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SUMMARY
Specific inhibitors of topoisomerase II (e.g., ICRF-193, an in-
hibitor of the catalytic activity of topoisomerase II and etopo-
side that stabilizes enzyme/DNA cleavable complexes) have
been used to probe the role of topoisomerase II in the fragmen-
tation of DNA during drug-induced apoptosis of human HL-60
leukemia cells. Topoisomerase II plays a role in the attachment
of 50-kilobase domains of DNA to the nuclear matrix; fragments
of this size are cleaved during apoptosis. Apoptosis was in-
duced by 50 �tM etoposide or 300 m� N-methylformamide
(NMF), a nongenotoxic agent. Treatment with etoposide or
NMF induced the morphology of apoptosis within 4 hr. Analysis
of DNA integrity by electrophoresis showed coincident frag-
mentation from 50 kb and to integers of 200 bp. Transient
protein-associated DNA strand breaks, characteristic of etopo-

side-induced damage, were visualized as DNA fragments of
>600 kb. Preincubation with ICRF-193 (100 �M) reduced the
number of etoposide-induced DNA strand breaks by 50% and
delayed the appearance of DNA fragmentation by -1 8 hr.
However, ICRF-1 93 had no effect on either NMF- or campto-
thecin-induced DNA fragmentation. The induction of apoptosis
by both etoposide and NMF was associated with a reduction in
the cellular levels of topoisomerases Ila and II�. ICRF-1 93
inhibited proteolytic cleavage of topoisomerase II induced by
etoposide but not by NMF. The data suggest that the activity of
topoisomerase II is not required for the cleavage of DNA to
50-kb fragments but that proteolysis of topoisomerase II rep-
resents a conserved event of apoptosis.

Biochemical events leading to an apoptotic cell death are of

two classes: those that may act as initiating events, or “trig-

gers,” and those that effect the commitment to death. The

nature of the effector(s) is uncertain. This uncertainty is a

reflection of the scant knowledge of biochemical events that

enact a morphologically highly conserved pattern of cell

death. It is presumed, however, that the biochemical effector

mechanisms may also be highly conserved. Which of these

biochemical events, represented by chromatin condensation

and cytoplasmic changes, irreversibly commits the cell to a

programmed cell death remains unanswered, but clearly ex-

tensive DNA fragmentation constitutes a fatal lesion.

The early dogma that internucleosomal DNA cleavage is

the biochemical event responsible for the appearance of con-

densed chromatin ( 1) has been challenged by us and others
(2-5). Accumulating evidence suggests that the changes in

nuclear morphology observed during apoptosis seem to be
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more closely correlated with the onset of higher-order chro-

matin fragmentation, an event that has been shown to pre-

cede (4, 6-7), or, in some cell types, to occur in the absence of

(3, 5, 8) internucleosomal DNA cleavage. Analysis of DNA

integrity in a variety of cells, including thymocytes (6, 9),

lymphocytes (10), and several epithelial cell types (3), has

demonstrated the generation of discrete DNA fragments of

-50 and -300 kb during apoptosis induced by a variety of

stimuli. The question remains of how such higher-order frag-

ments of DNA of chromatin are formed.

Topoisomerase II catalyzes the ATP-dependent transient

breakage and resealing of double-stranded DNA (1 1) and is a

major constituent of nuclear matrices isolated from inter-

phase nuclei and metaphase chromosomes (12, 13). Immuno-

localization studies showing it to be situated at the base of

chromatin loops (14) and demonstration of specific interac-

tion between topoisomerase II and DNA containing scaffold

attachment regions (15) suggest a structural role for topoi-

somerase II in the anchorage of chromatin to the nuclear
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matrix. Scaffold attachment regions are also highly enriched

in sequences homologous to the topoisomerase II cleavage

consensus sequence (16, 17).

Filipski et at. (18) reported that nuclease digestion of DNA

from isolated nuclei yielded discrete fragments of --50 and

-300 kb. They postulated that the 50-kb fragmentation pat-
tern reflected chromatin loop organization, whereas a 300-kb

periodicity resulted from cleavage of groupings ofthese loops

that form a higher-order chromatin structure. Treatment of

thymocytes with topoisomerase II poisons resulted in the
same pattern of chromatin cleavage. This could be reversed

by reincubation of the cells in drug-free medium, suggesting

that topoisomerase II may enzymatically cleave the DNA at

the base ofloops. However, we recently showed that the ends

of the 50-kb DNA fragments, formed during apoptosis, were
not associated with protein (5). The coincident proteolysis of

topoisomerase II that we observed may account for the po-
tential loss of topoisomerase II from the ends of these DNA

fragments (5). We now approached the determination of the
involvement oftopoisomerase II in apoptosis by using specific

inhibitors of the activity of topoisomerase II.

Etoposide is a nonintercalative topoisomerase II poison

that induces protein-associated DNA strand breaks through

stabilization of the covalently linked topoisomerase 11/DNA

cleavable complex (19, 20). In contrast, inhibition of topoi-

somerase II by ICRF-193 and other bis(dioxopiperazine) de-

rivatives (21) is characterized by direct interaction and at-

tenuation of the catalytic activity of the enzyme in the
absence of cleavable complex formation (22). Recent studies
have also shown that ICRF-193 and related compounds in-

hibit the formation of DNA/protein cross links and cytotox-

icity induced by a variety oftopoisomerase II poisons, includ-

ing etoposide, m-amsacrine, and Adriamycin (23).
The use of topoisomerase Il-specific poisons alone for the

study of mechanisms involved in the degradation of DNA

during apoptosis is complicated by the superimposition of the

DNA breaks arising directly from the inhibition of topoi-
somerase II activity and those initiated as a consequence of

the activation of apoptosis. In a recent study, we showed that
the DNA cleavage pattern induced by etoposide differed with

respect to cleavage induced by the drug (>600-kb fragments)

and to that representative ofthe apoptotic process itself (300-
and 50-kb fragments). We therefore also used NMF as an

agent that rapidly induces apoptosis ofhuman leukemia cells
(5, 24) but does not directly induce DNA damage or interact
with topoisomerase II to investigate a role for topoisomerase

II in the DNA fragmentation associated with apoptosis.

Materials

Experimental Procedures

All materials were obtained from Sigma Chemical Co. (Poole,
Dorset, UK) unless otherwise stated. Anti-topoisomerase a and f3

monoclonal antibodies were very generous gifts from Dr. F Drake
(Smith, Kline and Beecham, Herts, UK) and Dr. Ian Hickson (ICRF,
Oxford, UK), respectively. ICRF-193 was kindly provided by Dr.
Andrew Creighton (ICRF, London, UK). Anti-bcl-2 antibody was
purchased from Dako Limited (High Wycombe, Bucks, UK).

Cell Culture

HL-60 human promyelocytic leukemia cells (25) were maintained

in RPMI-1640 medium (Imperial Laboratories, Andover, Hampshire,

UK) supplemented with 2 rnr�i L-glutamine and 10% fetal calf serum

(Advanced Protein Products) at 37#{176}in an atmosphere of 95% air/5%

CO2 with 100% humidity. Cells were routinely maintained in loga-
rithmic phase growth between 1 x i05 and 1 x 106 cells/ml by

biweekly subculture and had an approximate doubling time of 24 hr.

Stock cultures of HL-60 cells were maintained for -20 passages
before reestablishment from frozen, banked cultures and were reg-

ularly tested to ensure that they were free of Mycoplasma contami-
nation. NMF, etoposide, CPT, or ICRF-193 was added to cells in the

logarithmic phase of growth. Cell samples were removed at prede-

termined time points for the assessment of DNA integrity or for
protein or flow cytometric analyses.

Detection of DNA Fragmentation

Conventional gel electrophoresis. Cells (106) were resus-
pended in 20 p.l oflysis buffer (10 misi EDTA, 50 mM Tris-HC1, pH 8,

0.5% sodium lauryl sarcosinate, and 0.5 mg/ml proteinase K) and

incubated for 1 hr at 50#{176}.RNase A was added (10 �.il at 0.5 mg/ml),

and the incubation was continued for 1 additional hr at 50#{176}.After the
addition of 10 �.tl of 10 mM EDTA, pH 8, containing 1% low temper-

ature gelling agarose, cell samples were loaded into dry wells of a 2%
agarose gel stained with ethidium bromide (0.5 �g/ml). Samples
were allowed to solidify for 5 mm before the gel was flooded with TPE

buffer (0.09 M Ths-phosphate, 0.002 M EDTA) and subjected to

electrophoresis at 40 V for 3-4 hr. DNA was visualized with a UV

transilluminator.

FIGE. FIGE was performed as we described previously (5) as a

modification of the method of Filipski et al. (18).

Immunoblotting. Immunoblotting was performed as detailed

previously (5). Briefly, cells were sonicated on ice to lyse the cells and

disrupt the nuclear matrices, and DNase was added to each sample
to prevent the retardation of topoisomerase II by etoposide-induced
DNA/protein complexes. The protein content of each whole-cell ex-
tract was then estimated with the use of Bio-Rad protein assay
reagent, and 75 .tg ofproteinllane was analyzed with sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (7% acrylamide resolving

geIJ4% acrylamide stacking gel). After the electrophoretic transfer of
proteins to nitrocellulose Immobilon-P PVDF membrane (50 mM

CAPS, pHil), gels were stained with Coomassie blue to visualize

remaining protein and to ensure that the gels had been equally

loaded. Topoisomerase ha was detected with affinity purified anti-

body raised against a dodecapeptide specific to human topoisomerase

1hz (p170) (26) and topoisomerase II�3 (p180) with the mouse mono-

clonal 8D7 (27). Immunodetection of bcl-2 protein also acted as a
control for equal loading. The antibody-specific proteins were visu-

alized using the enhanced chemiluminescence detection system (Am-
ersham, Buckinghamshire, UK) according to the manufacturer’s in-

structions.

Alkaline Elution

DNA SSBs were measured with alkaline elution (pH 12.1) as

described previously (28). Early logarithmic phase HL-60 cells (2 x
105/ml) were labeled for 24 hr with 0.015 �tCilml [‘4C}thymidine

(specific activity, 56 �.tCiJmmol; Amersham), centrifuged, and resus-
pended in fresh medium at 2 x iO� cells/mi for 2 hr before drug
exposure. After drug treatment, cells were collected by centrifuga-
tion and resuspended in ice-cold phosphate-buffered saline. Cells (8
x 10�) were loaded onto each filter and rinsed with 10 ml ice-cold

phosphate-buffered saline before lysis. For measurement of DNA
SSBs, cells were lysed with a sarcosyl lysis solution (0.2% sodium

dodecyl sarcosine, 2 M NaC1, 0.04 M EDTA, pH 10) onto 2 jtM poly-
carbonate filters (Millipore). DNA was eluted for 15 hr at 0.04 mu
mm with tetraethylammonium hydroxide, pH 12.1, containing 0.1%

sodium dodecyl sulfate. DNA remaining on the filter and in the filter

funnels was released as described previously (28). The frequency of
SSBs induced by etoposide was converted to rad equivalents using a

calibration graph derived from the number of SSBs produced by a
known X-ray dose.
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Fig. I . Flow cytometric analysis of apoptosis in
nonfixed HL-60 cells with Hoechst 33342 and
propidium iodide. Representative two-dimen-
sional frequency contour plot of blue Hoechst-
DNA fluorescence versus forward light scatter
(cell size) (A) after an 8-hr exposure of cells to
etoposide (50 �.LM). We excluded cellular debris
and red propidium fluorescence for the purpose
of data analysis. Morphological analysis con-
firmed that cells in region 2 exhibited features
characteristic of apoptosis (condensation and
fragmentation of chromatin). Those cells in region
1 were morphologically indistinguishable from un-

treated viable cells. Both drugs induced a time-
dependent decrease in cell viability. Analysis of
the number of cells in region 1 after exposure to
300 m�i NMF (B) or 50 �M etoposide (C) in the
presence and absence of 100 �.tM ICRF-193
showed that the etoposide-induced loss in cell
viability was reduced in the presence of ICRF-
193. In contrast, the number of cells in region 1
after exposure to NMF was unaffected by pre-
treatment with ICRF-1 93. B and C, Mean data ±

standard deviation from three independent exper-
iments.

Flow Cytometnc Analysis

Analysis of the kinetics of apoptosis was determined according to
a previously published flow cytometric method (29). Approximately 5
x iO� cells in 1 ml of medium were removed at predetermined time

points after drug addition (±ICRF-193). Hoechst 33342 was added to

each of the unfixed samples to a final concentration of 10 �.tM and

incubated for 5 mm at room temperature. Samples were then stained

with 10 p1 of propidium iodide (3.2 mg/ml) for 1-2 mm before flow

cytometric analysis with a Becton Dickinson FACS Vantage instru-

ment (San Jose, CA) equipped with a Coherent Enterprise laser set

to excite at 60 mW using the 337 nm line. Forward light scatter, blue

fluorescence (Ho342/DNA, log scale, 424 ± 44 nm), and red fluores-

cence (propidium/DNA, linear scale, 575 ± 22 nm) were measured for

each sample at a flow rate of 300-500 cells/sec. Data were analyzed
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as two-dimensional frequency contour plots of forward light scatter

versus log blue fluorescence after exclusion of cell debris and red

fluorescent events (PC-LYSIS software, Hewlett-Packard). Cell pop-

ulations were also sorted based on blue fluorescence intensity, and

the morphology was assessed with the use offluorescence microscopy

(29).

Results

Analysis of the kinetics of apoptosis. We first estab-
lished the kinetics of apoptosis in response to a range of

concentrations of NMF and etoposide by using a flow cyto-

metric assay (29) (data not shown). For a more detailed

study, we then selected a single concentration of each agent

(300 mM NMF or 50 �tM etoposide) that induced significant

levels of apoptosis in the absence of necrosis. Fig. 1A shows

representative data expressed as a two-dimensional fre-

quency contour plot of forward light scatter (cell size) versus

log blue Hoechst fluorescence (reflecting DNA content) col-

lected from the analysis ofHL-60 cells after an 8-hr exposure
to etoposide. To set the parameters for analysis, the data

obtained were first expressed as a forward versus orthogonal
light scatter plot, and a primary gate was positioned to ex-

dude cellular debris. Typically, -5% of the total events re-

corded for untreated cells were excluded. The percentage

debris increased to -20% under conditions shown to induce

significant levels of apoptosis. Of those events included

A

5Okbp

control NMF etoposide

2h 4h 8h 2h 4h 8h 2h 4h 8h

>600kbp

within the first gate, the percentage exhibiting red fluores-

cence (indicative of a permeable plasma membrane) was also

excluded and typically represented <2% of the total popula-
tion under each of the conditions examined. The remaining

population was then expressed as a two-dimensional fre-
quency contour plot of forward light scatter versus log blue

Hoechst fluorescence, as shown in Fig. 1A. Additional gates

were positioned to define the viable cell subpopulation (re-

gion 1) and that containing events showing significantly re-

duced blue Hoechst fluorescence and forward light scatter

(region 2). These events represent predominantly apoptotic

cells, although DNA-containing apoptotic bodies may also be

included. Fluorescence-activated sorting of these two sub-
populations and assessment of their morphology through the

fluorophore acridine orange and fluorescence microscopy (29)
showed that events within population 2 exhibited morpho-

logical features characteristic of apoptosis, including conden-
sation and fragmentation of chromatin (data not shown).

Statistical analysis of the data collected was then expressed

in graphic form to show the percentage of viable cells within

region 1 (Fig. 1, B and C) after treatment ofcells with 300 mM
NMF and 50 �M etoposide in the presence and absence of

ICRF-193 (Fig. 1, B and C, respectively). The onset of etopo-

side-induced apoptosis slightly preceded that induced by

NMF, with a significant increase above control level evident

by 2 hr (Fig. 1C). We then determined the effect of a range of

B

bp

1353

I 078
872
603

control NMF etoposide

4h 8h 2h 4h 8h 2h 4h 8h

Fig. 2. DNA fragmentation associated with NMF- or etoposide-induced apoptosis. FIGE of DNA isolated from untreated HL-60 cells (lanes 2-4)
and those exposed to 300 m�i NMF (lanes 5-?) or to 50 �.tM etoposide (lanes 8-10) (A). DNA markers are shown in lane 1 . DNA fragmentation in
response to both agents was observed from -50 kb. Conventional gel electrophoresis showed intemucleosomal DNA fragmentation (NMF, lanes
4-6; etoposide, lanes 7-9) (B).

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


9

TIme (hours)

5)

C

5)

4
z
C

U

0

C
0

U
Cs

U-

.01

V
5)
C

CS

5)

4
z
C

0

0

C
0

U
CS

U-

.1

-A-----

----A---

-0--

----0--

B

Control

ICRF-1 93

Etoposide

Etoposide

+ ICRF-193

Control

ICRF-1 93

NMF

N�vF

+ ICRF-193

:

0 3 6 9 12 15

846 Beere et aL

TIme (hours)

concentrations (50-200 �M) of the topoisomerase II inhibitor

ICRF-193 on apoptosis induced by NMF or etoposide (data
not shown) and a single concentration of ICRF-193 selected

for further study. Data in Fig. 1C show that preincubation

with 100 �M ICRF-193 significantly inhibited etoposide-in-
duced apoptosis, although it was one of delay rather than

complete abrogation. In contrast, preincubation of cells with

ICRF-193 had no effect on NMF-induced apoptosis (Fig. 1B).
Induction by NMF and etoposide of DNA fragmenta-

tion from -50 kbp. With the use of FIGE, the pattern of
higher-order chromatin fragmentation was determined in

response to 300 mM NMF and 50 �M etoposide (Fig. 2A).

Exposure of cells to 300 mist NMF induced the appearance of

a specific pattern ofDNA degradation (lanes 5-7): evidence of

fragmentation to -50 kb was just visible by 4 hr but was

A

clearly increased after 8 hr of drug treatment (lanes 6 and 7,

respectively). This correlates closely with the kinetics of the

onset of apoptosis determined through flow cytometric anal-

ysis (Fig. 1B). Incubation of cells with 50 p.M etoposide in-

duced a similar DNA cleavage pattern to produce fragmen-

tation from 50 kb that slightly preceded that induced by

NMF. In addition, a larger DNA band of >600 kb was ob-
served that was clearly visible before the detection of 50-kb

fragmentation (lane 8) and was seen to progressively de-

crease with time (lanes 8-10). Its transient appearance cor-

related with a progressive increase in the detection of frag-
mentation from 50-kb and to 200-bp DNA integers (see

below). The >600-kb band was apparent only in cells treated

with etoposide, not in cells exposed to NMF. The appearance

of DNA fragmentation from 50 kb was coincident with the

Fig. 3. The effect of the topoi-
somerase II inhibitor ICRF-193
on the induction of DNA strand
breaks by etoposide and NMF as
measured with alkaline elution
analysis. HL-60 cells were prom-
cubated with ICRF-1 93 (1 00 �M)

for 1 hr before exposure to eto-
poside (50 j.�M) (A) or NMF (300
mM) (B) for 1 additional hr before
analysis with alkaline elution.
Protein-associated DNA breaks,
induced by etoposide, were sig-

nificantly reduced in the pres-
ence of ICRF-193. No effect of
NMF on DNA integrity at �15 hr
after the initial 1 -hr exposure pe-
nod was detected with alkaline
elution analysis.
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detection of internucleosomal DNA cleavage to integers of
200 bp in response to both etoposide and NMF (Fig. 2B).

Inhibition by ICRF-193 ofthe induction of etoposide-
induced DNA SSBs. Cells were pretreated with ICRF-193
(100 j.�M) for 1 hr before the addition ofetoposide (50 �M) and

were then incubated in the presence of etoposide for 1 addi-
tional hr before analysis by alkaline elution. ICRF-193 pre-

treatment reduced the number of DNA SSBs induced by
etoposide (Fig. 3A); DNA damage (in rad equivalents) de-

creased from 565 for etoposide alone to 290 in the presence of

ICRF-193, a reduction of -50%. ICRF-193 induced a small
increase in SSBs (60 rad equivalents) compared with control.
NMF alone did not produce DNA SSB and did not alter the

frequency ofSSBs induced by ICRF-193 (Fig. 3B), confirming
its nongenotoxic mechanism of action.

Inhibition by ICRF-193 ofetoposide- but not NMF- or
CPT-induced 50-kb DNA fragments. Cells were preincu-
bated for 1 hr with 100 �M ICRF-193 before the addition of
either 300 mM NMF, 1 �M CPT, or 50 �.tM etoposide, and the
integrity of DNA was analyzed with FIGE. Preexposure of

cells to ICRF-193 before incubation with etoposide inhibited
the DNA fragmentation from 50 kb and to fragments corre-

sponding to >600 kb at s12 hr after drug treatment (Fig. 4A,
lanes 13-16). However, there was evidence of DNA fragmen-
tation after a 24-hr exposure to etoposide in the presence of

ICRF-193 (Fig. 4A, lane 16). Incubation with ICRF-193 alone
had no detectable effect on DNA integrity for �24 hr, after
which some fragmentation was observed (Fig. 4, A, lanes 5-8,

and C, lane 3). The kinetics of etoposide-induced fragmenta-

tion from 50 kb in the presence and absence ofICRF-193 (Fig.
1) was paralleled by data showing ICRF-193-mediated sup-

pression of etoposide-induced internucleosomal DNA cleav-

age (Fig. 5A, lanes 10-13). In contrast, preincubation of cells
with ICRF-193 had no inhibitory effect on NMF-induced

DNA fragmentation from 50 kb (Fig. 4B, lanes 5-12) or on

internucleosomal DNA fragmentation (Fig. SB, lanes 8-15).

Preexposure ofcells to ICRF-193 was shown to have no effect

on the pattern of CPT-induced DNA fragmentation to high

molecular weight fragments (Fig. 4C) or on internucleosomal

cleavage stimulated by the inhibition oftopoisomerase I (Fig.
SC), confirming the specificity of the ICRF-193 inhibition of
topoisomerase Il-mediated cleavage of DNA.

Inhibition of etoposide- but not NMF-induced topoi-
somerase II degradation by ICRF-193. Representative
Western blot analyses of the levels of topoisomerase 11cr and

III3 proteins in whole-cell extracts after exposure to either
NMF or etoposide are shown in Fig. 6. After exposure of cells
to 300 mM NMF, the level of topoisomerase IIa (Fig. 6) had

decreased significantly by 8 hr (lane 9). Evidence of a slight

decrease was observed by 4 hr (lane 8). Etoposide also in-

duced a time-dependent decrease in the level of topoisomer-

ase IIa protein (lanes 4-6) that, like the appearance of DNA

fragmentation (Fig. 2), slightly preceded that observed with

NMF. The level of topoisomerase II�3 protein was shown to

decrease in response to both agents (Fig. 6), although less
rapidly than that observed for topoisomerase 11/s. The level of

control ICRF-193

12345678

etoposide etoposide

+ ICRF-193

9 10 11 12 13 14 15 16

NMF NMF+
ICRF-1 93

12345678

C

�
C, �
0 -n
� �‘ 0
., ,o �
- �) -4 ‘�

-. .. ..

8h 24h 8h 24h 4h 8h 4h 8h

5Okbp 5Okbp

Fig. 4. The effect of the topoisomerase II inhibitor ICRF-193 on higher-order DNA fragmentation. HL-60 cells were preincubated with ICRF-193
(1 00 �M) for 1 hr before exposure to etoposide (50 �M) (A), NMF (300 mM) (B), or CPT (1 j.�M) (C) and analysis by FIGE. ICRF-1 93 significantly
delayed the onset of etoposide-induced 50-kb fragmentation (A, lanes 9-16). Neither NMF- (B, lanes 1-4) nor CPT- (C, lanes 5 and 6) induced
50-kb fragmentation was affected by ICRF-193 (B, lanes 5-8; C, lanes 7 and 8).
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bcl-2 protein was unchanged in response to both agents
throughout the duration of the experiment, confirming equal
loading of protein.

We next examined the effect of ICRF-193 on NMF- and
etoposide-induced topoisomerase II degradation. Fig. 7 shows

Fig. 5. The effect of the topoisomerase II inhib-
itor ICRF-1 93 on intemucleosomal DNA cleav-
age. HL-60 cells were preincubated with ICRF-
193 (100 �M) before treatment with 50 �a�i
etoposide (A) or 300 mM NMF (B) and analysis

with electrophoresis. ICRF-1 93 significantly de-
layed the onset of etoposide-induced intemu-
cleosomal DNA cleavage (A, lanes 10-13). In
contrast, NMF-induced intemucleosomal DNA
fragmentation (B, lanes 4-7) was unaffected by
ICRF-1 93 (B, lanes 8-1 1). Intemucleosomal
DNA fragmentation, induced by the topoisomer-
ase I inhibitor, CPT (C) was also unaffected by a
preincubation with ICRF-193 (C, lanes 14-17).

representative immunoblots for topoisomerases lIa and IIi3

after exposure to NMF or etoposide in the presence and

absence of ICRF-193. Preincubation with ICRF-193 pre-
vented the etoposide-associated decrease in the level of to-

poisomerase Ila protein (Fig. 7B, lanes 9-11). In contrast,
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topoisomerase II plays a structural role at these anchorage

bcl-2 a
(p170)

Fig. 6. Representative Western blot analysis of the levels of topoi-
somerase Ila (top) and II�3 (center) proteins after exposure of HL-60
cells to 50 ,�M etoposide (lanes 4-6) and 300 m� NMF (lanes 7-9). Both
agents were shown to induce a time-dependent decrease in the levels
of both topoisomerase II isoforms. In contrast, the level of bcl-2 protein
remained unchanged (bottom), confirming equal loading of protein.

NMF-associated degradation of topoisomerase IIa was not
prevented by the inclusion of ICRF-193 (Fig. 7A, lanes 3-8).

Similar results were obtained from Western blot analysis for
topoisomerase II� expression (Fig. 7C).

Discussion

An emerging model for the events that initiate apoptosis is

one in which a proteolytic cascade may be activated in the
cytoplasm; this then disseminates in some way to the nucleus

where cleavage of DNA ensues (30). DNA cleavage and the
associated condensation ofchromatin may be key steps in the
irreversible commitment of a cell to an apoptotic death. Our

recent work (3, 5) and that of others (2, 4, 6) had shown that
DNA cleavage yielded high molecular weight fragments be-
fore or even in the absence ofinternucleosomal DNA cleavage
(1). These higher-order fragments of DNA may represent a
stage integral with the appearance of condensed chromatin
(3, 5-7).

The results presented here show that HL-60 cells undergo

DNA degradation to -50-kb fragments after both genotoxic
and nongenotoxic challenge. Higher-order DNA fragmenta-

tion in this cell line is observed concomitant with the conden-
sation of chromatin and internucleosomal DNA cleavage

(Figs. 1 and 2). The data show that there is a coincident
rather than sequential appearance of 50-kb and 180-200-bp
integer fragmentation (Fig. 2, A and B). The coincidence of
internucleosomal DNA cleavage with the cleavage of higher-

order chromatin is reflected in the detection of DNA frag-

ments of <50 kb (Fig. 2A) and the simultaneous laddering

pattern (Fig. 2B). This contrasts with our previous study, in
which MOLT-4 cells showed cleavage to discrete 50-kb frag-
ments only and no ladder (5).

The appearance of DNA fragmentation from 50 kb sug-
gests that domains ofDNA may be cleaved at their anchorage
points (for a review, see Ref. 30). There is evidence that

13
(p180)

NMF +

ICRF-193

2h 4h 8h

Fig. 7. Representative Western blot analysis of the levels of topoi-
somerase lIe (A and B) and lI13 (C) isoforms after treatment with either
NMF or etoposide in the presence and absence of ICRF-1 93. HL-60
cells were preincubated with the topoisomerase II inhibitor ICRF-193
(1 00 pM) for 1 hr before treatment with 300 mM NMF or 50 �M etopo-
side. NMF induced a decrease in the level of both topoisomerase Ila (A,
lanes 3-5) and Ilj3 (C, lanes 3-5) (also shown in Fig. 8, lanes 7-9) that
was unaffected by a preincubation with ICRF-193 (A, lanes 6-8, and C,
lanes 6-8). In contrast, preincubation with ICRF-193 before treatment
of cells with etoposide was shown to abrogate the decrease in protein
levels observed in the presence of etoposide alone (B, lanes 9-1 1 , and
C, lanes 12-14).

points (see introductory paragraphs). Topoisomerase II is
also able to cleave DNA to produce a protein-associated dou-
ble-strand break; an obvious question is whether topoisomer-
ase II may be involved in the formation of higher-order frag-

ments of DNA. Apoptosis in MOLT-4 cells, induced by
etoposide or NMF, was associated with 50-kb DNA frag-
ments. These fragments acted as substrates for terminal

deoxynucleotidyltransferase, supporting the idea that DNA
3’-OH ends were not protein associated or occluded by topoi-
somerase II (5). However, because we observed that DNA
cleavage was accompanied by the breakdown of topoisomer-
ase II, it was possible that the 3’-OH ends became exposed
after proteolysis of topoisomerase II. We have therefore used
an inhibitor of the enzymatic activity of the topoisomerase II
enzyme, ICRF-193, to probe the possible involvement of the
enzyme in the release of 50-kb domains of DNA.

Preincubation of HL-60 cells with ICRF-193 was shown to

inhibit etoposide-induced DNA damage by 50%, as deter-

mined through alkaline elution analysis (Fig. 3A). This is in
agreement with earlier studies showing inhibition of etopo-
side-induced cleavable complex formation (22, 23, 31). ICRF-
193 also inhibited the onset of etoposide-induced apoptosis,
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ity.

as measured with flow cytometry (Fig. 1C), and the appear-

ance of DNA fragmentation from 50 kb and internucleosomal

DNA cleavage products (Figs. 4A and 5A, respectively). In

contrast to etoposide-mediated DNA degradation, NMF-in-

duced cleavage of DNA from SO kb and to internucleosomal

fragments was unaffected by pretreatment with ICRF-193

(Figs. 4 and 5). Similar data were obtained when we inves-

tigated the induction of apoptosis by the topoisomerase I

inhibitor camptothecin (Fig. 4C). This suggests that the

cleavage of DNA to 50-kb fragments does not require the

enzymatic activity of topoisomerase II.

Exposure of HL-60 cells to etoposide also induced the for-

mation of additional high molecular weight DNA frag-

ment(s). These were visualized as an unresolved band of

>600 kb before the detection of DNA fragmentation from SO

kb (Figs. 2A and 4A). The formation of this band was signif-

icantly reduced by preincubation with ICRF-193 (Fig. 4A).

NMF-mediated DNA fragmentation was characterized by the

absence ofa >600-kb band (Figs. 2A and 4B), suggesting that

it may be either a specific product of etoposide/topoisomerase

TI-induced damage or restricted to, and characteristic of,

etoposide-induced apoptosis. This result is essentially the

same as that observed during etoposide-induced apoptosis in

MOLT-4 cells (5). This again raises questions regarding the

location of topoisomerase II molecules on chromatin: stabili-

zation of cleavable complexes by etoposide did not produce

fragments of 50-80 kb, the suggested size ofthe topoisomer-

ase Il-attached “domains” (for a review, see Ref. 30), as might

have been expected. The kinetics of the appearance of DNA

fragments of >600 kb is therefore indicative of topoisomerase

Il-associated cleavable complex formation (10) (Fig. 3) at

sites located a greater distance apart on chromatin than has

been suggested. Inhibition ofthe formation ofthese breaks at

>600 kb by ICRF inhibits both the subsequent DNA cleavage

and the associated proteolysis of topoisomerase II.

What is the mechanism by which the SO-kb DNA frag-

ments are generated if it does not involve topoisomerase II

activity? NMF-induced apoptosis in the presence of ICRF-193

(Figs. 4B and SB) does not support the idea that topoisomer-

ase II is involved in the cleavage of DNA to -SO-kb frag-

ments, nor does our previous work, in which we suggested

that the 3’-OH ends of SO-kb DNA fragments were not pro-

tein associated (5), support the idea of an active role for

topoisomerase II in the cleavage of DNA during apoptosis.

However, the coincident degradation of topoisomerase IIa

and II� proteins (Fig. 6) with the appearance of DNA frag-

mentation suggests that proteolysis of nuclear structural

proteins (32) may facilitate some change in chromatin topol-

ogy that promotes subsequent cleavage by endonuclease(s).

The rapid proteolysis of lamins during apoptosis (33) has

similarly been suggested to allow access of cytoplasmic en-

zymes, such as DNAse I, to the nuclear compartment, result-

ing in internucleosomal DNA cleavage (34, 35). The impor-

tance of proteolysis in the nonrandom cleavage of DNA

during drug-induced apoptosis has also been demonstrated

in both HL-60 cells and thymocytes (32, 35-37). Continued

investigation into the role of cytoplasmic proteases in the

initiation of nuclear changes may provide insight into the

critical events determining a programmed loss of cell viabil-
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