to the
more effective use of chemotherapeutic agents in the
treatment of leukemia. A considerable degree of accumulation
in S can be achieved with ara-C concentrations higher than
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IO"5 M in vitro and 5 X 10 7 M in vivo, and there is rapid cell

death even after short exposure of the cells to higher drug
concentrations. Continuous treatment with ara-C at concen
trations of 10~s M or higher in vitro results in a prolonged

block of some cells in G! , consisting of about 8 to 14% of the
population, and also delays passage through G2. These cells,
slightly affected, may remain relatively protected from further
drug action for long periods and are capable of renewing the
population after removal of the drug (10). These consider
ations have obvious relevance to the design of treatment
protocols aimed at destroying as many leukemic cells as
possible, but effective clinical application of principles derived
from them must await accrual of more complete information
about the effects of different concentrations of ara-C and
treatment schedules on leukemic and normal hematopoietic
cells in vivo.
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