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SUMMARY

1-0-D-Arabinofuranosylcytosine-induced cell lethality as
measured by survival fraction in a plating efficiency assay with
the use of cultures of hamster fibroblasts correlates with the
production of five or more chromatid breaks per metaphase.
By contrast neither the degree of inhibition of DNA synthesis
nor the magnitude of unbalanced growth as determined by cell
sizing produced by a variety of 1-0-D-arabinofuranosylcytosine
dosages correlated with cell death. Chromatid breakage can
therefore be used as a sensitive means of assessing cell
cytotoxicity.

INTRODUCTION

ara-C3 inhibits DNA synthesis in several tissue culture

systems (3, 14, 17, 22). At least 3 molecular mechanisms have
been described that could explain the ara-C effect: inhibition
of the reduction of CDP to dCDP (4); incorporation into DNA
and RNA polynucleotides (5, 11, 22); and inhibition of DNA
polymerase (9, 11, 18).

Although deoxycytidine can prevent the toxic effects of
ara-C in vivo when added simultaneously with ara-C,
deoxycytidine does not reverse these effects (8). Moore and
Cohen (20) demonstrated that 5'-l-0-D-arabinosylcytosine

diphosphate was no more effective in inhibiting ribonucleotide
reduction in an in vitro system from a rat tumor than was
dCDP. This evidence indicates that the inhibition of the
ribonucleotide reducÃase was probably not the major site of
action of ara-C. On the other hand, ara-CTP was a competitive
inhibitor of dCTP for DNA polymerase, and consequently it is
this enzyme that is probably the prime target for the activity
of ara-C (18, 19). Similar conclusions have been drawn from
work in human tissue culture cell lines (13).

Three different DNA polymerase activities have been
described (12, 21). Studies in bacterial systems indicate that
ara-C does not inhibit DNA polymerase I (12), a DNA repair
enzyme, but does inhibit DNA polymerase II (21), an enzyme
involved in DNA replication. In spite of the fact that the prime
enzymatic target of ara-C is a DNA polymerase, cell lethality
does not bear a 1-to-l relationship with the inhibition of DNA
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synthesis (11, 16). Such inhibition, a consequence of the
treatment of almost any cell culture system with a cytotoxic
agent, can therefore rarely be used per se to explain the
mechanism of cell lethality.

To explore how a compound that inhibits DNA synthesis
such as ara-C might cause cell lethality, we studied the
relationship of chromatid breaks induced by this drug to the
survival fraction. Loss of proliferative capacity could be
correlated with induction of chromatid breakage but not with
DNA inhibition or unbalanced growth.

MATERIALS AND METHODS

Tissue Culture Cells. The tissue culture cells employed in
these experiments were of the Don-C line of hamster
fibroblasts described previously (15). Cells were grown in
monolayer cultures in McCoy's Medium 5A and 20% fetal calf

serum. The phases of the Don-C cell cycle have been
determined by radioautographic means: GÃŒ, 3.9 hr; S, 6.2 hr;
G2, 2.2 hr; M, 0.7 hr; and Tc, 13 hr (15).

The Effect of ara-C on DNA Synthesis. Duplicate cultures
growing in 30-mm Petri dishes were treated with ara-C, 1,10,
or 100 jug/ml. At various intervals following the addition of
drug, the cells were exposed to a 30-min pulse of tritiated
thymidine, 1 juCi/ml (specific activity, 6.7 Ci/mmole).
Following incubation the reaction was stopped by 3 washes
with 0.9% NaCl solution containing thymidine, 10/ug/ml, and
0.008 M sodium azide. The cells were dislodged from the
dishes by use of a rubber policeman and washed onto
Whatman GF/C Fiberglas filters with 20 ml 0.9% NaCl
solution. The filters were then treated with 20 ml of cold 5%
trichloroacetic acid, dried, and counted for radioactivity in a
Packard liquid scintillation spectrometer, with the use of a
toluene-containing phosphor. The uptake of radioactive
thymidine was compared to that obtained in control cultures
not treated with ara-C.

Survival Fraction Following Exposure to ara-C. The survival
fraction was determined by comparing plating efficiency
between cultures derived from untreated cells and those
derived from treated cells by methods described previously
(15). In brief, cultures were exposed to ara-C, 1, 10, and 100
/Lfg/ml, for 1,4, and 8 hr. These cultures were washed twice
with rinse media, trypsinized with 0.075% trypsin
(Worthington Biochemical Corp., Freehold, N. J.), diluted
with fresh medium (1:1000 to 1:10,000), and plated in plastic
T-15 flasks (Falcon Plastics Co., Oxnard, Calif). Each flask
contains 200 to 1,000 cells in 5 ml of medium. Five replicate
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cultures were gassed with 95% air:5% C02, tightly stoppered,
and left undisturbed at 36.5Â°for 7 to 9 days. At the end of

this time, the medium was carefully removed by suction and
the colony was stained with 1% mÃ©thylÃ¨neblue and 70%
ethanol. Colonies were counted with the aid of a dissecting
microscope, and their number was compared to those found in
replicate non-drug-treated cultures. The plating efficiency of
control cultures varied from 30 to 60%.

Cell Size Distribution. Replicate cultures in 8-oz
prescription bottles were exposed for 4, 8, 12, and 16 hr to
either no ara-C or concentrations of 1, 10, and 100 jug/ml.
After the appropriate drug exposure, the cells were trypsinized
and the trypsin was diluted with cold rinse media (1:1000).
The cell size distribution was determined in a Model J sizer
attachment to the Coulter counter.

Effect of ara-C on Chromatid Breakage. Replicate cultures
were exposed to ara-C, 1 Mg/ml, and Colcemid, 0.06 Mg/ml,
was added for a 1-hr period, 1, 3, 4, 5, and 7 hr following

addition of the drug to collect metaphases to correlate
chromatid breakage with survival fraction. Other replicate
cultures were exposed to ara-C, 10 Â¿ig/ml,for 30,60, and 120
min. Analysis of chromatid breakage was performed by
methods described previously (2).

Fifty metaphase cells were counted to estimate chromatid
breakage and gaps. A gap was considered to be a lesion at least
as wide as the width of the chromatid. A break was similar to a
gap but at a different angle than the adjacent intact chromatid
arm. All slides were scanned with the 10X objective of the
microscope to identify metaphase plates that were sufficiently
spread. Chromosome breakage could not be seen at this
magnification. Once a suitable metaphase figure was identified,
the preparation was examined under the oil immersion lens for
breakage. Only lesions that completely dissected the
chromatids were counted, and these have all been reported as
"breaks" for the sake of simplicity.

Reagents. ara-C (NSC 63878) was obtained from the Cancer
Chemotherapy National Service Center, Bethesda, Md.
Colcemid was obtained from CIBA Pharmaceutical Co.,
Summit, N. J. Tritiated thymidine (6.7 Ci/mmole) was a
product of New England Nuclear, Boston, Mass.

RESULTS

Effect of ara-C on DNA Synthesis. The effect of ara-C on
DNA synthesis expressed as percentage of control
incorporation into acid-precipitable material is illustrated in
Chart 1. There is a rapid decrease in the incorporation of
tritiated thymidine which ranges between 20 and 30%
regardless of the dose of ara-C within the 1st 30 min. Between
1 and 3 hr, the incorporation of the isotope remains essentially
constant.

Cell Sizing. The size distribution of cells treated at various
dosages of ara-C for 4, 8, 12, and 16 hr is shown in Chart 2.
The size distribution of untreated cells remained essentially
the same with the peak between Windows 5 and 10 of the
Coulter Model J sizer. At the end of 4 hr of drug treatment,
there was no significant difference in cell size distribution.
Beginning with 8 hr, however, there was a gradual shift in cell
size distribution to the higher window sizes, i.e., larger
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Chart 1. Effect of ara-C on DNA synthesis. Replicate cultures were
treated with ara-C, 1,10, and 100 fig/ml. At various intervals following
drug addition, cultures were exposed to a 30-min pulse of tritiated
thymidine, 1 pCi/m\. Cells were dislodged from the dishes, washed onto
Fiberglas filters, and treated with cold 5% trichloroacetic acid prior to
determination of radioactivity. The data are expressed as cpm in the
treated cultures/cpm in control cultures X 100. Time is measured in
hours.
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Chart 2. Effect of drug treatment on cell size. Replicate cultures in
prescription bottles were exposed to 4, 8, 12, and 16 hr to either no
ara-C or concentrations of 1, 10, and 100 >ig/ml. Following treatment
the cells were resuspended in rinse media, and the cell size was
determined in a Model J sizer attachment to a Model B Coulter counter.
Cell size increases from right to left with increase in window size.
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Chart 3. Relationship of chromatid breakage to survival fraction
The survival fraction (o) represents the ratio of the plating efficiency of
cultures treated with ara-C, 1 Mg/ml, for the durations indicated to
untreated control cultures. The limit lines represent Â±2S.D. The
remaining curves are derived from the relationship

Survival fraction = 100 - (% metaphases with the number of
breaks indicated).

Such curves represent the hypothesis that the survival is dependent on
the presence of less breaks than the ranges shown. For example, the
curve designated 1 to 4 represents the percentage of those cells with no
breaks; 5 or more, metaphases with either no breaks or 1 to 4 breaks,
etc.

diameters as the exposure period was increased. At the same
time there was a decrease in the total number of cells in
treated cultures indicating cell loss and/or decrease in
proliferation. The decrease in the number of control cells at 12
hr is unexplained. The increase in cell number at 8 hr is due to
the fact that the dilution for this time period was
approximately one-half that used for the 4-, 12-, and 18-hr
intervals.

The Relationship of Chromatid Breakage to Survival
Fraction. The relationship of the percent of metaphases with a
given number of chromatid breaks to the survival fraction is
indicated in Chart 3. The survival fraction following exposure
to ara-C correlates best with the fraction of cells that contain
less than 8 breaks per metaphase. For example, at the end of 2
hr approximately 50% of the cells have 1 to 4 chromosome
breaks. Consequently, if only those cells with no breaks were
viable, the survival fraction would be 50%, when in fact the
survival fraction is 100%. Consequently, 1 to 2 breaks in this
cell system is not reflected by a decrease in survival fraction.
The assumption that all metaphases with 4 or less breaks will
survive only slightly overestimates the decrease in survival
fraction.

Once the percentage of metaphases with 5 or more breaks
reaches 40 to 50% (Chart 4), there is a plateau, i.e., the
number of metaphases with breaks does not increase in spite
of further prolongation in the duration of drug exposure.
Indeed, at 1 Mg/ml there is a linear increase in the percentage

of metaphases with 5 or more breaks until 4 hr when 40% of
metaphases are involved. This plateau is achieved in 30 min
when cultures are treated with ara-C, 10 Mg/ml, and represents
the maximum percentage of metaphases with a given number
of breaks that can remain attached to the culture dish.

Survival Fraction Following Exposure to ara-C. The survival
fraction following exposure to various doses of ara-C for 1,4,
and 8 hr is shown in Table 1. In contrast to the similarity in
incorporation of tritiated thymidine and in the distribution of
cell sizes of cells exposed to 1, 10, and 100 Mgof ara-C, the
survival fraction as determined by comparison of the plating
efficiency between untreated and treated cultures differed
significantly. For example, at 4 hr there was a 15% reduction
in viability for cells treated at 1 Mg/ml, a 60% reduction for
cultures treated with 10 Mg, and a 98% reduction for 100
Mg/ml.

DISCUSSION

These data indicate that ara-C-induced cell lethality as
measured by survival fraction in a plating efficiency assay
correlates with the induction of 5 or more chromatid breaks
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Chart 4. Effect of ara-C dose and exposure duration of chromatid
breakage. Replicate cultures were exposed to ara-C, either 10 Mg/ml for
2 hr or 1 Mg/ml for 8 hr, and the percentage of metaphases with breaks
was determined, o, total number of metaphases with breaks; &, 1 to 4
breaks; CD,5 or more breaks. Solid symbols are from a 2nd experiment
at 10 Mg/ml in which a 1-hr exposure was not studied. The agreement is
excellent, indicating reproducibility in the frequency of breaks induced
by ara-C at a given dose and exposure duration.

Table 1
Survival fraction following exposure to ara-C

Exposure tim
(hr)1

48e

Survival fraction after followingdoses1

Mg/ml0.97

Â±0 08Â°
0.85 Â±0.10
0.60 Â±0.1810

Mg/ml0.87

Â±0.05
0.37 Â±0.15
0.175 Â±0.10100

Mg/ml0.47

Â±0.10
0.024 Â±0.15
0.053 Â±0.02

"Mean Â±S.D.
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per metaphase. Neither the degree of inhibition in DNA
synthesis nor the magnitude of unbalanced growth correlates
with cell lethality, results that have been noted by others (10,
13). The close relationship between chromatid breakage and
cytotoxicity has recently been emphasized by Benedict et al.
(1), in a study of the mechanism of cell transformation.

The choice of the numerical categories of chromatid
breakage (0, 1 to 4, 5 to 9, 10 or more) was purely arbitrary.
Consequently, although 1 to 4 chromatid breaks per
metaphase had no effect on survival fraction, the majority of
such metaphases probably had less than 4 breaks. By contrast,
5 or more chromatid breaks caused cytotoxicity. The best
correlation was seen when the breaks per metaphase were 8 or
more. This reflects the fact that the majority of cells with
between 5 and 7 breaks probably had 5 breaks. In addition,
the incidence of double chromatid breaks increases with the
number of chromatid breaks per metaphase. Cell lethality may
be related to this more severe chromatid lesion.

Previous work on the relationship of ara-C-induced
chromatid breakage to the cell cycle has indicated that
significant reversal of chromatid breakage occurs during the S
phase (2). The shoulder in the survival curve (Chart 3)
therefore is probably the result of the repair of sublethal
chromatid damage and may be analogous to a similar effect in
irradiated cells (7).
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