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but not Mitoxantrone or Doxorubicin, Induces Degradation of Nuclear DNA in
the S Phase of HL-60 Cells1
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ABSTRACT

Short-term (2-6 h) exposure of human promyelocytic HL-60 cell
cultures to the DNA topoisomerase I inhibitor camptothecin (0.05 0.5
MR/nil)or to the topoisomerase II inhibitor, teniposide (VM-26; 0.3-3.0
Â¿ig/ml)or 4'-(9-acridinylamino)methanesulfon-m-anisidide (amsacrine;
0.8 fÂ¿g/ml)triggered rapid degradation of DNA specifically in S-phase
cells. As a result of the selective death of S-phase cells, only (., cells
remained in these cultures. On the other hand, mitoxantrone (0.02-0.4
fig/ml) or doxorubicin (adriamycin; 0.4-10.0 Mg/ml)did not induce DNA
degradation in S phase but arrested HL-60 cells in S and G2 phases. In
contrast to HL-60 cells, human lymphocytic leukemic MOI. 1-4 cells
responded to all of these drugs (camptothecin, teniposide, amsacrine,
mitoxantrone, and adriamycin) at all concentrations tested, invariably by
being arrested in Gj and S phases and also by entering a higher DNA
ploidy cycle. The data illustrate the differences in the sensitivity of S-
phase cells in myelogenous versus lymphocytic leukemic lines to both
DNA topoisomerase I and II inhibitors and emphasize the tissue (leu
kemia type)-specific factors that modulate the cytostatic and cytotoxic
effects of these inhibitors. The qualitatively different response of HL-60
cells to camptothecin, teniposide, or amsacrine (by rapidly triggered
DNA degradation in S phase) as compared to mitoxantrone or adriamycin
(by cell arrest in G2 and S) suggests that, despite the generally assumed
common mode of action attributed to these drugs (i.e., via stabilization
of the cleavable DNA-topoisomerase complexes), there are significant
differences in the mechanisms by which they exert cytostatic/cytotoxic
effects.

INTRODUCTION

DNA topoisomerases are often considered to be the intracel-
lular targets of a variety of antitumor drugs. Indeed, such drugs
as CAM3 or etoposide, TN, and amsacrine (/n-AMSA) exert

their pharmacological activity via interaction with DNA topo
isomerase I or topoisomerase II, respectively (1-6). The mech
anism of action of some other intercalating drugs, however,
such as MTX, ametantrone, and doxorubicin (ADR) is not
entirely clear. Because these drugs also stabilize DNA-topoi
somerase cleavable complexes, they too are often classified as
inhibitors of topoisomerases and their pharmacological activity
is believed to be a result of these interactions (7, 8). On the
other hand, ample evidence indicates that other types of inter
actions, e.g., classical intercalation into DNA (9, 10), conden
sation of RNA and/or DNA (11), or even interaction with the
cell membrane (12), may play a role in the cytotoxic or cyto-
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static activity of the latter drugs.
In our earlier study using flow cytometry, we observed that

CAM, an inhibitor of topoisomerase I, induced degradation of
DNA specifically in S-phase cells of the myelogenous leukemic
lines, HL-60 and KG1 (13, 14). These data supported the
contention of Hsiang et al. (15), Zhang et al. (16), and Holm
et al. (2) that the cytotoxicity of CAM manifests when this drug
interacts with DNA topoisomerase I at sites of progression of
DNA replication forks. The flow cytometric detection of the
specific DNA degradation in S-phase cells, which is a rapid and
convenient method of analysis of such lesions, has been used to
analyze the effects of the DNA topoisomerase II inhibitors TN
and OT-AMSA, as well as ADR and MTX. We observed that,
like CAM, both TN and m-AMSA triggered DNA degradation
of S-phase HL-60 cells. In contrast, neither ADR nor MTX, at

any concentration tested, induced degradation of DNA in these
cells. These data suggest that, although DNA topoisomerases
seem to be the primary target of all of these drugs, interactions
of MTX or ADR responsible for their cytostatic or cytotoxic
effects on HL-60 cells may differ in significant points from
interactions of CAM, TN, and m-AMSA.

MATERIALS AND METHODS

HL-60 cells were kindly provided by Dr. Harry A. Crissman of the
Los Alamos National Laboratory (Los Alamos, NM). MOLT-4 cells
were obtained from the American Tissue Culture Association (Be-
thesda, MD). The cells were maintained in RPMI 1640 medium
(GIBCO, Grand Island, NY) supplemented with 10% fetal calf serum,
100 units/ml of penicillin, 100 Mg/ml of streptomycin, and 2 mM 1-
glutamine, as described earlier (13,17). All experiments were performed
on cells during their exponential phase of growth.

Stock solutions of TN (VM-26; kindly supplied by Dr. Henry H.
Holava of Bristol Meyers Co., Wallingford, CT), MTX (American
Cyanamid, Pearl River, NY), and CAM (Sigma Chemical Co., St.
Louis, MO) in dimethyl sulfoxide at concentrations of 50, 10, and 3
mM, respectively, were kept frozen at -40Â°C.ADR (Adria Laboratories,

Columbus, OH) was dissolved in sterile phosphate-buffered saline at a
concentration of 2 mM. Stock solutions were further diluted to the
desired concentrations with tissue culture medium. Control cultures
were treated with the equivalent concentrations of dimethyl sulfoxide
alone. Up to the maximal dose (0.1%), dimethyl sulfoxide had no
detectable effect on any of the measured parameters.

Cell cultures maintained at a density of approximately 3.5 x 10s

cells/ml were treated with various concentrations of the drugs for up
to 26 h. Cellular DNA and protein content were measured by flow
cytometry after cell fixation in 70% ethanol and staining with 1 jig/ml
of diamidino-2-phenylindole (kindly provided by Dr. Jan Kapuscinski
of this institute) and lOjig/ml of sulforhodamine 101 (Eastman Kodak,
Rochester, NY) dissolved in 10 mM piperazine-A',/V'-bis(2-ethanesul-

fonic acid) (Calbiochem, La Jolla, CA) buffer containing 100 HIMNaCl,
2 mM MgCl2, and 0.1% Triton X-100 (Sigma), pH 6.8 at 0-4Â°C,as

previously described (18). The fluorescence of individual cells was
measured with an ICP-22 flow cytometer (Ortho Diagnostics, West-
wood, MA) using the dichroic mirrors and emission filter combination
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as described previously (18). The data were stored and analyzed using
a Compaq Deskpro 386 computer. A Phoenix Flow Systems (San
Diego, CA) software package was used for data accumulation and
analysis. The Multicycle program was used for analysis of cell cycle
distributions. All experiments were performed at least twice.

RESULTS

In confirmation of our earlier results (13, 14), we observed
that, at different concentrations, CAM exerted entirely different
effects on HL-60 cells (Table 1). At a concentration of 0.01 jug/
ml, CAM arrested cells in G2 + M. Because microscopic obser
vation of cells from these cultures failed to reveal an increasing
number of mitotic cells, the arrest in "G2 + M" detected by

flow cytometry based on DNA content measurements actually
reflects cell arrest in G2 phase.

At a concentration of 0.05 /Â¿g/mland higher, the effects were
much different. At these higher concentrations, CAM caused
rapid disappearance of S and G2 + M cells from the cultures;
in effect, very few S and G2 + M cells remained 4-5 h after
addition of the drug (Table 1). Concurrently, cells with de
creased DNA content (below that of control G, cells) became
apparent. As we showed previously (13, 14), the disappearance
of S and G2 + M cells is a result of rapid and specific degrada
tion of DNA in these cells, triggered by CAM.

Effects similar to those induced by CAM were also observed
in HL-60 cultures treated with TN or w-AMSA (Fig. 1; Table
1). Shortly after the addition of these drugs to cultures, the
proportion of cells with a DNA content equivalent to that of
G2- and late S-phase cells was diminished and the cells with a
DNA content lower than that of G, cells became apparent. This
is clearly evident on the DNA frequency distribution histograms
(Fig. 1). After 24 h, nearly all S- and G2-phase cells were lost
in these cultures, whereas the G, cell peaks were still prominent
(not shown).

An entirely different pattern of change was seen in HL-60

cultures treated with ADR or MTX (Fig. 2; Table 1). In these
cultures, regardless of the drug concentrations and duration of
treatment (up to 24 h), ADR and MTX caused an increase in
the proportion of G2- and S-phase cells. As the cells accumu
lated in S and G2 phases, relatively few cells remained in G,

Table 1 Effect of the presumed inhibitors of DNA topoisomerases on the cell cycle
distribution of HL-60 cells

DrugCamptothecinTeniposidem-AMSADoxorubicinMitoxantroneConcentration(^g/ml)00.010.050.10.500.33.000.050.800.41.02.05.010.000.020.040.080.220.44Time
of

treatment(h)4244446636666248g88668888G,492072848249658245116245211202947422418121442%

cellsS383718810382218466135466056575052445651533548in:G2+M134310881313092839383323211142031354610

phase. Also, few cells with a DNA content lower than that of
GÃ¬cells (i.e., cells with degraded DNA) were present in these
cultures.

In contrast to HL-60 cells, MOLT-4 cells responded uni
formly to all drugs studied (Fig. 3; Table 2). MOLT-4 cells
accumulated in S and G2 phases of the cycle when treated by
each of the five drugs at each concentration tested. After 24-
26 h of cell exposure to these drugs, as a consequence of
constant, cumulative cell entrapment in G2, not only the d but
also (with the exception of cultures treated with MTX) the S
compartment became depleted of cells. Cell exit from d phase,
thus, was not markedly affected, and cell passage through S
phase, although slowed, was not totally blocked. Furthermore,
a significant number of MOLT-4 cells entered a higher DNA
ploidy level in the presence of these drugs.

Fig. 4 illustrates the DNA content distributions in MOLT-4
cells in cultures treated with 3 fig/ml of TN for 26 h. There
was a large proportion of dead or dying cells in these cultures,
whose DNA content was below that of G! cells, yet there was
still a significant number of cells with nondegraded DNA. These
cells, however, in contrast to cells with nondegraded DNA in
HL-60 cultures treated with TN or w-AMSA, had a DNA
content typical of cells in G2 phase and of higher ploidy, but
not of those in GÃ¬phase.

DISCUSSION

We showed previously (13, 14) and confirmed in the present
experiments that the DNA topoisomerase I inhibitor CAM, at
concentrations of 0.05 Mg/ml and above, triggers rapid degra
dation of DNA selectively in S-phase cells of the HL-60 and
KG1 myelogenous leukemic cell lines. The present data also
indicate that similar effects are induced by the topoisomerase
II inhibitors, TN and w-AMSA. Incubation of HL-60 cells with
each of these drugs resulted in rapid loss of S- and G2 + M-
phase cells from the cultures; G> cells were refractory to the
treatment. Because these effects were observed after a period
longer than the duration of G2 (2 h), the data could not reveal
whether the drugs had also triggered DNA degradation in G2-
phase cells.

Hsiang et al. (15) and Holm et al. (2) explained that the
cytotoxic effects of CAM result from the interaction of this
inhibitor with the enzyme at the sites of the advancing replica
tion forks. Apparently, the drug-stabilized topoisomerase I-
DNA cleavable complexes, when present at sites of moving
replication forks, trigger endonucleolytic activity. The present
data suggest that similar mechanisms may be responsible for
the cytotoxicity of TN and w-AMSA inasmuch as these topoi
somerase II inhibitors also induced DNA degradation selec
tively in S-phase cells. Most recently, D'Arpa et al. ( 19) reported

that, indeed, the cytotoxicity of w-AMSA may be a result of
interaction between the replication forks and the w-AMSA-
mediated topoisomerase II cleavable complexes. These authors
pointed out, however, that, in the case of w-AMSA, not only
the DNA replicative but also the transcriptional machinery may
be involved.

Induction of endonucleolytic activity by DNA topoisomerase
I or II inhibitors is modulated by tissue-specific factors; the
effect was observed in myelogenous leukemic cells but not in
the lymphocytic leukemic MOLT-4 line. In the latter cells, all
drugs tested in this study arrested cells in G2 phase and subse
quently triggered their entrance to higher DNA ploidy. There,
in the absence of cell division, a second round of DNA repli-
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Fig. I. Effect of teniposide (3.0 ng/ml, 3 h) and amsacrine (0.8 Mg/ml, 6 h) on the cell cycle distribution of HL-60 cells. CTR, control.

NOV

BOO

7OO

e
z 50D

3OO

aoo

CTR

32 64 SE IBB lEQ

O 33 64 96 128 16O

DMA Content

24D

IGn

SO

32 64 96 iae 16O

ADR

33 64 96 128 16O

Fig. 2. Effect of mitoxantrone [Novantrone (A"OF)] and doxorubicin (ADR) on the cell cycle distribution of HL-60 cells. Exponentially growing (CTR) cells were

treated with MTX (NOV), 0.02 ^g/ml for 6 h (A) and 0.04 ^g/ml for 8 h (Â«),or with ADR, 0.8 ng/ml for 6 h (C), 1.0 ng/ml for 8 h (O), or 0.4 xg/ml for 24 h (Â£).

cation was initiated. Our results with MOLT-4 cells conform
thus with the report of Kalwinsky et al. (20), who observed that
the epipodophyllotoxin VP-16-213 arrested CCRF-CEM cells
(which are of the lymphocytic leukemia lineage) in G2 phase
but did not trigger DNA degradation in S-phase cells. This type
of diversity in response to DNA topoisomerase inhibitors em
phasizes the tissue-specific factors that may modulate the cell
cycle regulatory mechanisms, as recently discussed by Baserga
(21).

MTX and ADR are both intercalating drugs. The mechanism
of their cytostatic and/or cytotoxic activity is not entirely clear.
The intercalative mechanism alone cannot fully explain their

pharmacological activity. Because these drugs are able to sta
bilize topoisomerase II-DNA cleavable complexes (7, 22, 23),
they are considered also to be inhibitors of topoisomerase II.
Their pharmacological activity is, therefore, attributed to this
mechanism. We observed, however, that the effects of MTX
and ADR were clearly different from those of CAM, TN, or m-
AMSA. Using widely differing concentrations of MTX or ADR
and varying the duration of treatment, we were never able to
observe any signs of DNA degradation of HL-60 cells in S
phase; these cells were always blocked in S and G2 phases. Also,
the data published by numerous authors (24-26) indicate that,
regardless of cell type and dose of ADR or MTX, GÃ¬arrest is
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Fig. 3. Effects of camptothecin (0.1 pg/ml, 8 h), teniposide (3.0 i/u ml, 3 h). amsacrine (0.8 fjg/ml, 6 h), doxorubicin (ADR; 0.8 Â»nml. 6 h), and mitoxanlrone
(NOV; 0.02 (ig/ml, 6 h) on exponentially growing (CTR) MOLT-4 cells.

Table 2 Effect of the presumed inhibitors ofDNA topoisomerases on the cell cycle
distribution of MOLT-4 cells

DrugCamptothecinTeniposidem-AMSADoxorubicinMitoxantroneConcentration00.10.103.03.000.80.400.80.800.020.4Time

of
treatment

(h)8824132666246624668%

cellsin:G,34120322203400341303310S54620597005480054730568378G2+M1226849874122082121481111622>"16261819

" The percentage of cells with a DNA content above the tetraploid value is

given in the last column (>).

the most conspicuous cell cycle effect of these drugs. These
contrasting effects of MTX or ADR versus m-AMSA or TN
thus indicate that, despite the fact that all four drugs can
stabilize the topoisomerase II-DNA cleavable complexes, there
may be a significant difference in the mechanism of their
cytostatic/cytotoxic activity. This difference may be related to
variation in stability of the drug-induced complexes of topoi
somerase II with DNA, as described by Fox and Smith (8).

The observed difference between TN or /n-AMSA and ADR
or MTX raises the possibility of using these drugs in combina
tion in the clinic. Because cellular targets of these drugs or
mechanisms of lesion repair may be different, a drug combina
tion (the drugs given together or in sequence) may provide more
effective antitumor activity than any of these drugs given alone.
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Content
Fig. 4. Cell cycle distribution in cultures of MOLT-4 cells treated with 3 ng/

ml of teniposide for 26 h.

In vitro studies of such a combination are currently in progress
in our laboratory.
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