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SUMMARY
Apoptosis is characterized by the nonrandom cleavage of DNA.
After continuous treatment of MOLT-4 human T lymphoblastoid
cells with the topoisomerase II inhibitor etoposide (50 iM) and
the nongenotoxic agent N-methylformamide (300 mM), apopto-
sis was confirmed by electron microscopy. Analysis of DNA
integrity by conventional gel electrophoresis failed to detect
internucleosomal DNA cleavage. Resolution of DNA by field
inversion gel electrophoresis showed fragments of 50 kilobases
(kb). Etoposide induced the transient appearance of an addi-
tional DNA band of >600 kb, which was temporally coincident
with DNA-protein complex formation and was rapidly reversible
upon drug removal. This DNA band was not observed after
N-methylformamide treatment. In situ DNA end-labeling

showed the incorporation of biotinylated dUTP into 50-kb DNA

fragments but not etoposide-induced DNA fragments of >600
kb. DNA end-labeling with terminal deoxynucleotidyltrans-

ferase was therefore not dependent upon internucleosomal
DNA cleavage, and fragments of approximately 50 kb were
characterized by free 3’-OH termini that were not occluded by
topoisomerase II protein. Although we considered that topoi-
somerase II potentially played an active role in the fragmenta-
tion of higher order chromatin during apoptosis, the results
showed that DNA cleavage by topoisomerase II induced re-
versible, protein-associated fragments of >600 kb and not
irreversible cleavage to 50-kb fragments. The reversible cleav-
age of DNA to fragments of >600 kb appears to be a signal for
the engagement of apoptosis and is not an initial step in the

sequential unwinding of chromatin.

The realization that apoptotic cell death occurs by a con-

served and genetically programmed mechanism has gener-

ated a hope that selective intervention in a process that can

be modulated may influence the course of the major degen-

erative diseases and cancer. However, remarkably little is

known about the biochemical events that irreversibly commit

cells to death by apoptosis. To date, the principal biochemical

feature that has been characterized is the nonrandom cleav-

age of DNA, a process that was thought to be associated with

one of the most highly conserved morphological features of

apoptosis, the condensation ofchromatin (1). It was reported

that DNA cleavage in cells undergoing apoptosis was medi-

ated by the activity of an endonuclease, yielding internucleo-

somal integer DNA fragments of approximately 180-200

base pairs that are visualized as the characteristic “ladder-
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ing” pattern when separated by conventional gel electro-

phoresis (2). Recently, however, FIGE analysis of the frag-

mentation pattern of DNA from different cell types has

shown that other changes in the integrity of chromatin may

be observed before, concomitantly with,2 or even in the ab-

sence of internucleosomal DNA cleavage (3-6). The forma-

tion of discrete DNA fragments of approximately 300 kb

and/or 30-50 kb has suggested that cleavage of “looped do-

mains” of DNA, possibly at attachment points on the nuclear

matrix, may occur independently of internucleosomal cleav-

age (4, 5). The suggestion that internucleosomal DNA cleav-

age and higher order DNA fragmentation are independent

events is supported by recent studies examining the ionic

dependence of apoptosis in murine thymocytes and isolated

rat liver nuclei (7, 8).

A number of reports suggest that the appearance of an

apoptotic morphology, characterized by chromatin condensa-

2 H. M. Beere, C. M. Chresta, and J. A. Hickman. Investigation of a role for

topoisomerase II in the cleavage of DNA during apoptosis of human promy-

elocytic HL-60 leukemia cells. Submitted for publication.
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tion, is not necessarily accompanied by internucleosomal

DNA cleavage and may instead reflect higher order DNA

degradation to 50-kb fragments. These reports include stud-

ies on DU-145 prostatic carcinoma cells (5), oligodendrocytes

(9), neuroblastoma cells (10), hepatocytes (11), and MOLT-4

human T lymphoblastoid cells (12, 13). The biochemical na-

ture of these fragments and the mechanism of their release

are of interest, not least with respect to the possibility that

they might be formed by the enzymatic activity of topoi-

somerase II. Topoisomerase II is considered to play a pivotal

role in the attachment of looped domains of DNA to the

nuclear matrix via interaction with specialized APF-rich re-

gions of DNA, termed matrix attachment regions (14). This

raised the possibility that DNA cleavage to approximately

50-kb fragments might be the result of double-strand cuts

mediated by the activity of topoisomerase II. If this was the

case, it might provide essential clues as to the how the

commitment to apoptosis occurs. We chose to investigate

whether morphological apoptosis in MOLT-4 cells was ac-

companied by the appearance of high molecular weight DNA

fragments and whether this might be indicative of the cleav-

age of DNA loop domains by the enzymatic activity of topoi-

somerase II.

TdT reactions are now commonly used for the detection of

apoptotic cells using appropriately labeled deoxynucleotides,

such as b-dUTP (15). We postulated that this reaction could

be used to distinguish topoisomerase Il-mediated loop re-

lease from that produced by endonuclease activity. Topoi-

somerase II covalently binds to the 5’-phosphate group of

DNA and conceals the 3’-OH ends. The TdT reaction relies on

the availability of free 3’-OH DNA ends, and therefore con-

cealment of DNA breaks by associated protein would prevent

the incorporation of deoxynucleotides. Consequently, DNA

fragment ends generated by, and presumably associated

with, topoisomerase II would not be labeled. The question

also arises as to whether the TdT reaction is able to label

high molecular weight DNA fragments, including those of

approximately 50 kb in size, or whether it is appropriate only

for cells in which blunt-ended DNA fragments are generated

by the endonuclease to produce internucleosomal cleavage

(16), as suggested previously (15). This is apposite to those

cell types that undergo morphological apoptosis without con-

comitant internucleosomal DNA cleavage and those in which

detection of apoptosis using the TdT method of detection has

produced anomalous results, for example, breast epithelia

(17).

We have used the MOLT-4 human lymphoblastoid cell line,

which was previously shown to undergo apoptosis with a

typical morphology but without internucleosomal DNA cleav-

age (12, 13). Our study shows that MOLT-4 cells stimulated

to undergo apoptosis after both genotoxic and nongenotoxic

damage exhibit 50-kb DNA fragments in the absence of in-

ternucleosomal cleavage. The nongenotoxic NMF was used

because of our concern that agents that directly or indirectly

damage DNA are widely used to evaluate changes in DNA

integrity during apoptosis and that the damage directly im-

posed by these agents may be superimposed upon that which

represents the apoptotic process itself. Data presented here

support this concern and allow discrimination between

changes in DNA integrity that are agent specific, and that

may act as a “trigger” for apoptosis, and those that represent

the conserved features of apoptosis.

Materials

Experimental Procedures

All materials were obtained from Sigma Chemical Co. (Poole,

Dorset, UK) unless otherwise stated. Anti-topoisomerase a and �3
monoclonal antibodies were very generous gifts from Drs. F. Drake

(SmithKline Beecham, King ofPrussia, PA) and I. Hickson (Imperial

Cancer Research Fund, Oxford, UK), respectively.

Cell Culture

MOLT-4 human T lymphoblastoid and human HL-60 promyelo-

cytic leukemia cells were both maintained in RPMI 1640 medium
(Imperial Laboratories, Andover, Hampshire, UK) supplemented

with 2 mM L-glutamine and 10% fetal calf serum (Advanced Protein

Products), at 37#{176}in an atmosphere of 95% air/5� CO2 with 100Yc

humidity. Cells were routinely maintained in logarithmic phase

growth and had an approximate doubling time of 24 hr. Stock cul-
tures of cells were maintained for approximately 20 passages before

reestablishment of stocks from frozen banked cultures. NMF or

etoposide was added to cells in the logarithmic phase of growth.

Detection of DNA Fragmentation

Conventional gel electrophoresis. After drug treatment, 106

cells were resuspended in 20 pJ oflysis buffer ( 10 mM EDTA, 50 mM

TrisHC1, pH 8, 0.5% sodium lauryl sarcosinate, 0.5 mg/mi PK) and
incubated for 1 hr at 50#{176}.RNase A was added (10 pJ, at 0.5 mg/ml)

and the incubation was continued for an additional 1 hr at 50#{176}.After

addition of 10 �tl of 10 m�t EDTA, pH 8, containing 1% low-melting
point agarose, cell samples were loaded into dry wells ofa 2’� agarose

gel stained with ethidium bromide (0.2 �g/ml). Samples were then
resolved by electrophoresis (40 V for 3-4 hr) using a 0.09 M Tris

phosphate/0.002 M EDTA buffer system, and DNA was visualized

using a UV transilluminator.
FIGE. Preparation of agarose plugs. Agarose plugs were prepared

according to a previously published method (18). Briefly, 4 x 106

cells were resuspended in 60 pA of nuclear buffer (10 mM TrisHCI,
pH 7.5, 150 mM NaCI, 5 mM MgCl2, 1 mM EGTA) and 70 p1 of 1.5%

low-melting point agarose prepared in nuclear buffer containing 0.4

mg/ml PK. Agarose plugs were then incubated overnight at 37#{176}in

sarcosyl lysis buffer (10 mM TrisHC1, pH 9.5, 10 mM NaCl, 25 mM

EDTA, 1% sodium sarcosinate) containing 200 �tg/ml PK, washed

three times (1 hr each time) in 10 mM TrisHC1, 1 mM EDTA, and
stored in 0.04 M EDTA at 4#{176}before analysis.

Gel electrophoresis. Samples, including a commercially prepared

DNA standard (50-1000 kb), were analyzed on a 1.5% agarose gel

using a horizontal electrophoresis system (model H4; BRL, Gaith-

ersburg, MD) in conjunction with a Pulsewave 760 electrophoretic
field switcher, programming block, and power supply (model 200/2.0;

Bio-Rad Laboratories, Hemel Hempstead, Hertfordshire, UK). The
pulsewave switcher was programmed to provide 0.5-sec forward and

10-sec reverse pulses for the first 19 hr (3:1 ratio), after which the
forward pulse was increased to 10 sec and the reverse pulse to 60 sec

for an additional 19 hr (3:1 ratio). A constant voltage of 150 V was
maintained throughout the total run time and a buffer system of 10
mM Tris acetate, 1 mM EDTA, pH 8.6, was used. The buffer was
recirculated continuously and the temperature was maintained at 4#{176}

throughout. After staining with ethidium bromide (0.5 �g/ml), the
gel was incubated with RNase A (20 �g/ml) in buffer for a minimum
of 3 hr at 37#{176}and photographed.

Immunoblotting

After drug treatment, cells were washed once in PBS containing

protease inhibitors (1 mM benzamidine, 1 mM phenylmethylsulfonyl

fluoride, 10 �g/ml soybean trypsin inhibitor, 50 .tg/ml leupeptin, and
1% aprotinin) and were resuspended at approximately 1 x i0� cells!

ml. Samples were then sonicated on ice to lyse the cells and disrupt
the nuclear matrices. DNase was added to each sample to a concen-
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firmed by flow cytometric analysis, which showed a mainte-

tration of340 units/ml, in the presence of 10 mM MgCl2, and samples

were incubated on ice for 1 hr, to prevent the retardation of topoi-

somerase II by etoposide-induced DNA-protein complexes. The pro-

thin content of each whole-cell extract was then estimated using the

Bio-Rad protein assay reagent, and 75 pg of protein/lane were ana-

lyzed by SDS-polyacrylamide gel electrophoresis (7% acrylamide re-

solving gell4% acrylamide stacking gel). After the electrophoretic
transfer of proteins to nitrocellulose Immobilon-P polyvinylidene

difluoride membranes (50 mM CAPS, pH 11), gels were stained with
Coomassie blue to visualize remaining protein and to ensure that the

gels had been equally loaded. Topoisomerase ha was detected using

affinity-purified antibody raised against a dodecapeptide specific to

human topoisomerase ha (170 kDa) (19), provided by Dr. F. Drake,

and topoisomerase 1113 (180 kDa) was detected with the mouse mono-
clonal antibody 8D7 (20), supplied by Dr. I. Hickson. After an addi-

tional 45-mm incubation with goat anti-mouse IgG-horseradish per-
oxidase conjugate (1/1000 dilution) and repeated washings with 0.3%
and 0.1% Tween 20 in Tris-buffered saline, the antibody-specific
proteins were visualized using the enhanced chemiluminescence de-

tection system (Amersham International), according to the manufac-
turer’s instructions.

Determination of Topoisomerase II Activity

Nuclear extracts. After drug treatment, approximately 4 x i0�
exponentially growing MOLT-4 cells were washed once with 10 ml of

buffer A (5 mM KH2PO4, pH 6.4, 150 mM NaCl, 0.1 mist EDTA, 1 mM

dithiothreitol, 5 mM MgC12, 10% glycerol, 1 mi�i phenylmethylsulfo-

nyl fluoride, 1 mM benzamidine, 10 MM pepstatin, 10 ,.�M leupeptin),
resuspended in 2.5 ml ofbuffer A containing 0.3% Triton X-100, and

then rotated gently for 10 mm. The nuclear suspension was centri-

fuged (1000 x g at 4#{176}for 10 mm) and the pellet was washed with 5
ml of buffer A, resuspended in 0.4 ml of nuclear extraction buffer

(buffer A containing 0.35 M NaCl), and incubated on ice for 30 mm,

with gentle stirring. Nuclear extracts were then centrifuged for 15

mm (12,000 x g at 4#{176})and the protein concentration of each sample
was determined using the Bio-Rad acid protein assay (Bio-Rad Lab-

oratories, Munich, Germany). Nuclear extracts were frozen immedi-
ately and stored at -80#{176}, and topoisomerase II activity was mea-

sured within 4 days.
Decatenation assay. Nuclear extract, of the appropriate protein

concentration, was added to a reaction mixture containing 50 mM

TrisHC1, pH 8, 10 mM MgC12, 100 mM KC1, 5 mM EDTA, 5 mM

dithiothreitol, 1 mM ATP, and 200 ng of kinetoplast DNA, and the
reaction was allowed to proceed at 37#{176}for 15 mm. Reactions were

arrested by the addition ofloading buffer (1% SDS, 0.5% bromphenol

blue, 30% glycerol), after which the samples were electrophoresed in
1.2% agarose gels at 1 V/cm for 16 hr in Tris/borate/EDTA buffer, pH
8. Liberated minicircles were quantified by densitometric analysis of

photographic negatives of the ethidium bromide-stained agarose
gels, using a Joyce-Loebl Chromoscan 3 densitometer.

Measurement of DNA-Protein Complexes

MOLT-4 cells were seeded at approximately 3 X 106/ml and incu-
bated with 0.2 �.tCiJml [‘4C]leucine and 0.6 .tCiIml [3Hlthymidine for
approximately 18 hr at 37#{176}.After prelabeling, cells were exposed to
300 mM NMF or 50 �M etoposide for the appropriate incubation time.

Cells were then harvested by centrifugation and the reaction was

arrested by the addition of 0.5 ml of warm stop buffer (2.5% SDS, 10

mM EDTA, 0.8 mg/ml salmon sperm DNA). Cell lysates were passed
10 times through a 22-gauge syringe needle, incubated for 15 mm at

65#{176},and after the addition of 112 �.il of 1 M KC1, were incubated for 10

mm on ice. Samples were centrifuged (12,000 x g) for 5 mm at 4#{176},1

ml of wash solution (10 mM TrisHC1, pH 8, 100 mM KC1, 1 mM

EDTA, 0. 1 mg/ml salmon sperm DNA) was added, and the pellets
were heated at 65#{176}for 15 mm and centrifuged at room temperature

for 10 sec. This washing procedure was repeated three times. After
the final wash, the pellet was dissolved in 0.5 ml ofwater by heating

to 65#{176}.The samples were then transferred to scintillation vials con-

taming s ml of INSTA-GEL scintillation cocktail and the amount of

radioactivity was determined. Data were expressed as the ratio of
[3H]thymidine radioactivity (dpm) to F’4Clleucine radioactivity.

Transmission Electron Microscopy

After drug treatment, MOLT-4 cells were collected by centrifuga-

tion and prepared for transmission electron microscopy according to
a previously published method (21). Briefly, cells were washed twice
with 0. 1 M sodium cacodylate buffer, fixed for 1 hr at room temper-

ature with 2% glutaraldehyde and 2% paraformaldehyde in 0.1 M

sodium cacodylate buffer, washed an additional three times with 0.1

M sodium cacodylate buffer, and then incubated for 1 hr with 1%

osmium tetroxide. Cells were then maintained overnight at 4#{176}in the

presence of 0.5% magnesium uranyl acetate and the following day

were dehydrated through an alcohol gradient. Cells were resus-

pended in Spun’s resin and maintained overnight at room temper-

ature. After three resin changes, cells were resuspended in fresh
resin, transferred to Been-type embedding capsules, and allowed to

polymerize overnight at 60#{176}.Sections (60 nm) were cut and examined

using an AE1 801/1 Phillips 201 transmission electron microscope.

TdT Assay

Cells were prepared according to a previously published method

(15). After drug treatment, MOLT-4 cells were collected by centrif-

ugation and fixed in 1% formaldehyde in PBS for 15 mm on ice. After
centrifugation, the pellet was resuspended in 200 �l ofPBS, and 1 ml

of 70% ice-cold ethanol was added immediately. Samples were then

stored at 4#{176}until analysis (1-4 days). After rehydration in PBS for

15 mm, the cells were resuspended in 50 pi of cacodylate buffer

containing 5 units of TdT (Boehringer-Mannheim, Indianapolis, In-
diana), 2.5 mM CoC12, 0.2 M potassium cacodylate, 25 mM Tris�HCl,

pH 6.6, 0.25 mg!ml bovine serum albumin, and 0.5 nmol of b-dUTP

(Boehringer-Mannheim) and were incubated at 37#{176}for 30 mm. Cells
were then washed in PBS, resuspended in 100 ml of staining buffer

(2.5 ng/ml fluoresceinated avidin, 4x saline sodium citrate buffer,

(lx = 0.15 M NaC1, 0.015 M sodium citrate, pH 7.0) 0.1% Triton
x-100, 5%, w/v, nonfat dry milk), and incubated for 30 mm at room

temperature in the dark. The cells were then rinsed in PBS contain-

ing 0.1% Triton X-100 and were resuspended in 0.5 ml of PBS

containing 67 �l of propidium iodide (3.2 mM), for 5 mm before

analysis. Briefly, incorporated b-dUTP was visualized with fluores-

ceinated avidin, and red propidium-DNA fluorescence was measured

with a FACS Vantage fluorescence activated cell sorter (Becton

Dickinson, San Jose, CA). The data from iO�’ cells were collected,

stored, and analyzed using LYSYS II software. Cell cycle distribution

was analyzed using Cellfit software (15, 22).

Results

Expression of morphological features associated

with apoptosis of MOLT-4 cells. We first examined the

morphology ofMOLT-4 cells by transmission electron micros-

copy (Fig. 1) after treatment with 300 m�vi NMF, a nongeno-

toxic toxin,2 and 50 jtM etoposide, a topoisomerase II poison

that induces protein-associated, double-strand DNA breaks

(23-25). Untreated cells (Fig. 1A) contained large nuclei sur-

rounded by a thin margin of cytoplasm. In contrast, after

incubation with NMF (Fig. 1B) or etoposide (Fig. 1C), cells

were observed to have shrunken nuclei, nucleolar clisintegra-

tion, and extensive margination and condensation of the

heterochromatin toward one pole of the cell. The integrity of

the plasma membrane was apparently maintained and the

cells themselves did not appear shrunken. This was con-
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nance of the forward-scatter signal, an indicator of cell size fragmentation, which was easily detectable within 2 hr (Fig.

(data not shown). 2A, lane 7). Exposure of cells to etoposide also induced the

Induction by NMF and etoposide of the formation of transient appearance of a larger, unresolved, DNA band of

approximately 50-kb DNA fragments. Although it was >600 kb. This band was clearly visible within 2 hr of drug

previously shown that apoptotic MOLT-4 cells do not un- exposure but, in contrast to the formation of 50-kb DNA
dergo internucleosomal DNA cleavage ( 12, 13), the pattern of fragments, was seen to progressively decrease with time (Fig.
higher order chromatin fragmentation in this cell type had 2A, lanes 7-9). This decrease correlated with a progressive
not been characterized. We investigated DNA integrity in increase in the formation of 50-kb DNA fragments. The
MOLT-4 cells after incubation with NMF (300 mM) or etopo- >600-kb band was not detected in cells treated with NMF.
side (50 SM), using FIGE (Fig. 2A). Exposure of cells to NMF The integrity of DNA isolated from untreated cells was
(Fig. 2A, lanes 4-6) or etoposide (Fig. 2A, lanes 7-9) induced clearly maintained (Fig. 2A, lanes 1-3). We were unable to
the formation of discrete DNA fragments, of approximately

50 kb in both cases. Evidence of DNA fragmentation was
detect internucleosomal DNA fragmentation in MOLT-4 cells

(Fig. 2B) after treatment with either NMF (Fig. 2B, lanes 6-8)
observed after a 4-hr exposure to 300 m�i NMF (Fig. 2A, lane

5) and was significantly increased by 8 hr (Fig. 2A, lane 6).

Treatment of cells with etoposide also induced 50-kb DNA

or etoposide (Fig. 2B, lanes 9-11). In contrast, the human

myelocytic leukemia cell line HL-60 clearly showed internu-

cleosomal DNA cleavage after an 8-hr incubation with 300

mM NMF (Fig. 2B, lane 2).
control NW etoposide

A 204h8h 2h4hRh 25 45 85

Characterization of DNA damage associated with

etoposide- and NMF-induced apoptosis. FIGE showed

that exposure of MOLT-4 cells to etoposide, but not NMF,

induced the formation of an unresolved band containing DNA

SOOkbp
fragments of >600 kb, in addition to those of 50 kb (Fig. 2A).

We wished to determine whether these DNA fragments were

protein associated, because etoposide induces covalent bind-

ing between topoisomearase II and DNA (23, 25). The fre-

quency of topoisomerase Il-DNA complexes can be deter-

SOkbp mined using an SDSIKC1 assay, which specifically

precipitates protein-bound but not free DNA. Exposure of

MOLT-4 cells to 300 m�i NMF for up to 8 hr failed to induce

the formation of DNA-protein complexes (Fig. 3A), suggest-

ing that the 50-kb fragments were not protein associated. In

contrast, exposure of cells to 50 �.tM etoposide for 30 mm

Fig. 2. NMF- and etoposide-induced DNA fragmentation. A, FIGE of induced a rapid 6-fold increase in the number of DNA-protein

DNA isolated from untreated MOLT-4 cells (lanes 1-3) or cells exposed complexes (Fig. 3A). After 8 hr the frequency of DNA-protein
to 300 mM NMF (lanes 4-6) or 50 �M etoposide (lanes 7-9). Lane 10,
DNA markers. DNA fragments of approximately 50 kb were produced in
response to both agents. An additional, unresolved, DNA band of >600
kb appeared transiently in cells incubated with etoposide (lanes 7-9). B,

complexes decreased to approximately twice the basal level.

The rapid rise and subsequent decline in protein-DNA com-

plex formation after exposure to etoposide (Fig. 3A) was

Conventional gel electrophoresis, which failed to demonstrate internu- paralleled temporally by the transient appearance of the
cleosomal DNA cleavage in MOLT-4 cells in response to either NMF
(lanes 6-8) or etoposide (lanes 9-1 1). Exposure of HL-60 cells to 300 mr�i
NMF for 8 hr clearly showed cleavage of DNA into 200-base pair
integers, to produce laddering (lane 2). Molecular weight markers (lane
1) and untreated cells (lanes 3-5).

>600-kb band observed with FIGE (Fig. 2A) and proteolytic

degradation of topoisomerase II (see below). However, anal-

ysis of DNA isolated from cells exposed to 300 mr’s NMF

showed no evidence of the >600-kb DNA band (Fig. 2A), and

DNA Cleavage in Apoptotic Lymphoid Cells 989

Fig. 1. MOLT-4 cell morphology. MOLT-4 cells were incubated in the absence of drug (A) or in the presence of 300 m� NMF (B) or 50 �M
etoposide (C) for 8 hr. Cells were prepared as described in Experimental Procedures, and ultrathin sections were examined for changes in
morphology. After exposure to NMF and etoposide, several of the morphological features associated with apoptosis, including extensive
margination and fragmentation of chromatin, were evident. Magnification, 7500x.
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Fig. 3. Protein-associated DNA breaks induced by NMF and etopo-
side. MOLT-4 cells were prelabeled with [�H}thymidine and [14C]leucine
before exposure to NMF or etoposide. The number of protein-associ-
ated DNA breaks was quantitated by scintillation counting after salt
precipitation (see Experimental Procedures). A, Cells were continuously
exposed to NMF (300 mM) or etoposide (50 �M) and samples were
removed after 30 mm, 1 , 2, 4, and 8 hr of treatment. B, To determine the
reversibility of etoposide-induced DNA breaks, cells were exposed to
etoposide for 30 mm before drug removal and continued incubation in
drug-free medium. Samples were removed at 1 , 2, 4, and 8 hr after drug
removal. The mean ± standard error values, expressed as 3H/14C
ratios, of three independent experiments are shown.

protein-DNA complexes were not detected (Fig. 3A). Tran-

sient exposure ofcells to 50 j.tM etoposide for 30 mm,followed

by drug removal and continued incubation in drug-free me-

dium, showed rapid reversibility of the protein-associated

DNA breaks (Fig. 3B). FIGE analysis ofDNA also showed the

reversibility of the >600-kb DNA band (see below). The ob-

servations shown in Fig. 3 are consistent with the formation

of etoposide-mediated DNA strand breaks, induced by the
stabilization of topoisomerase Il-DNA cleavable complexes.

Detection of higher order DNA fragmentation by

end labeling with TdT. The morphological appearance of

apoptosis in MOLT-4 cells was coincident with the release of
50-kb DNA fragments (Figs. 1 and 2A) and occurred in the
absence ofinternucleosomal DNA degradation (Fig. 2B). Ear-

her studies, using rat thymocytes and chicken erythroblas-
toid cells, suggested to us a potential role for topoisomerase II

in the release of 50-300-kb loops of chromatin (18, 26). Dur-

ing topoisomerase TI-mediated cleavable complex formation

(see above), the enzyme molecule forms a covalent link with
the 5’-phosphate of DNA and is noncovalently bound to the

3’-OH end of DNA. In an attempt to determine the nature of

the termini of DNA fragments detected during apoptosis

(Fig. 2A) and the potential role of topoisomerase II in their

release, we used the TdT assay. Fig. 4A shows representative

flow cytometric data from three independent experiments,

expressed as a two-dimensional frequency contour plot show-
ing green (TdT-incorporated b-dUTP) versus red (DNA) flu-

orescence, collected from analysis of untreated MOLT-4 cells

or after an 8-hr exposure to etoposide or NMF. Treatment of

cells with either etoposide or NMF induced the appearance of

a subpopulation of cells exhibiting increased green fluores-

cence, compared with control (Fig. 4A, subpopulation above
the dashed line). The DNA content of this subpopulation,

measured by the binding of propidium to DNA, was essen-

tially unchanged. The kinetics of b-dUTP incorporation are

shown in Fig. 4B. Etoposide-induced DNA damage, which
was detected within 2 hr ofdrug treatment (Figs. 2A and 3A),
was not labeled by this assay, presumably because the 3’-OH

termini of the DNA breaks were concealed by topoisomerase

II. Significant b-dUTP incorporation was observed only after

a 4-hr continuous exposure to etoposide and was seen to

increase significantly by 8 hr. Similarly, NMF-induced DNA

fragmentation was labeled by TdT, although the percentage

of b-dUTP incorporation was significantly less than that ob-

served with etoposide. Comparison of the kinetics of the

appearance of TdT-positive cells (Fig. 4B) and the release of
50-kb DNA fragments (Fig. 2A) suggests that these frag-

10 ments are the substrates for TdT.

Investigation of the reversibility of DNA fragmenta-

tion. DNA damage induced by topoisomerase II inhibitors is
characterized by its reversibility after reincubation in drug-

free medium (27). If DNA breaks observed with FIGE during

apoptosis are the product of functional topoisomerase II mol-

ecules, then it might be argued that removal of toxin would

allow their resealing. In an attempt to distinguish between

DNA breaks associated with apoptosis and those resulting

directly from etoposide-mediated topoisomerase II poisoning,

we investigated the reversibility of DNA fragment formation
upon drug removal (Fig. 5). The reversibility of DNA damage

was studied using two topoisomerase II inhibitors, etoposide

and its more potent congener teniposide, which had already

been shown to induce the release of 200-300-kb DNA frag-

ments (18, 26).

MOLT-4 cells were treated with 50 .tM etoposide either

continuously or for 60 mm, followed by reincubation in drug-

free medium (Fig. 5A). Continuous incubation with 50 �M

etoposide (Fig. 5A, lanes 12-14) induced 50-kb DNA fragment
formation after 2-4 hr, as well as an unresolved DNA band of

>600 kb. This high molecular weight band showed a time-
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Fig. 4. A, Incorporation of b-dUTP, by exogenous TdT, into the DNA of MOLT-4 cells treated for 8 hr with either etoposide (VP- 16) (50 �M) or NMF
(300 mM). For each time point 1O� cells were analyzed by multiparameter flow cytometry. Cells with green fluorescence above the dashed line, cells
considered positive for the TdT assay. DNA content was assessed simultaneously by staining with propidium. The result is a representative
example of three independent experiments. B, Frequency of apoptotic cells, determined by TdT labeling of formaldehyde-fixed cells. Cells were
treated for the indicated times with either etoposide (50 �M) or NMF (300 mM) and the percentage of TdT-positive cells was determined as
described for A. The means ± standard errors of three independent experiments are shown.

dependent decrease in intensity concomitant with the pro- specific DNA damage was also detected as an unresolved

gression to 50-kb DNA fragments (Fig. 5A, lanes 11-14) (also band of >600 kb (Fig. 5A, lane 4). Removal of etoposide after

see Fig. 2A). After transient exposure to etoposide, drug- 60 mm and continued incubation in drug-free medium (Fig.
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Fig. 5. Reversibility of DNA fragmentation induced by etoposide (50 �M) and teniposide (20 )LM). Cells were transiently exposed to etoposide or
teniposide before drug removal and continued incubation in drug-free medium. DNA fragments of approximately 300 kb and >600 kb were readily
reversible after the removal of both etoposide (A, lanes 5-10) (-) and teniposide (B, lanes 8-1 1) (-). However, 50-kb fragmentation still proceeded
with kinetics identical to those observed in cells continuously exposed to etoposide (A, lanes 1 1-14) (+) or teniposide (B, lanes 2-6) (+). Incubation
of cells with etoposide for 1 , 2, or 4 hr before continued incubation in the absence of drug showed that the formation of 50-kb DNA breaks was
irreversible (C).

5A, lanes 8-10) showed a significant and rapid (within 5 mm)

reduction in the amount of this higher order DNA damage
(>600 kb) (Fig. 5A, lane 5). This reversal was maintained

thereafter (Fig. 5A, lanes 5-10). However, it did not prevent
the subsequent formation of a discrete 50-kb DNA fragmen-

tation pattern (Fig. 5A, lanes 7-10). Comparison ofthe kinet-
ics of 50-kb DNA fragmentation observed in cells exposed

transiently to etoposide (Fig. SA, lanes 5-10) and those ex-

posed continuously to drug (Fig. SA, lanes 11-14) showed no

detectable difference. The reversal of fragmentation to >600
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kb is consistent with data showing the rapid resealing of

etoposide-induced, protein-associated DNA breaks (Fig. 3B).

Continuous exposure of MOLT-4 cells to 20 �M teniposide

(Fig. SB, lanes 3-7) also induced the appearance of an unre-

solved DNA band of >600 kb in size, in addition to 300-kb

DNA fragments (Fig. SB, lane 3). Removal of teniposide after

a 30-mm exposure (Fig. SB, lane 7) and continued incubation

in teniposide-free medium showed the reversal of both 300-
and >600-kb DNA fragment formation within 10 mm (Fig.

SB, lane 8). DNA fragments of SO kb were not detected until
after 3 hr and were found both in cells continuously exposed

to teniposide (Fig. SB, lanes 5 and 6) and in those transiently

exposed to teniposide (Fig. SB, lanes 10 and 11). The detec-

tion of SO-kb DNA fragments was coincident with the mor-
phological appearance of apoptosis (data not shown).

Filipski et al. (18) previously showed the early induction

(30 mm) and reversibility of SO-kb DNA fragmentation in-

duced after the treatment of rat thymocytes with the topoi-

somerase inhibitor mAMSA. We were unable to demonstrate

the early induction of SO-kb DNA fragmentation in MOLT-4
cells after mAMSA treatment, although higher order DNA
damage of >600 kb and 300 kb was evident and was shown

to be reversible (data not shown). We examined the possibil-

ity that the DNA cleavage pattern to SO-kb fragments pro-

duced in cells exhibiting morphological features of apoptosis

might be reversible (Fig. SC). MOLT-4 cells were treated

with SO �.tM etoposide for 1, 2, or 4 hr. The drug was then

removed and DNA samples were prepared after an appropri-

ate drug-free recovery period (Fig. SC). Exposure of cells to
etoposide for 1 hr (Fig. SC, lane 4) did not immediately induce
SO-kb fragments. However, after either a 2-hr (Fig. SC, lane

7) or 4-hr (Fig. SC, lane 10) incubation with etoposide, SO-kb
DNA fragmentation was evident. Removal of etoposide after

exposure times of 1 hr, 2 hr, and 4 hr all showed progressive

SO-kb DNA fragmentation (Fig. SC, lanes 4-12), with kinetics

identical to those seen in cells continuously exposed to eto-
poside (Figs. 2A and SA), demonstrating that these frag-

ments are irreversible (compare with those at >600 kb in Fig.

SC, lanes 4 and 10).

Coincidence of the formation of 50-kb DNA frag-

ments with the degradation of topoisomerase II pro-

teins. Evidence suggests that topoisomerase II may have a

structural role in the attachment of chromatin loops to the
nuclear matrix (14). We therefore determined whether there

was a temporal relationship between the release of SO-kb

DNA loops and the level and activity of topoisomerase II

proteins in the MOLT-4 cell line, after exposure to NMF or

etoposide. It was previously reported that internucleosomal

cleavage of DNA in HL-60 myeloid cells was associated with

degradation of topoisomerase II (28). Representative West-

em blot analyses of the levels of topoisomerase IIa and -�3

proteins in whole-cell extracts after 2-, 4-, and 8-hr exposures

to either NMF or etoposide are shown in Fig. 6. The level of
topoisomerase Ila and -�3 in untreated cells remained essen-

tially unchanged throughout the experiment (Fig. 6, lanes

1-3). Exposure of cells to 300 mM NMF induced a significant

decrease in the level oftopoisomerase Ila by 8 hr (Fig. 6, lane

9). Evidence of a slight decrease was observed by 4 hr (Fig. 6,

lane 8). Etoposide also induced a time-dependent decrease in
the level of topoisomerase Ila protein (Fig. 6, lanes 4-6),

which, like the appearance of DNA fragmentation (Fig. 2A),

a �

(p170)

(p180)

Fig. 6. Representative Western blot analysis of the levels of topoi-
somerase Ila (upper) and -13 (lower) proteins after exposure of MOLT-4
cells to 50 j�M etoposide (lanes 4-6) or 300 m� NMF (lanes 7-9). NMF
and etoposide were shown to induce a time-dependent decrease in the
levels of both topoisomerase II isoforms.

preceded that observed with NMF. Etoposide induced a less

rapid degradation of topoisomerase 11f3 protein (Fig. 6, low-

er), which may reflect isoform specificity of the drug-enzyme
interaction, as already reported for teniposide (29). NMF
induced a decrease in the level of both topoisomerase Ila and

-13 proteins. To establish whether the decrease in the level of
topoisomerase II protein (Fig. 6) was coincident with a loss of

its enzymatic activity, we determined the ability of nuclear

extracts, isolated from MOLT-4 cells treated with NMF, to
decatenate kinetoplast DNA (Fig. 7). A representative gel is

shown in Fig. 7A. After densitometric analysis, data are

expressed as the protein concentration required to induce

50% decatenation of the substrate DNA (Fig. 7B). NMF in-
duced a time-dependent decrease in the ability of nuclear

extracts to decatenate kinetoplast DNA, showing a temporal
correlation with the degradation of topoisomerase II protein

after NMF treatment (Fig. 6).

Discussion

MOLT-4 lymphoblastoid cells provide an excellent model

for the detailed study of the mechanism of higher order DNA

fragmentation observed during apoptosis. We and others

have shown previously that the formation oflarge DNA frag-

ments may precede internucleosomal DNA cleavage and may

represent the initial stages ofapoptosis (3, 5). Using MOLT-4
cells, a high percentage of apoptosis was induced in a rela-

tively short time in the absence of significant spontaneous

apoptosis and, unlike in other cell types such as murine

thymocytes or myeloid cells (30), there was no subsequent or
concomitant appearance of internucleosomal DNA fragmen-

tation (Fig. 2), which can complicate data interpretation.

Treatment of MOLT-4 cells with genotoxic etoposide and

treatment with nongenotoxic NMF both induced the appear-
ance of SO-kb DNA fragments (Fig. 2A), supporting the view

that cleavage of DNA, to release what may be looped do-
mains, is a conserved process in response to agents with
disparate modes of action.

The formation of 300- and SO-kb DNA fragments in rat

thymocytes treated with calcium ionophore and the topoi-
somerase II inhibitor mAMSA and in isolated liver nuclei
under conditions of autodigestion suggested to Filipski et al.

(18) that there was a gradual unfolding and cleavage of
chromatin from higher order forms. In this study we showed

that etoposide- and teniposide-induced apoptosis in MOLT-4

cells was associated with the appearance of additional high
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Fig. 7. A, Decatenation of kinetoplast DNA from Crithidia fasciculata in

the presence of nuclear extracts from MOLT-4 cells treated with 300
mM NMF for 0 (lanes a-d), 1 (lanes e-h), 3 (lanes i-I), or 8 hr (lanes m-p).
Kinetoplast DNA (lane C) was incubated with 0.16, 0.08, 0.053, or 0.04
/.Lg of protein from nuclear extracts, corresponding to 1/25, 1/50, 1/75,
and 1/100 dilutions. cat, kinetoplast DNA; mc, minicircles. B, Graphical
representation of data, showing the amount of protein (�.tg) required to
produce 50% decatenation of the substrate DNA.

molecular weight DNA fragments (Figs. 2A and 5), which

were visualized as an intense but unresolved band of DNA
fragments of >600 kb and a less discrete band of approxi-

mately 300 kb. The progressive decrease in the intensity of

the >600-kb fragments appeared to occur concomitantly with
the appearance of the SO-kb cleavage products (Fig. 2A) and
a gradual loss of protein-associated DNA fragments (>600

kb) (Fig. 3), suggesting sequential degradation. However,
concomitant degradation of topoisomerase II protein (Fig. 6)
complicates the interpretation of any relationship between
the >600-kb fragments and those at SO kb, because it is
conceivable that loss of topoisomerase Il-associated strand
breaks to form naked fragments may promote conformational

changes promoting cleavage to SO kb. In addition, analysis of

DNA integrity after treatment of MOLT-4 cells with the

non-DNA-damaging toxin NMF failed to show the formation
of >600-kb DNA fragments (Fig. 2A). Only the SO-kb band

was observed (Fig. 2A), suggesting that the DNA fragments

of >600 kb were not a conserved feature of DNA breakdown

during apoptosis.

The transient nature of the etoposide- or teniposide-in-

duced DNA cleavage products of >600 kb suggested that

these breaks either were resealed or were degraded further
to lower molecular weight fragments (Fig. 2A). DNA damage

produced by the topoisomerase II inhibitors has been shown

to be rapidly reversed after drug removal (27). Our own data

measuring DNA protein complex formation confirm this (Fig.

3B). To address this further, we investigated the patterns of

DNA cleavage induced by transient exposure to etoposide

(Fig. 5). We observed that a 60-mm exposure to etoposide

induced the immediate appearance of >600-kb (but not SO-

kb) fragments. After the removal of etoposide, we observed a
rapid (within S mm) and significant decrease in the unre-

solved >600-kb band, which could not be accounted for by the

concomitant increase in the formation of SO-kb fragments

(Fig. SA). We therefore consider that the decrease in high
molecular weight fragments (>600 kb), after drug removal,

was not due to sequential degradation as chromatin was

unfolded but was, instead, due to the resealing of topoisomer-

ase Il-induced DNA cleavage products. However, although

resealed, these initial breaks appear to act as triggers for
subsequent apoptotic cleavage of DNA to yield SO-kb frag-
ments. The onset and progression of SO-kb fragmentation
was temporally indistinguishable in cells transiently exposed

and those continuously exposed to etoposide (Fig. SA) or

teniposide (Fig. SB). Removal of etoposide and continued
incubation in drug-free medium after the formation of SO-kb

DNA fragments (2-4 hr) demonstrated that these breaks
were irreversible (Fig. SC). This is in contrast to one previous

study showing reversal of the SO-kb DNA fragmentation in-

duced by a 30-mm exposure of thymocytes to mAMSA (18),

but we were unable to demonstrate reversal of SO-kb frag-

mentation or to detect SO-kb DNA fragments in MOLT-4 cells
transiently exposed to mAMSA (data not shown).

It is possible that the products generated by the trapping of
topoisomerase II cleavable complexes may be “sensed” by the
cell as damage and this initiates apoptosis. In contrast, NMF

produces damage at some locus other than DNA, probably
the cell membrane (31), initiating cleavage only to SO-kb

fragments. The finding that etoposide initiates the cleavage

of DNA to fragments of >600 kb before the appearance of

SO-kb apoptotic fragments (Fig. 2A) is perhaps surprising, in
view of observations that topoisomerase II molecules have
been shown to be associated with Af.U-rich binding sites at

the bases of DNA looped domains (32, 33). These domains

have been estimated to be approximately 50-80 kb in size
(26). Why do etoposide and teniposide not trap cleavable

complexes formed at the bases of these looped domains, so as
to produce rapidly detected and reversible cleavage products

of 50-80 kb upon FIGE? And why are the cleavable com-

plexes that are trapped observable at >600 kb? Similar high
molecular weight fragments of approximately 700 kb were
reported in rat thymocytes treated with etoposide, although

dexamethasone-treated cells showed only SO-kb fragments
(34), supporting our view that these >600-kb fragments are

the result oftopoisomerase II inhibitor-specific cleavage. It is
possible that there are discrete pools of topoisomerase II
associated with discrete domains of DNA and that those at
the bases of loops are less accessible to inhibitors such as
etoposide.

Alternatively, topoisomerase II may be limited at the bases

of the loops, in comparison with other sites. Studies have
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shown that topoisomerase II is able to form complexes with

other proteins, including scaffold protein 2 and casein kinase

II (35, 36), and it is conceivable that such associations may

modify the accessibility of topoisomerase II to agents such as

etoposide and teniposide. However, the formation of discrete
and specific DNA fragments in response to topoisomerase II

inhibitors clearly indicates that topoisomerase ha and/or -f3

must be present and, more importantly, accessible at well
defined and nonrandom positions along the chromatin, which
may be representative of higher order chromatin structure.

Because apoptosis can occur without internucleosomal
DNA cleavage, a critical question arises as to the mechanism

of DNA fragmentation. How it is initiated and controlled? It

is tantalizing to speculate that topoisomerase II may play a

role in this process, because it is localized at the bases of

Air-rich looped domains (32) and actively cleaves DNA to

produce double-strand breaks. However, data described here,

and reported elsewhere for the HL-6O cell line,2 do not sup-

port an active role for topoisomerase II in apoptotic DNA

cleavage. In the HL-60 cell line we showed that the topoi-

somerase II poison ICRF-193 effectively inhibited etoposide-
mediated topoisomerase II cleavable complex formation and

subsequent DNA fragmentation associated with apoptosis
but had no effect on NMF-induced apoptosis, characterized

by the formation of SO-kb DNA fragments or the condensa-

tion of chromatin.2 Here we have shown that the SO-kb

breaks have free 3’-OH ends, because they are able to un-
dergo TdT reactions to incorporate labeled nucleotides (Fig.

4). If the DNA were cleaved by topoisomerase II to reveal

topoisomerase Il-associated 3’-OH ends, this labeling would
not occur. However, we cannot completely exclude the possi-
bility that further degradation of DNA, evident as fragments

of <50 kb (Fig. 2A), may contribute in part to the observed

levels of end labeling (Fig. 4A).
NMF treatment of MOLT-4 cells showed that the forma-

tion of SO-kb fragments (Fig. 2A) occurred in the absence of

protein-associated DNA complexes (Fig. 3) and permitted
incorporation of b-dUTP. This latter result is particularly

important because TdT labeling reactions of this type are

increasingly being used to detect apoptotic cells. We were
concerned that condensed chromatin may have been associ-

ated with protein-concealed breaks and that the TdT reaction

might detect only the products of internucleosomal cleavage.

This is clearly not the case in MOLT-4 cells.
Other studies have suggested a role for topoisomerase II in

the anchorage of chromatin loop domains to the nuclear

matrix (14, 37). It may be envisioned that specific and rapid

proteolysis of an integral structural protein may promote the

uncoiling or release ofchromatin loops from their attachment

points on the nuclear matrix, which may in turn facilitate the
access of endonucleases. Topoisomerase II, when complexed

with DNA, undergoes rapid proteolysis in HL-60 cells after
treatment with etoposide (38). This may account for the more
rapid degradation of topoisomerase II protein and earlier

onset of DNA fragmentation observed in cells exposed to

etoposide, compared with those incubated with NMF (Fig. 6).
Proteolysis of nuclear matrix-associated proteins, including

topoisomerase II, may be integral to the progression of apop-
tosis (39, 40). To date, two specific proteases have been char-

acterized that appear to have a critical role in the apoptotic

process, i.e., ICE, which has been shown to induce apoptosis

in fibroblasts (41), and, more recently, a protease resembling

ICE (42), which specifically cleaves and inactivates polyADP-
(ribose) polymerase, an enzyme involved in DNA repair. It is

likely that ICE and the protease resembling ICE may be only

representative of one or more families of specific proteases

that are able to mediate the proteolytic cleavage of an array
of proteins integral to the maintenance of cellular function

and chromatin structure.

In conclusion, we have shown that the morphological fea-

tures of apoptosis in MOLT-4 cells are associated with cleav-
age of DNA to SO-kb fragments, in the absence of internu-
cleosomal DNA cleavage. Comparison of the kinetics of TdT

labeling and the irreversible cleavage of DNA to fragments of

approximately SO kb suggests that these fragments, the ter-

mini ofwhich are not concealed by protein, are the substrates

for b-dUTP incorporation. The degradation of topoisomerase
II protein concomitantly with the cleavage of DNA to SO-kb

fragments, during both etoposide- and NMF-induced apopto-
sis, may lead to exposure of naked DNA and may promote

subsequent DNA cleavage. It is therefore possible that the
degradation of nuclear matrix-associated proteins, including

topoisomerase II, may be an important step in the commit-
ment of cells to apoptosis. Reversible formation of protein-

associated DNA fragments of >600 kb is not a feature of the

conserved process of apoptosis. Instead, these appear to pro-

vide a trigger for the initiation of apoptotic DNA cleavage, as
is typical for the topoisomerase II inhibitors. Elucidation of

the enzymatic mechanism of DNA cleavage to SO-kb frag-
ments is the subject of our ongoing studies.
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