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ABSTRACT

Antineoplastic intercalating agents such as 4'-(9-acridinyla-

mino)methanesulfon-m-anisidide (m-AMSA) stabilize a cleavable com
plex between topoisomerase II and DNA. The production of protein-
associated DNA cleavage in whole cells exposed to m-AMSA is thought
to represent the cellular correlate of this topoisomerase II-mediated
reaction. Protein-associated DNA cleavage can be quantified in mam

malian cells by using alkaline elution technology. In an attempt to
understand the impact of phenotypic and biochemical cellular character
istics on protein-associated DNA cleavage, we quantified m-AMSA-
induced DNA cleavage in quiescent or proliferativi- normal human fibro-

blasts (cell strain 1508) and human glioblastoma cells (line T98G) as
well as in asynchronously proliferating HeLa cells. The magnitude of
DNA cleavage in quiescent fibroblasts and quiescent glioblastoma cells
was identical and low relative to that observed in the HeLa cells. The
magnitude of DNA cleavage was enhanced in both cell types following
proliferation. This enhancement was greater in the glioblastoma cells
than in the fibroblasts. These results were not due to alterations in
cellular m-AMSA uptake. Chromatin was more elongated (open) in the

quiescent glioblastoma cells than in the quiescent fibroblasts (as visual
ized by using the premature chromosome condensation assay), suggesting
chromatin accessibility to drug per se may not be a critical determinant
of the magnitude of m-AMSA-induced DNA cleavage. The onset of the
enhanced m-AMSA-induced DNA cleavability that accompanied prolif

eration closely followed the formation of regions of localized chromatin
decondensation, a late <., event, and coincided with the onset of enhanced
thymidine uptake, a marker for the onset of S phase. m-AMSA-induced

cytotoxicity was also enhanced in proliferating compared with quiescent
cells. The major finding of this study is that the cellular target for m-

AMSA, putatively topoisomerase II, is more susceptible to drug action
in proliferating cells than in quiescent cells. Effects of chromatin confor
mation or cellular phenotype upon topoisomerase II-mediated events
such as m-AMSA-induced DNA cleavage are less certain.

INTRODUCTION

The cellular enzyme topoisomerase II is thought to play an
important role in DNA replication, transcription, and repair
(1). Several active antineoplastic compounds, including the
DNA intercalating agents Adriamycin and m-AMSA3 have been

shown to interact with topoisomerase II in a manner that results
in the stabilization of an enzyme-DNA complex (2-5). Treat
ment of this complex with detergents or alkali results in cleav
age of the DNA and covalent binding of topoisomerase II to
the 5' end of the DNA cleavage site.

The same drugs that produce stabilization of DNA-topoisom-
erase II complexes in vitro produce protein-associated DNA
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cleavage in whole mammalian cells (6-13) or in their isolated
nuclei (14-16). Saturability, reversibility, and temperature de
pendence characterize the production of topoisomerase II-me
diated events in isolated chemical systems (17) and of protein-
associated DNA cleavage in cells or in nuclei. In addition,
alterations in DNA linking number have been detected in cells
treated with m-AMSA (18). Linking number changes are pro
duced in vitro by topoisomerases. These data strongly implicate
topoisomerase as an intracellular target of drugs like m-AMSA
which produce protein-associated DNA cleavage. It has been
proposed that topoisomerase II is the break-concealing protein
bound at or near the DNA cleavage site in m-AMSA-treated
cells (3, 17).

Treating cells with antimetabolites or hormonal agents that
perturb the rate of DNA synthesis and cell growth can augment
the magnitude of protein-associated DNA cleavage produced
in those cells by subsequent exposure to intercalating agents
(19-22). Phenotypic differences between cell populations may
also play a role in determining the magnitude of topoisomerase
II-mediated events. The magnitude of m-AMSA-induced DNA
cleavage in proliferating normal human fibroblasts was much
less than that seen in any population of asynchronously prolif
erating malignant cells (23). Intercalating agents interact with
cellular chromatin, the putative substrate for topoisomerase II.
Changes in chromatin structure or function that accompany
DNA synthesis or transcription could also affect the magnitude
of topoisomerase II-mediated DNA cleavage produced by inter
calating agents.

In this study, we focused on the contribution of the prolifer-
ative state of the cell to the magnitude of the topoisomerase II-
mediated DNA cleavage produced by m-AMSA. We have also
begun to study the effects of chromatin conformation and cell
phenotype on m-AMSA-induced DNA cleavage. We examined
the protein-associated DNA cleavage and cytotoxicity produced
by m-AMSA in normal human fibroblasts and malignant hu
man brain tumor cells both at quiescence and at various times
following their stimulation to proliferate. Chromatin structural
changes that accompany proliferation were visualized using the
premature chromosome condensation assay to assess the role
of DNA conformation.

MATERIALS AND METHODS

Cell Culture, Radioactive Labeling, and Drug Treatments. The human
fibroblasts (cell strain 1508 from American Type Culture Collection,
Rockville, MD, from a 3-day-old male) were used between passages 8
and 20. HeLa cells (HeLa S3 originally derived by Dr. Norman Salz-
man) were growing asynchronously. T98G human glioblastoma cells,
obtained from Dr. Gretchen Stein (24), are an unusual line of cells.
They exhibit anchorage-independent growth and can be propagated in
perpetuity, yet they exhibit stationary phase GI growth arrest and
cannot form tumors in nude mice. All the cell lines used were grown in
monolayer at 37Â°Cin 5% CO2 in McCoy's modified medium 5A (Grand

Island Biological Co., Grand Island, NY) supplemented with 15% fetal
calf serum and a penicillin-streptomycin mixture. Cells were harvested
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for subculturing with a 0.05% trypsin-0.02% EDTA solution.
Cells (1508 or T98G) were labeled with 0.03-0.06 /Â¿Ciof '"C-labeled

thymidine/ml (New England Nuclear, Boston, MA) for 5 days, during
which time the cells reached a quiescent d state; 1508 and T98G cells
were then placed in medium with 0.5% serum containing no radiolabel
for 3 days to maintain the quiescent state. Asynchronously growing
HeLa cells were labeled for 3 days.

For stimulated populations, quiescent cells were subcultured from
the quiescent state and replated at a subconfluent density (30-50%
confluent) in 15% fetal calf serum for various periods of time. Thirty
min prior to any drug treatment, all cells were placed in fresh medium
containing 0.5% fetal calf serum. /w-AMSA (NSC 249992) was consti
tuted within 30 min of use at appropriate concentrations in low serum-
containing medium from a 0.01 M stock kept frozen in 100% dimethyl
sulfoxide. All treatments were for 30 min at 37Â°C.Controls received

appropriate amounts of dimethyl sulfoxide. Bleomycin (NSC 125066)
was constituted in low serum-containing medium just prior to use.

DNA Alkaline Elution. The methodology of DNA alkaline elution
has been extensively described in our previous work (11-13). [3H]dThd-

labeled (0.1 Â¿tCi/ml)(New England Nuclear) asynchronously prolifer
ating HeLa cells were irradiated with X-rays (300 R for high-sensitivity
assay; 2000 R for low-sensitivity assay; see below) on ice and served as
internal standard cells. The elution rate of the DNA of these cells was
used as a standard against which to plot the elution rate of the DNA
from the [14C]dThd-labeled cells. Calculations were performed as pre
viously described (12). Drug-induced break frequencies are expressed
in rad equivalents, the amount of X-ray-induced DNA cleavage pro
ducing a comparable DNA elution rate as that from the drug-treated
cells. As described in previous publications (11-13), m-AMSA-induced
DNA cleavage was undetectable without the use of a proteolytic enzyme
during cell lysis prior to elution.

Two DNA elution assays were used to quantify DNA cleavage. A
high-sensitivity assay was used to quantify break frequencies of a
magnitude below that produced by 500 rads of X-rays. A low-sensitivity
assay was used for break frequencies produced by 500 to 3000 rads.
DNA elution rates produced by a given X-ray dose were identical for
1508, T98G, and HeLa cells. Therefore, a rad equivalent of m-AMSA-
induced DNA cleavage reflected a similar DNA break frequency in all
three cell lines (data not shown).

|'4Clifi-AMSA Uptake. Cells without radiolabeled DNA were exposed
to 0.5 MM[14C]m-AMSA (19.6 mCi/mmol) (SRI International, Menlo
Park, CA), with or without additional unlabeled m-AMSA, for 30 min
at 37Â°C.Cells were concurrently exposed to [3H]H2O (1 mCi/ml; New

England Nuclear). Cells were removed from their plates by mechanical
dislodging. The uptake of /n-AMSA per liter of cell water was quantified
by centrifugation of the treated cells through Versilube F-50 silicone
oil in a microcentrifuge tube at 12,000 x g for 2 min; then the bottom
of the tube was cut off and the cell button was dispersed and solubilized
in a liquid scintillation vial as previously described (25). This is an
adaptation of the method of Vistica (26).

Colony-formation Assays. Cells were grown and treated with m-
AMSA exactly like the cells used in assays of DNA cleavage frequency.
Following treatment, the cells were removed from their plates, their
concentration was determined using a Coulter Counter, and then the
cells were replated at low densities (between 1,000 and 50,000 cells/
plate) in triplicate. Colonies were allowed to form over 9-12 days. The
colonies were fixed with 10% formalin, stained with crystal violet, and
counted by using a dissecting microscope.

Labeling Indices. To estimate the fraction of cells actively synthesiz
ing DNA, l ÃŸCiof [3H]dThd/ml (6.7 Ci/mmol) was added to quiescent
or proliferating cells for 30-60 min prior to harvesting. To estimate
that fraction of cells that had entered S phase during the course of
stimulation, cells were exposed to 0.1 nCi of [3H]dThd/ml from the

time they were replated at subconfluent density in 15% serum until the
time of harvesting. Cell preparation and autoradiographic quantifica
tion of labeling indices were performed as previously published (27).

Premature Chromosome Condensation. The procedure for cell fusion
and induction of premature chromosome condensation has previously
been described in detail (28, 29). Briefly, mitotic HeLa cells (mitotic
index, >95%) were fused with an equal number of interphase cells using

inactivated Sendai virus. This allowed visualization of the interphase
chromatin of recipient cells as PCC. After fusion, the cells were exposed
to a hypotonie solution (0.075 M KC1 for 10 min), fixed in metha-
nohglacial acetic acid (3:1, v/v), dropped on clean wet slides, and stained
with Giemsa. The PCC were scored for cell cycle stage at the time of
fusion and the degrees of generalized and localized elongation as
previously described (28, 29).

RESULTS

/w-AMSA-induced DNA Cleavage. The production of DNA
cleavage by various concentrations of m-AMSA in quiescent
and proliferating 1508 or T98G cells as well as in asynchronous
HeLa cells is shown in Fig. 1. Proliferating cells had been
subcultured in 15% serum at subconfluent density for 28 h prior
to m-AMSA treatment (see "Materials and Methods"). Quies

cent cells of both types were less sensitive to the DNA-cleaving
effects of m-AMSA than were their proliferating counterparts.
The difference between the m-AMSA-induced DNA cleavage
produced in quiescent and proliferating cells was more marked
in T98G than in a normal fibroblast strain. We explored the
possible origins of these findings.

Relationship between Protein-associated DNA Cleavage and
Generalized Chromatin Condensation. The premature chromo
some condensation assay (27-29) was used to visualize the
structure of cellular chromatin at the times of m-AMSA treat
ment displayed in Fig. 1 for 1508 and T98G cells. Quiescent
1508 cells have highly condensed chromatin. Quiescent T98G
cells exhibit generalized chromatin decondensation (Fig. 2). As
the m-AMSA-induced DNA cleavage frequencies were compa
rable in quiescent 1508 and quiescent T98G, the more open
chromatin of T98G did not result in an increased susceptibility
to DNA cleavage produced by the DNA-binding compound m-
AMSA.

Following proliferation, 1508 cells also exhibited generalized
chromatin decondensation. Although the DNA of these cells
was more sensitive to cleavage by m-AMSA treatment than
that of quiescent 1508 cells, the extent of this enhanced cleav-
ability was small (Fig. 1, Â¡eft),particularly at low m-AMSA
doses (Fig. 1, bottom left). By contrast, bleomycin treatments
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Fig. 1. m-AMSA-induced DNA cleavage in human fibroblasts (line 1508),
HeLa cells, or human glioblastoma cells (line T98G). All treatments were 30 min
at 37Â°C.DNA cleavage was quantified using alkaline elution. Top, results obtained
using the low-sensitivity assay. Bottom, results obtained using the high-sensitivity
assay (see "Materials and Methods"). Cells were either asynchronously and

logarithmically proliferating (HeLa), growth arrested [quiescent (Q)] in 0.5%
fetal calf serum (â€¢,1508; A, T98G), or proliferating (P) for 28 h following
replating from a confluent, growth-arrested density in 0.5% serum to a subcon-
fluent cell density in 15% fetal calf serum (O, 1508; A, T98G). All cells were in
0.5% fetal calf serum during the 30 min just prior to m-AMSA exposure and
during the drug treatment. Results are expressed as rad equivalents (see 'Materials
and Methods"). Points, means of at least 3 individual experiments; bars, SD. If

fewer than 3 experiments were performed, individual points are shown.
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ENHANCED m-AMSA DNA CLEAVAGE WITH CELL PROLIFERATION

that produced comparable DNA cleavage frequencies in quies
cent 1508 cells as did the /n-AMSA treatments displayed in the
lower left panel of Fig. 1, resulted in a comparatively large
enhancement in DNA cleavage when used to treat proliferating
1508 cells (Table 1). Bleomycin is a DNA-binding compound
thought to cleave DNA through a free radical mechanism (30).
X-rays are also thought to cleave DNA through free-radical
mechanisms. The proliferating cells did not display enhanced
DNA cleavability by X-irradiation (Table 1). Thus, the en
hanced bleomycin-induced DNA cleavage in proliferating cells
compared to quiescent cells probably does not result from an
enhanced susceptibility of proliferating cell DNA to free radi

cally-mediated cleavage, but, more probably, from enhanced
bleomycin binding to chromosomal DNA. Thus, proliferative
1508 cellular DNA is more decondensed (by PCC analysis)
(Fig. 2) and putatively more accessible to drug binding (Table
1), but only slightly more susceptible to m-AMSA-induced
DNA cleavage than quiescent 1508 cellular DNA. Generalized
chromÃ¢tin decondensation whether in quiescent T98G cells or
in proliferating 1508 cells does not result in cellular DNA with
a markedly enhanced susceptibility to m-AMSA-induced cleav
age.

Protein-associated DNA Cleavage and Localized Chromatin

Decondensation. Localized chromatin decondensation occurs in
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Table 1 Enhancement of bleomycin-induced DNA cleavage but not X-ray-
induced DNA cleavage accompanying the proliferation of human fÃ¬broblasts
Line 1508 human fÃ¬broblastswere treated with bleomycin at the indicated

concentration for 30 min at 37*C or served as untreated controls. Some of the

controls were irradiated following removal from their dishes. Data are expressed
as rad equivalents, calculated by using a linear regression equation, where the x-
values were the administered X-ray doses (O, I SOR, 300R) and the y-values were
the corresponding logs of the fraction of DNA retained on the filter using
quiescent cells (see Ref. 12).

DNA single-strand cleavage frequency (rad equivalents)

Quiescent Proliferative

Treatment
Experiment Experiment Experiment Experiment

1212

UntreatedBleomycin,
20Â¿ig/mlX-ray300

R150
R3289303143-1617123429307186-4373

0 12 16 20 24 16 20

Time Following Stimulation (hr)

Fig. 3. Development of enhanced m-AMSA-induced DNA cleavage with time
following cell stimulation in human glioblastoma cells (line T98G) and its
relationship to DNA synthesis and chromatin condensation state. Cells were
either quiescent (time 0) or proliferating for various times, following replating at
subconfluent density and the addition of 15% serum (See Fig. 1 legend). TR
AVISA treatment was 1 MMfor 30 min. DNA cleavage was quantified by using
alkaline elution and was expressed as rad equivalents. The fraction of cells
continuously exposed to ('I I|dHid having at least 8 grains per nucleus was used

to quantify the fraction of the cell population that had reached S phase. The
fraction of the cell population in S phase at a particular point in time was
quantified with a 30-min pulse of [3H]dTHd followed by counting the number of
cell nuclei with at least 8 grains. Chromatin morphology was assessed using the
premature chromosome condensation assay. This assay enables the degree and
type of decondensation induced in the chromatin of recipient interphase cells to
be monitored microscopically following their fusion with donor mitotic HeLa
cells. The fraction of cells having an S-phase chromatin conformation is plotted.
The presence of localized decondensation is also noted at each time point (â€¢I.

late GÃ¬as proliferating cells prepare for DNA synthesis (Fig.
2). This localized decondensation is thought to be the anatomic
correlate of the formation of DNA replication complexes (31).
Fig. 3 indicates that this conformational change (Fig. 3, *)
appeared just prior to the onset of DNA synthesis (increased

labeling indices) and the beginning of enhanced /n-AMSA-
induced DNA cleavage in proliferating T98G cells. However,
these cells passed out of S phase [note labeling index(pulse)
decreasing from a peak at 20 h] without reacquiring a low
susceptibility to m-AMSA-induced DNA cleavage. Similar re
sults were obtained with 1508 cells where the time points were
extended to reflect the slower kinetics of reentry into the cell
cycle following stimulation (data not shown). Even 48 h follow
ing the stimulation to proliferate, some 24 hr past the peak of
the first postquiescence S phase, 1508 cells did not reacquire
the low DNA cleavability characteristic of quiescence. Localized
chromosomal decondensation per se, does not directly correlate
with the enhanced susceptibility of proliferating cells to m-
AMSA-induced DNA cleavage. Furthermore, enhanced m-
AMSA-induced cleavability appears not to be characteristic of
S phase, but rather of proliferating cells. Enhanced DNA cleav
ability is acquired in the first S phase following proliferation
and probably retained thereafter.

Cellular Phenotype and Protein-associated DNA Cleavage.
T98G cells are of malignant origin; 1508 cells are a normal
fibroblast strain. Although the DNA of both exhibited a low
susceptibility to m-AMSA-induced cleavage during quiescence
which increased following proliferation, proliferating T98G
cells exhibited a more marked enhancement when compared
with their quiescent counterparts than did 1508 cells. This is
best seen in Fig. 1, bottom, but can also be appreciated in Fig.
1, top, as the greater slope of the linear portion of the prolifer-
ative curve in T98G than in 1508 cells. Per administered drug
dose, the difference between the DNA effects of m-AMSA in
quiescent and proliferative cells is greater in T98G than in 1508
cells. The susceptibility of proliferating T98G cell DNA to m-
AMSA-induced DNA cleavage approaches but does not quite
equal that of asynchronously growing HeLa cells.

This increased DNA sensitivity in proliferating T98G cells is
not due to enhanced /n-AMSA uptake in proliferating T98G
cells (Fig. 4). At doses of m-AMSA up to 2 Â¿IM,cell-associated
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Fig. 4. Cell-associated m-AMSA in human fibroblasts (line 1508), HeLa cells,
or human glioblastoma cells (line T98G). Growth conditions and symbols are as
in Fig. 1 legend. Cells were exposed to [14C]m-AMSA for 30 min at 37"C. Cells
were removed from plates and the [MC]m-AMSA associated with cells were
quantified by using the technique of Vistica (See Refs. 25 and 26 and "Materials
and Methods"). Results are expressed as nn><>lm-AMSA per liter of cell water.
Cellular water was quantified with [3H]H2O to which the cells were exposed
concurrently with the [14C)m-AMSA treatment. Points, means of at least 3

individual experiments; bars, SD. If fewer than 3 experiments were performed,
individual points are shown.
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m-AMSA was comparable in all cells except quiescent 1508 cells (Fig. 1). Assuming for the sake of discussion that m-
cells. Quiescent 1508 cells had the highest level of associated
w-AMSA. In Fig. 4, top, the results using higher m-AMSA
doses are displayed. Again, the enhanced frequency of m-
AMSA-induced DNA cleavage seen in proliferating as opposed
to quiescent cells or in proliferating T98G as opposed to
proliferating 1508 cells cannot be explained by differences in
w-AMSA uptake. Because the actual intracellular distribution
of cell-associated m-AMSA is not known, we cannot be certain
that pharmacological considerations, for example, altered DNA
binding, may not explain some of the differences in DNA
cleavage. However, from the available data, the more likely
explanation for the differences in m-AMSA-induced cleavage
among the examined cell populations resides in intrinsic bio
chemical differences among cell populations which are reflected
in differences in protein-associated DNA cleavage. In the pres
ent cell systems, enhanced m-AMSA-induced DNA cleavage
appeared to be most clearly a characteristic of proliferating cells
and acquired during the first postquiescence S phase.

m-AMSA-induced Cytotoxicity. The colony-forming abilities
of quiescent and proliferative 1508 and T98G cells were quan
tified following their exposure to m-AMSA under treatment
conditions identical to those used to quantify DNA cleavage
and [14C]m-AMSA cell uptake (Fig. 5). Proliferating cells of

both types were more sensitive than their quiescent counter
parts. In contrast to results of cleavage assays (Fig. 1) in which
proliferative T98G cells showed a greater cleavage enhancement
when compared to their quiescent counterparts than the same
comparison for 1508 cells, the results of the colony-formation
assays did not show a greater enhancement following prolifer
ation for T98G than for 1508 cells.

DISCUSSION

The ability to quantify protein-associated DNA cleavage in
mammalian cell populations by using alkaline elution suggested
an approach by which to study the role of topoisomerase II in
mammalian cell systems. The present study examined the role
of proliferative capacity, chromatin structure, and phenotype
on the magnitude of m-AMSA-induced, protein-associated
DNA cleavage in human cells and by inference on the formation
of topoisomerase II-DNA complexes within these cells.

Proliferative Capacity. Proliferating cells were more sensitive
to the DNA-cleaving effects of m-AMSA than were quiescent

I
S

1508 T98G

0 5 10 5 IO
m-AMSA Concentration (pM)

Fig. 5. Colony-forming ability of quiescent or proliferating human fibroblasts
(line 1508) or human glioblastoma cells (line T98G) treated with /M-AMSA.
Growth conditions and symbols are as in Fig. 1 legend. Following m-AMSA
treatments, cells were replated at various low cell densities and were allowed to
form colonies over 9-12 days. Colony-forming efficiencies of untreated cells were
4.8% for line 1508 and 10-14% for line T98G (see "Materials and Methods").

Points, means of 2 independently performed experiments each of which had at
least 3 replicates per m-AMSA dose.

AMSA-induced, protein-associated DNA cleavage is a cellular
correlate of the biochemically defined topoisomerase II-DNA
cleavable complex (3), it is possible that alterations in topoisom
erase II function accompany cell proliferation.

Proliferating cells have been shown to contain increased
amounts of topoisomerase II. A polyclonal antibody which
recognizes topoisomerase II stained the nuclei and mitotic
chromosomes of both transformed and normal cells. Unstained
cells had a GÃ¬DNA content and were presumed to be noncy-
cling (32). The nuclei of regenerating rat liver had a higher
topoisomerase II activity than the nuclei of normal rat liver
(33). Epidermal growth factor stimulation of DNA synthesis
enhanced topoisomerase II activity (34). The data presented in
Fig. 1 showing enhanced protein-associated DNA cleavage,
putatively mediated by topoisomerase II, in proliferating as
opposed to quiescent cells agree with these other findings.

It is not known whether our results are due to a quantitative
enhancement of the amount of topoisomerase II following
proliferation, or to a qualitative enhancement ofthat topoisom
erase II function reflected as DNA cleavage. This latter possi
bility could be secondary to an alteration in the interaction of
the enzyme with m-AMSA, e.g., a more m-AMSA-sensitive
enzyme, or to an alteration of the interaction of the enzyme
with DNA, e.g., an increase in cleavable DNA sites.

The proportion of the intracellular topoisomerase II available
for the production of m-AMSA-induced cleavage is not known.
It may only be a small fraction of the total. For example, while
intercalator treatment of whole cells or their isolated nuclei can
produce comparable frequencies of protein-associated DNA
cleavage in some cell systems (35), topoisomerase II is lost
during nuclear isolation (34). This suggests that primarily nu
clear topoisomerase II participates in protein-associated DNA
cleavage. Nuclear topoisomerase may be associated with the
nuclear matrix (32, 36) and be involved with processes such as
transcription (37, 38) or DNA synthesis (39), which have been
shown to be associated with the nuclear matrix. Topoisomerases
have been solubilized from nuclear matrices together with DNA
polymerases (40). Thus, an increased number of functional
topoisomerase II sites may accompany proliferation. These may
be at points of interaction between DNA and the nuclear matrix.

Chromatin Conformation. The chromatin of quiescent T98G
cells has a generalized decondensed conformation. The chro
matin of quiescent 1508 cells is condensed (Fig. 2). The cells
exhibited comparable frequencies of m-AMSA-induced DNA
cleavage (Fig. 1). If the amount of intercalated drug determines
the frequency of m-AMSA-induced cleavage, the more open
chromatin of quiescent T98G would have been expected to be
more cleavable. This was not the case. Likewise, the more open
chromatin of proliferating fibroblasts when compared with that
of quiescent fibroblasts should have been much more cleavable
following m-AMSA treatment. The increase in m-AMSA-me-
diated DNA cleavage following fibroblast proliferation was
small (Fig. 1), especially at low m-AMSA doses (quantified
with the high-sensitivity alkaline elution assay). This same assay
detected a 50-100% increase in bleomycin-induced DNA cleav
age following proliferation (Table 1). Altered drug-chromatin
interactions following proliferation seem unlikely to explain
the enhanced DNA cleavage that does accompany proliferation
at high m-AMSA doses. As protein-associated DNA cleavage
in cells (6, 9) and topoisomerase H-mediated DNA cleavage in
biochemical systems (2) can both be stimulated by noninterca-
lating epipodophyllotoxins, this finding may not be surprising.
This suggests that the interaction between the drugs and the
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enzyme may be more critical than that between the drugs and
DNA.

The enhanced m-AMSA-induced cleavage accompanied the
onset of localized chromatin decondensation which precedes S
phase (Fig. 3). It was therefore attractive to postulate that these
localized areas of chromatin decondensation could be sites of
increased topoisomerase II function or drug accessibility and
thus be associated with the enhanced m-AMSA-induced cleav
age that accompanied proliferation. However, as cells moved
through S phase into G2 and the areas of localized deconden
sation diminished, m-AMSA-induced cleavability did not return
to pre-S-phase levels, but remained high. The enhanced m-
AMSA DNA cleavability associated with cellular proliferation
is acquired in S phase, but appears to be characteristic of
proliferation rather than of a particular cycle phase. Topoisom
erase II may be involved in DNA replication, but our results do
not permit such a conclusion. No definite connections could be
made between chromatin condensation changes as visualized
using PCC and the magnitude of w-AMSA-induced DNA
cleavage.

Cellular Phenotype. The proliferating T98G cells exhibited a
higher DNA cleavability than did proliferating 1508 cells. Al
though this can be appreciated in Fig. 1, Table 2 is presented
to simplify this comparison. The DNA cleavage produced by
three doses of m-AMSA is divided by the amount of cell-
associated drug (from Fig. 4). Clearly, asynchronous HeLa cells
were most sensitive to the DNA-cleaving effects of m-AMSA
per cell-associated drug. Both proliferative and quiescent T98G
cells were more sensitive than 1508 cells with similar prolifer
ative capacities. Only limited conclusions can be drawn from
this small sample. Possibly, cells of malignant origin are intrin
sically more susceptible to the DNA-cleaving effects of m-
AMSA. Furthermore, the differences between proliferating and
quiescent 1508 cells may be greater than would have been
expected considering only those data in Fig. 1. Caution must
be exercised as the distribution of intracellular m-AMSA within
any of these cell populations is not known. Intracellular pools
of m-AMSA having markedly different DNA-cleaving potencies
have been identified (25). Taken together these data suggest
that a very complex set of parameters can influence m-AMSA-
induced DNA cleavage in different cells or even within a single
type of cell under different growth conditions. Nonetheless,
whether cellular uptake is corrected for or not, proliferating
cells are more sensitive to m-AMSA-induced DNA cleavage
than their quiescent counterparts, and one cell line of malignant
origin, when stimulated to proliferate, exhibited m-AMSA
DNA cleavability closer to that of asynchronously growing
malignant HeLa cells than did a proliferating normal fibroblast
cell strain. The influence of cell proliferative state on the
magnitude of topoisomerase H-mediated DNA cleavage has

Table 2 Relationship between the magnitude of m-AMSA-induced DNA strand
cleavage and cellularly associated m-AMSA in quiescent and proliferating normal

and malignant human cells
All m-AMSA treatments were 30 min at 37'C. DNA cleavage was quantified

by using alkaline elution. Cell-associated drug was quantified as indicated in
"Materials and Methods."

DNA cleavage frequency in rad equivalents per (;\i concentra
tion of cell-associated m-AMSA

Human fibroblasts,
line 1508

m-AMSAconcentration

(/Â¿M)Quiescent2

2.9
1 3.2
0.5 6.7Prolif

erative13.9

14.4
25.9Asyn

chronous
HeLacells52.8

59.0
132.8Human

glioblastoma,
lineT98GQuiescent10.4

12.6
18.3Prolif

erative24.9

50.1
58.8

been established here and in a recent publication by Sullivan et
al. (41). The role of cellular phenotype is more tentative.
Additional cell systems will need to be studied.

CytoÃ®oxicity.The relationship between drug-induced protein-
associated DNA cleavage and cytotoxicity has not been conclu
sively determined. Data supporting (3, 6, 19, 22, 41, 42) and
opposing (13) such a relationship have been published. Al
though the present survival assays (Fig. 5) showed enhanced m-
AMSA-induced cytotoxicity in proliferating as opposed to

quiescent cells, the degree of enhancement was not greater in
T98G than in 1508 cells as had been the case in DNA cleavage
assays (Fig. 1). We can only conclude once again (13) that a
simple relationship does not necessarily exist between the fre
quency of protein-associated DNA cleavage produced by a given
drug dose and the cytotoxic potency of that drug dose.

Although protein-associated DNA cleavage may directly re
flect the magnitude of the effects of a given drug treatment on
topoisomerase II function within cells, the complex relationship
between m-AMSA-induced DNA cleavage, cellular drug distri
bution, and cytotoxicity as exhibited in this study indicate that
further biochemical and genetic experiments are needed to
prove this connection. Nonetheless, drug-induced, protein-as
sociated DNA cleavage is most likely a result of the direct or
indirect effects of these antineoplastic compounds on some
portion of intracellular topoisomerase II and may prove to be
a useful indicator of the function of that enzyme within living
cells. As such, the measurement of protein-associated cleavage
in cells in which other biochemical processes can be controlled
and monitored such as DNA synthesis rates, transcription, or
cell cycle phase distribution may identify a role for topoisom
erase II in these processes and identify systems in which such a
role could be proven or refuted.
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