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A distinct population of therapy-related acute myeloid leukemia (t-AML) is strongly associated with prior
administration of topoisomerase II (topo II) inhibitors. These t-AMLs display distinct cytogenetic alterations,
most often disrupting the MLL gene on chromosome 11q23 within a breakpoint cluster region (bcr) of 8.3 kb.
We recently identified a unique site within the MLL bcr that is highly susceptible to DNA double-strand
cleavage by classic topo II inhibitors (e.g., etoposide and doxorubicin). Here, we report that site-specific
cleavage within the MLL bcr can be induced by either catalytic topo II inhibitors, genotoxic chemotherapeutic
agents which do not target topo II, or nongenotoxic stimuli of apoptotic cell death, suggesting that this
site-specific cleavage is part of a generalized cellular response to an apoptotic stimulus. We also show that
site-specific cleavage within the MLL bcr can be linked to the higher-order chromatin fragmentation that
occurs during the initial stages of apoptosis, possibly through cleavage of DNA loops at their anchorage sites
to the nuclear matrix. In addition, we show that site-specific cleavage is conserved between species, as specific
DNA cleavage can also be demonstrated within the murine MLL locus. Lastly, site-specific cleavage during
apoptosis can also be identified at the AML1 locus, a locus which is also frequently involved in chromosomal
rearrangements present in t-AML patients. In conclusion, these results suggest the potential involvement of
higher-order chromatin fragmentation which occurs as a part of a generalized apoptotic response in a
mechanism leading to chromosomal translocation of the MLL and AML1 genes and subsequent t-AML.

Nonrandom chromosomal aberrations, particularly chromo-
somal translocations, are frequently found in association with a
wide spectrum of malignancies, most prominently leukemias
and lymphomas (9, 14, 47). The available evidence suggests
that these nonrandom chromosomal translocations are often
causal events leading to malignant transformation (2, 40).
However, the molecular mechanisms which cause these trans-
locations remain largely unknown.

In many cases, a powerful argument can be made that these
translocations are the result of mistakes in normal V(D)J re-
combinase activity (4, 60). These arguments are based on iden-
tification of features that resemble normal V(D)J recombinase
activity, such as cryptic heptamer sequences, nontemplated
N-region nucleotide addition, and exonucleolytic deletion of
germ line nucleotides at the translocation breakpoints (4, 60).
Other factors that have been implicated in the generation of
nonrandom translocations include homologous recombination
events between Alu elements (52) and exposure to DNA-dam-
aging agents (35, 36). It has been recognized for some time that
DNA-damaging cancer chemotherapeutic agents, such as the
topoisomerase II (topo II) inhibitor etoposide (36) and the
alkylating agent melphalan (35), can cause chromosomal trans-
locations. For instance, phytohemagglutinin-stimulated pe-

ripheral blood lymphocytes treated in vitro with etoposide and
allowed to recover for 24 h prior to karyotypic analysis dem-
onstrate numerous structural chromosomal abnormalities, in-
cluding translocations, inversions, and dicentric chromosome
formation (36). Although no chromosomal region was spared
from the abnormalities caused by etoposide treatment, certain
hot spots were recurrently involved, suggesting the existence of
chromosomal sites that were susceptible to recombination in-
duced by etoposide. One plausible interpretation of these stud-
ies is that the etoposide-treated lymphocytes have repaired
DNA damage caused by etoposide improperly, with two dis-
tinct chromosomes becoming joined together during the repair
process, resulting in a chromosomal translocation.

An additional line of investigation supporting the contention
that topo II inhibitors can cause chromosomal translocations
comes from the study of patients with therapy-related acute
myelogenous leukemia (t-AML) following treatment of a pri-
mary malignancy with topo II inhibitors (20, 24, 44, 48, 53).
Patients with t-AML associated with antecedent topo II inhib-
itor therapy generally display distinct clinical and biological
features. The t-AML characteristically occurs within 36
months of treatment, is not usually associated with a preceding
myelodysplastic syndrome, often displays a monocytic pheno-
type, and typically demonstrates cytogenetic abnormalities at
chromosome 11q23 or, less frequently, 21q22 (44, 45, 53). The
MLL gene (also known as ALL-1 or HRX) is almost always
disrupted by the 11q23 breakpoints, which generally occur
within an 8.3-kb breakpoint cluster region (bcr) (20, 24, 59). It
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has been proposed that topo II inhibitors induce chromosomal
breakage within the MLL gene, with MLL translocations re-
sulting from mistakes in the DNA repair process (53, 57). The
resultant MLL fusion proteins produced by the translocations
are thought to be causal factors in the development of these
leukemias (50). The clinical relevance of t-AML is under-
scored by the results of a recent clinical trial employing mul-
tiagent chemotherapy, including the epipodophyllotoxin eto-
poside, as the initial therapy for childhood B-cell precursor
acute lymphoblastic leukemia. In that trial, more children de-
veloped t-AML than suffered a relapse of their primary leuke-
mia (62).

While the specific events by which topo II inhibitors cause
chromosomal translocations remain largely uncharacterized, a
recent study has demonstrated that MLL breakpoints in t-
AML patients cluster within a high-affinity scaffold attachment
region (SAR) (57). Eukaryotic DNA is organized in structural
units, designated chromatin loops, that typically contain 50 to
100 kb of DNA. At their bases, these loops are anchored to a
structure named the nuclear matrix or scaffold, which is the
fraction of proteins retained in chromatin after depletion of
most histone proteins by salt or nonionic detergent extraction
(8, 38). The DNA sequences associated with the nuclear scaf-
fold, the so-called matrix or SAR, are defined by their reten-
tion on the scaffold protein fraction after removal of bulk DNA
or by their binding to isolated nuclear scaffolds in vitro (15, 23).
When the MLL bcr was divided into centromeric and telomeric
halves, 75% of the de novo leukemia breakpoints mapped to
the centromeric half, while 75% of t-AML breakpoints were
found in the telomeric half, which contains a high-affinity SAR
(57). These results suggest that the events which lead to MLL
translocations in t-AML patients may be distinct from those
that cause MLL translocations in de novo AML patients. In-
triguingly, an SAR within the murine immunoglobulin k locus
has been shown to be a preferred topo II cleavage site that
occurs within 14 bp of a chromosomal translocation break-
point, suggesting that illegitimate recombination events may be
associated with both topo II and SARs (54).

Recently, we identified a unique site within the MLL bcr that
is highly sensitive to double-strand DNA cleavage induced by
topo II inhibitors and suggested that this site-specific cleavage
may represent an initial step leading to MLL translocation and
t-AML (5). This cleavage site was noted to colocalize with a
consensus in vitro topo II recognition sequence (59-GAGGA
CCAGCTGGAAAAT-39) (5, 55). In subsequent studies, we
have begun a more detailed examination of MLL site-specific
cleavage, focused on determining whether site-specific cleav-
age was more likely to be a direct effect of treatment with topo
II inhibitors or a downstream effect of the genotoxic damage
caused by these drugs. We report here that site-specific cleav-
age within the MLL bcr can be linked to the higher-order DNA
fragmentation which occurs during the initial stages of apopto-
sis, suggesting a potential role for this type of chromatin frag-
mentation in the generation of chromosomal translocations.

MATERIALS AND METHODS

Cell lines, cell culture, and preparation of PBMC. The cell lines used in this
study were MOLT-4 and CEM (both human T-cell leukemia), ML-1 and KG-1
(both human myeloid leukemia), 5637 (human bladder carcinoma), H69 (human
small cell lung cancer), LBRM-33 (murine T-cell leukemia), and F4-6 (murine
erythroleukemia). A list of references describing these cell lines is available upon
request. In addition, a subset of experiments was performed with the topo II
inhibitor-resistant cell line CEM/VM-1-5 and its parental CEM cell line (kind
gift of William T. Beck) (17). Cell culture was performed by using RPMI 1640
supplemented with 10% fetal bovine serum, L-glutamine (2 mM), penicillin (100
U/ml), and streptomycin (100 mg/ml) (all from GIBCO, Grand Island, N.Y.).
Peripheral blood mononuclear cells (PBMC) were isolated from peripheral
blood of healthy normal individuals by Ficoll-Hypaque density centrifugation.

Treatment of cell lines and PBMC. After two washes with RPMI 1640, expo-
nential-growth-phase cell lines or PBMC were resuspended at a density of 5 3
105 cells/ml in RPMI 1640 supplemented with 10% fetal bovine serum and
incubated for 16 h with the indicated drug or vehicle alone, followed by isolation
of genomic DNA for analysis. Cells were treated with either etoposide (10 or 30
mM), aclarubicin (0.1 mM), bimolane (20 mM), merbarone (10 mM), cytosine
arabinoside (1, 3, or 6 mg/ml), methotrexate (10 mg/ml), N-methylformamide
(300 mM), C2 ceramide (25 mM), tumor necrosis factor alpha (TNF-a; 10 nM),
sodium azide (300 mM), or dimethyl sulfoxide (DMSO; 30%) for 16 h. All agents
were purchased from Sigma (St. Louis, Mo.) except bimolane and merbarone,
which were obtained from Zenyaku Kogyo (Tokyo, Japan) and the NCI Drug
Synthesis and Chemistry Branch (Bethesda, Md.), respectively. The agents were
dissolved in either DMSO (etoposide, bimolane, and C2 ceramide), sterile water
(aclarubicin, merbarone, cytosine arabinoside, and sodium azide), 0.01 M so-
dium hydroxide (methotrexate), or phosphate-buffered saline (PBS; pH 7.4)
supplemented with 0.1% bovine serum albumin (TNF-a). Serum starvation was
performed by washing cells twice under serum-free conditions, resuspending
exponential-growth-phase cells at a density of 5 3 105/ml in serum-free RPMI
1640, and incubating the cells for 56 h under standard cell culture conditions.
Cell survival was estimated by trypan blue staining and subsequent exclusion of
stained cells in a hemocytometer; genomic DNA was harvested for subsequent
analysis as described previously (5).

Chromatin staining and nuclear fragmentation assay. The assay was modified
from the one described by Oberhammer et al. (42). Treatment of cells was for
16 h with the exception of serum withdrawal, which was for 56 h. For some
experiments, shorter (5-h) incubations were performed with 300 mM sodium
azide and 30% DMSO in order to recover cells for morphologic analysis. Im-
mediately after treatment, cells were centrifuged onto glass slides in a cytospin
centrifuge, air dried, fixed for 30 min with 4% paraformaldehyde in PBS (pH 7.4)
at room temperature, washed in PBS (pH 7.4), incubated for 2 min in perme-
abilization solution (0.1% Triton X-100, 0.1% sodium citrate) at 4°C, washed in
PBS (pH 7.1), and stained with 8 mg of bisbenzimide (Hoechst 33258; Sigma) per
ml in PBS (pH 7.1) for 15 min. Samples were then washed in PBS, mounted,
coverslipped, and analyzed by fluorescence microscopy using a Nikon Optiphot
microscope with a UV-2A filter (Nikon Inc., Melville, N.Y.). Fluorescent nuclei
were scored and categorized according to their fragmentation status. Nuclei
displaying $3 chromatin fragments were scored apoptotic; nuclei with ,3 frag-
ments were scored nonapoptotic. Two hundred nuclei were scored per sample.

In vitro DNA cleavage assay. An 8.3-kb genomic BamHI fragment encom-
passing the MLL bcr was isolated from a human placental phage library (Strat-
agene, La Jolla, Calif.) by using standard techniques (51) and subsequently
cloned into pBluescript II (Stratagene). Fifty nanograms of this plasmid linear-
ized with NotI, or the same amount of gel-purified 8.3-kb BamHI fragment, was
incubated with 10 U of purified human topo IIa (Topogen, Columbus, Ohio) in
a total volume of 20 ml, using the supplied buffer. Etoposide was added at the
concentrations indicated in Fig. 1. Samples were incubated at 37°C for 30 min,
followed by addition of sodium dodecyl sulfate and proteinase K (Gibco) to final
concentrations of 0.1% and 0.1 mg/ml, respectively, and a second incubation at
42°C for 30 min. After ethanol precipitation, the samples were analyzed by
indirect end labeling using the 0.2HB MLL cDNA probe or a 0.37-kb PvuII-
BamHI genomic fragment, as described below.

Preparation and analysis of DNA. Genomic DNA was isolated by using a
salting-out extraction procedure as previously described (5). Ten micrograms of
genomic DNA was digested with the indicated restriction enzyme (Bethesda
Research Laboratories, Gaithersburg, Md.), size fractionated on 0.8% agarose
gels containing 1.0 mg of ethidium bromide per ml, photographed, denatured,
neutralized, and transferred to nitrocellulose membranes (Schleicher & Schuell,
Keene, N.H.). DNA was immobilized by UV cross-linking. A modification of the
previously described indirect end-labeling (41) protocol was used to identify
cleavage sites within the MLL locus, using a 0.2-kb HhaI-BamHI cDNA frag-
ment which included exons 9 to 11 (probe 0.2HB; nucleotides 4207 to 4423 of
GenBank accession no. L04731), a 0.7-kb MLL cDNA fragment encompassing
exons 5 to 7 and 9 to 11 (probe 0.7B from reference 37), and a 0.37-kb PvuII-
BamHI genomic fragment encompassing the region from exons 10 to 11 (nucle-
otides 7969 to 8337 of GenBank accession no. U04737). The AML1 probe
C6E6H2 was a 0.24-kb HindIII-EcoRI cDNA fragment including exon 5 and 6
sequences (39). The mitochondrial DNA probe was a genomic fragment con-
taining sequences from the mitochondrial gene encoding 16S RNA (3). Probes
were labeled with 32P by the random-priming technique, using a Prime-It II kit
(Stratagene) according to the manufacturer’s protocol, and hybridized to South-
ern blots as previously described (5, 18). Final washing conditions were 0.1%
sodium dodecyl sulfate–0.13 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium
citrate) at 52°C for all probes. Autoradiography of blots was performed for 1 to
5 days at 270°C with an intensifying screen. Analysis of oligonucleosomal DNA
fragmentation was performed by conventional gel electrophoresis using 2%
agarose gels containing 1.0 mg of ethidium bromide per ml. The gels were
visualized with a UV transilluminator, and pictures were taken with a gel doc-
umentation and analysis system (Alpha Innotech Corporation, San Leandro,
Calif.).

FIGE. Field inversion gel electrophoresis (FIGE) was carried out as described
previously (7, 43), with minor modifications. A total of 5 3 106 cells were
harvested either before or at timed intervals after etoposide or N-methylform-
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amide treatment and embedded in 0.1 ml of a 1% Incert (FMC, Rockland,
Maine) agarose solution. Proteins were digested by a 24-h incubation with pro-
teinase K (1 mg/ml), and the agarose plugs were washed four times with a 20 mM
Tris (pH 8.0)–50 mM EDTA solution prior to FIGE. Genomic DNA fragments
were separated by FIGE using 1.5% agarose (Bio-Rad, Hercules, Calif.) gels in
an H4 (Bethesda Research Laboratories) electrophoresis chamber with 0.253
TAE (13 TAE is 40 mM Tris, 40 mM acetate, and 2 mM EDTA [pH 8.5]). Gels
were run with recirculation in a cold room at 4°C, using a FIGE Mapper system
(Bio-Rad). The forward vector (150V) had an initial switch time of 0.5 s and a
final switch time of 10 s. The reverse vector (150V) had an initial switch time of
0.2 s and a final switch time of 3.3 s (constant forward/reverse ratio of 3:1). This
program was run for 20 h, followed immediately by a second program with 150V
vectors, also run for 20 h: forward vector initial switch time of 10 s and final
switch time of 60 s; reverse vector initial switch time of 3.3 s and final switch time
of 20 s (constant forward/reverse ratio of 3:1).

RESULTS

In vitro cleavage of the MLL bcr by topo II. We have pre-
viously demonstrated that site-specific cleavage within the
MLL bcr can be induced by topo II inhibitor treatment of
intact cells (reference 5; also see Fig. 2). To determine whether
a similar pattern of site-specific cleavage within the MLL bcr
could be induced by topo II inhibitors in assays using naked
DNA and a cell-free system, we treated a cloned genomic
DNA fragment encompassing the MLL bcr with etoposide and
purified human topo II. DNA cleavage was assayed by an
indirect end-labeling strategy using the 0.2HB MLL cDNA
probe (Fig. 1). A similar pattern of cleavage was observed with
either an isolated fragment or a linearized plasmid containing
the fragment. In addition, a similar cleavage pattern was ob-
served with a 0.37-kb PvuII-BamHI genomic MLL probe from
the 39 end of the MLL bcr (data not shown). In contrast to the
DNA cleavage pattern induced by topo II inhibitor treatment
of intact cells (5), multiple cleavage sites were detectable in
this in vitro assay. However, at all etoposide concentrations

used in our in vitro assay system, one of the most prominent
bands produced in vitro was 1.6 kb, which comigrated with the
fragment produced by the treatment of intact cells with topo II
inhibitors (Fig. 2).

In vivo site-specific cleavage within the MLL bcr can be
induced by catalytic topo II inhibitors. To further investigate
the role of topo II during induction of site-specific cleavage
within the MLL bcr, we treated MOLT-4 cells with the cata-
lytic topo II inhibitors aclarubicin, bimolane, and merbarone.
Whereas classic or noncatalytic topo II inhibitors such as the
epipodophyllotoxin etoposide or the anthracycline doxorubicin
damage DNA by stabilizing topo II intermediates covalently
bound to the phosphodiester backbone (the cleavable com-
plex), catalytic topo II inhibitors interact with topo II prior to
its binding DNA and therefore inhibit the formation of cleav-
able complexes (12). Unexpectedly, the catalytic topo II inhib-
itors produced the same cleavage pattern in MOLT-4 cells as
did the classic topo II inhibitors (Fig. 2B; the MLL bcr map is
shown in Fig. 2A). Moreover, additional control experiments
using either antimetabolite (methotrexate) or nucleoside ana-
log (cytosine arabinoside) chemotherapeutic agents generated
a pattern of site-specific MLL cleavage which was indistin-
guishable from that generated by etoposide (Fig. 2C), although
neither of these agents is known to be a topo II inhibitor.
Taken together, these findings suggested that cleavable com-
plex formation may not be a prerequisite for MLL site-specific
cleavage.

To further investigate the surprising finding that site-specific
MLL cleavage could be induced by catalytic topo II inhibitors
as well as chemotherapeutic agents not targeting topo II, we
treated a cell line which is resistant to the classic topo II
inhibitor etoposide with either etoposide or the nucleoside
analog cytosine arabinoside, which acts by chain termination
during DNA replication (26). The cell line used for this exper-
iment, CEM/VM-1-5, is 140 times more resistant to the cyto-
toxic effects of the epipodophyllotoxin teniposide than the pa-
rental CEM cell line (17). The resistance of this cell line has
been attributed to point mutations involving the genes coding
for both topo IIa and topo IIb, resulting in reduced formation
of cleavable complexes, less DNA damage, and less cytotoxicity
(6, 12, 17, 21). We treated parental CEM and CEM/VM-1-5
cells with 10 mM etoposide or 6 mg of cytosine arabinoside per
ml for 16 h and assessed the presence of site-specific cleavage
by indirect end labeling (Fig. 2D). Both etoposide and cytosine
arabinoside induced site-specific cleavage within the MLL bcr
of the parental CEM cells, whereas the CEM/VM-1-5 cell line
was resistant to site-specific cleavage induced by etoposide. In
contrast, site-specific cleavages induced by cytosine arabino-
side were similar in the parental CEM cell line and the eto-
poside-resistant CEM/VM-1-5 cell line. Thus, we inferred that
site-specific cleavage within the MLL bcr could be produced by
a downstream event common to cytosine arabinoside and eto-
poside and was not necessarily a direct effect of etoposide, such
as cleavable complex formation.

Site-specific MLL bcr cleavage can be induced by apoptosis.
A reasonable candidate for a downstream event which might
cause site-specific DNA cleavage within the MLL bcr is pro-
grammed cell death or apoptosis. Apoptosis is a genetically
conserved program involving cytoplasmic and nuclear events
leading to cell shrinkage, chromatin condensation, and inter-
nucleosomal DNA fragmentation (10, 22, 61, 63). The distinct
morphologic changes as well as internucleosomal DNA frag-
mentation are characteristics of apoptosis which are often used
to distinguish apoptotic cell death from necrotic cell death
initiated through physical injury (61, 63). Apoptosis can be
triggered by a wide spectrum of agents, including DNA-dam-

FIG. 1. DNA cleavage induced by the topo II inhibitor etoposide in vitro.
Fifty nanograms of either an 8.3-kb genomic fragment encompassing the MLL
bcr (right) or a plasmid containing this fragment, linearized with NotI (left), was
incubated with 10 U of topo II and etoposide as indicated. The samples were
analyzed by indirect end labeling using the 0.2HB MLL cDNA probe, which
contains exon 9, 10, and 11 sequences. The most prominent etoposide-induced
band, indicated by an arrow on the right, is the same size as the fragment
produced in vivo. Size standards are indicated in kilobases. The map displays the
plasmid containing the 8.3-kb MLL bcr. Exons are shown as solid boxes; restric-
tion sites for BamHI (B) and NotI (N) are indicated; PBS II stands for pBlue-
script II. The location of the previously identified (5) etoposide-induced in vivo
cleavage site is indicated by an arrow.
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aging chemotherapeutic agents such as etoposide, cytosine ar-
abinoside, and methotrexate (26, 31), as well as nongenotoxic
compounds and biological stimuli, such as TNF-a (34) or Apo-
1/Fas (13, 61).

To test the hypothesis that site-specific cleavage within the
MLL bcr is part of a general apoptotic program, we treated
MOLT-4 cells with stimuli that induce either apoptotic or
necrotic cell death. Genomic DNA was assayed for site-specific
MLL bcr cleavage by indirect end labeling. As inducers of
apoptosis, both genotoxic stimuli (etoposide and cytosine ar-
abinoside) (26, 31) and nongenotoxic stimuli such as N-meth-
ylformamide (7), C2 ceramide (13), TNF-a (34), or serum
starvation were used (33, 43). Necrotic cell death was brought
about by exposure of cells to 30% DMSO (58) or 300 mM
sodium azide (27). For apoptosis verification, the mode of cell
death was assessed through analysis of morphologic changes by
staining with the DNA-specific fluorochrome bisbenzimide
(Hoechst 33258) (42). Figure 3A indicates that characteristic
features of apoptosis could be observed when cells were ex-
posed to apoptotic stimuli but not in cells treated with stimuli

that induced necrotic cell death. Estimates of cell survival and
the proportion of apoptotic cells by trypan blue staining and
nuclear fragmentation assay, respectively, are shown in Table
1.

Genomic DNA isolated from these experiments was ana-
lyzed for evidence of MLL site-specific cleavage by indirect end
labeling using the 0.2HB MLL cDNA probe. Figure 3B dem-
onstrates that site-specific cleavage within the MLL bcr corre-
lated with apoptosis, as it was detectable in all of the apoptotic
DNA samples but not in the control sample or in the necrotic
DNA samples. As can be seen in Fig. 3B, the degree of site-
specific cleavage varied with the stimuli used to induce apo-
ptosis; site-specific cleavage was most evident with etoposide
while only faintly evident with TNF-a. In general, the degree of
site-specific cleavage correlated with the degree of apoptosis as
estimated by the nuclear fragmentation assay (Fig. 3B; Table
1). We also compared the degree of oligonucleosomal DNA
fragmentation with site-specific cleavage (Fig. 3B and C). Al-
though MOLT-4 cells have been reported to not demonstrate
oligonucleosomal DNA fragmentation during apoptosis (11),

FIG. 2. (A) MLL restriction map. The bcr is bracketed; exons are shown as solid boxes. Chromosomal orientation from centromere (cen) to telomere (tel) is as
indicated. The point of site-specific cleavage is indicated by an arrow. The cDNA probe 0.2HB includes exon 9, 10, and 11 sequences as indicated. Restriction enzyme
sites (not complete outside of the bcr): R, EcoRI; S, SstI; G, BglII; V, EcoRV; B, BamHI. (B) Site-specific cleavage within the MLL bcr induced by etoposide and
catalytic topo II inhibitors. MOLT-4 cells were treated for 16 h with either 10 mM etoposide (VP16), vehicle alone (Control; 0.01% DMSO), 0.1 mM aclarubicin, 20
mM bimolane, or 10 mM merbarone. Genomic DNA was digested with either BamHI or SstI, size fractionated on agarose gels, transferred to nitrocellulose membranes,
and analyzed by indirect end labeling using the 0.2HB MLL cDNA probe. Drug-induced bands are indicated by an arrow; size standards are in kilobases. A faint band
in the bimolane lane is seen on prolonged exposure of the autoradiograph. (C) Site-specific MLL bcr cleavage induced by treatment of MOLT-4 cells with either vehicle
alone (Control; 10 mM sodium hydroxide), 1 mg of cytosine arabinoside (ARA-C) per ml, or 10 mg of methotrexate (MTX) per ml for 16 h. Analysis was performed
with BamHI-digested genomic DNA by indirect end labeling using the 0.2HB MLL cDNA probe. Drug-induced bands are indicated by an arrow; size standards are
in kilobases. (D) Site-specific cleavage within the MLL bcr of the etoposide-resistant cell line CEM/VM-1-5 and its parental CEM cell line. Cells were treated with either
vehicle alone (Control; 0.01% DMSO), 10 mM etoposide (VP16), or 6 mg of cytosine arabinoside (ARA-C) per ml for 16 h. Genomic DNA was digested with SstI and
analyzed by indirect end labeling with the 0.2HB MLL cDNA probe. Drug-induced bands are indicated by an arrow; size standards are in kilobases.
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we were able to detect an oligonucleosomal ladder in cytosine
arabinoside-treated MOLT-4 cells (Fig. 3C). The demonstra-
tion of an oligonucleosomal ladder did not seem to correlate
well with site-specific MLL bcr cleavage. Whereas etoposide
induced the most dramatic site-specific cleavage, no clear oli-
gonucleosomal ladder could be detected. Also, although cyto-
sine arabinoside and serum starvation produced equivalent
evidence of site-specific cleavage (Fig. 3B), an oligonucleoso-
mal ladder is observed in the cytosine arabinoside-treated sam-
ples but is absent with serum starvation.

To investigate whether site-specific cleavage was due to a
generalized DNA fragmentation process, such as DNA degra-
dation due to necrosis, or due to a more specific, directed DNA
cleavage event, we rehybridized the Southern blot shown in
Fig. 3B to a mitochondrial DNA probe. In contrast to bulk
genomic DNA, mitochondrial DNA has been reported to be
resistant to DNA fragmentation induced during apoptosis (58).

Although generalized genomic DNA degradation is evident in
the apoptotic samples (note the decreased intensity of the
8.3-kb genomic MLL fragment in the VP16 and ARA-C lanes
in Fig. 3B and the smearing of high-molecular-weight [HMW]
DNA in Fig. 3C), the mitochondrial DNA remained intact
in the samples which had undergone apoptotic cell death
(Fig. 3D). This experiment indicated that although the DNA
fragmentation event traditionally associated with apoptotic
cell death (oligonucleosomal ladder formation) was not con-
sistently induced, an independent DNA fragmentation event
associated with apoptosis (preservation of mitochondrial
DNA) was reproducibly present in the samples treated with
apoptosis-inducing stimuli. From these experiments, we con-
cluded that site-specific cleavage within the MLL bcr re-
sulted from an event which occurred during the process of
apoptosis, and although it could be correlated with genomic
DNA fragmentation induced by apoptosis, it was distinct

FIG. 3. (A) Morphological features of MOLT-4 nuclei stained with the DNA-specific fluorochrome Hoechst 33258. a, Untreated control; b, 30% DMSO for 5 h;
c, 300 mM N-methylformamide for 8 h; d, 300 mM N-methylformamide for 16 h; e, 30 mM etoposide for 8 h; f, 30 mM etoposide for 16 h. Note the nuclear fragmentation
induced by N-methylformamide and etoposide but not by DMSO. (B) Site-specific cleavage within the MLL bcr induced by various apoptotic stimuli but not by necrotic
stimuli. MOLT-4 cells were either treated for 16 h with vehicle alone (Control; 0.03% DMSO), 300 mM sodium azide (NaN3), 30% DMSO, 30 mM etoposide (VP16),
3 mg of cytosine arabinoside (ARA-C) per ml, 300 mM N-methylformamide (NMF), 25 mM C2 ceramide, and 10 nM TNF-a or subjected to 56 h of serum withdrawal
(Starved). Genomic DNA was analyzed by indirect end labeling using the 0.2HB MLL cDNA probe as described in the legend to Fig. 2. The band induced in apoptotic
samples is indicated by an arrow; size standards are in kilobases. (C) Conventional agarose gel electrophoresis of undigested genomic DNA from the experiment
described above. Two micrograms of undigested DNA was analyzed per lane. Abbreviations are as indicated above; size standards are in kilobases. (D) The Southern
blot shown in panel B, hybridized to a mitochondrial DNA probe. A 17-kb nondegraded band is seen in all lanes and can be contrasted with the partially degraded
genomic DNA evident in the apoptotic samples shown in panel C. Abbreviations are as indicated for panel B; size standards are in kilobases.
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from the oligonucleosomal DNA degradation induced by
apoptosis.

To determine whether the site-specific cleavage within the
MLL bcr induced by various apoptotic stimuli was unique to
MOLT-4 cells or could be generalized to additional cell lines,
we treated the T-cell line CEM with the stimuli used for
MOLT-4 cells and obtained a similar induction of site-specific
cleavage (Fig. 4A). Differences in the degree of site-specific
cleavage induced between MOLT-4 and CEM cells under
identical treatment conditions (Fig. 2B, 3B, and 4A) are most
likely due to variations in the sensitivity of the two cell lines
with respect to the apoptotic stimuli used and correlated with
differences in survival fractions estimated by trypan blue ex-
clusion or nuclear fragmentation assays (data not shown).
Moreover, site-specific cleavage induced by apoptotic stimuli
could be observed in several other cell lines, such as the my-
eloid leukemia cell lines ML-1 and KG-1, or the solid tumor
cell lines 5637 (bladder carcinoma) and H69 (small cell lung
cancer) (data not shown). Significantly, we were able to dem-

onstrate site-specific MLL cleavage in PBMC from normal
donors exposed to either etoposide, N-methylformamide, or
C2 ceramide, emphasizing that site-specific MLL bcr cleavage
during apoptosis is not restricted to malignant cells (Fig. 4B).

Site-specific cleavage within the MLL bcr occurs as a part of
higher-order chromatin fragmentation during apoptosis.
DNA fragmentation during apoptosis is characterized by dis-
tinct nuclear events (10). Several groups have studied DNA
fragmentation patterns induced by various apoptotic stimuli
and concluded that higher-order chromatin fragmentation pre-
cedes or occurs simultaneously with the internucleosomal
DNA cleavage that generates the characteristic apoptotic lad-
der (10, 43). Fragments of approximately 50 and/or 300 kb
have been observed during the early stages of apoptosis (10,
43); these fragments are thought to represent cleavage of high-
er-order chromatin structures, such as looped chromosomal
DNA. In many but not all cell types, this HMW DNA frag-
mentation is followed by subsequent cleavage of DNA to oli-
gonucleosome-size integers of multiples of about 180 bp, which
are responsible for the typical DNA ladder associated with
apoptosis (10, 43).

Since MLL site-specific cleavage seemed to be associated
with DNA degradation during apoptosis but not consistently
with oligonucleosomal ladder formation, we investigated the
possibility that site-specific cleavage was associated with a
DNA fragmentation event during apoptosis which was distinct
from oligonucleosomal cleavage. More specifically, we wished
to determine whether the site-specific cleavage within the MLL
bcr could be linked to one of the discrete steps described for
higher-order chromatin fragmentation during apoptosis in-
duced by topo II inhibitors (7). Therefore, we treated MOLT-4
cells with 30 mM etoposide for 6 h, embedded the cells in
agarose plugs, size fractionated HMW genomic DNA by
FIGE, and gel purified the 40- to 60-kb fraction. This fraction
showed site-specific MLL cleavage when analyzed by indirect
end labeling using the 0.7B and 0.2HB MLL cDNA probes
(data not shown). The finding that MLL site-specific cleavage
occurs within the 40- to 60-kb fraction is consistent with the
possibility that apoptosis induces DNA cleavage specifically at
the SAR previously mapped within the MLL bcr (57).

Site-specific cleavage within the MLL bcr is conserved be-
tween species. Since site-specific cleavage within the MLL bcr
had been mapped to a high-affinity SAR (57), and SARs ap-
pear to be evolutionarily conserved (15, 16, 54), we investi-
gated the possibility that site-specific cleavage within the MLL
bcr induced by apoptosis is conserved between species. To

TABLE 1. Cell viability and apoptosis of MOLT-4 cells in
response to necrotic and apoptotic stimulia

Stimulus
Trypan blue

exclusion
(%)

Nuclear frag-
mentation

(%)

Control 100 0
300 mM sodium azide 0 0
30% DMSO 0 0
30 mM etoposide 16 87
3 mg of cytosine arabinoside/ml 38 71
300 mM N-methylformamide 60 52
25 mM C2 ceramide 67 51
Serum starvation (56 h) 48 64
10 nM TNF-a 91 15

a Cell viability was assessed by trypan blue exclusion; apoptosis was assessed by
nuclear fragmentation with Hoechst 33258 staining as described in Materials and
Methods. The results represent the mean values obtained from three experi-
ments.

FIG. 3—Continued.
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assess this possibility, we treated the murine leukemia cell lines
LBRM-33 and F4-6 with etoposide, N-methylformamide, and
C2 ceramide to induce apoptosis. The mode of cell death was
analyzed by the nuclear fragmentation assay, using the DNA-
specific fluorochrome Hoechst 33258. Genomic DNA from
these experiments was analyzed by indirect end labeling with
the human 0.2HB MLL cDNA probe, which contains exons 9
to 11 and shows 91% sequence identity with its murine coun-
terpart in this region. Figure 5 demonstrates site-specific cleav-
age of the murine MLL in LBRM-33 cells treated with etopo-
side and assayed by indirect end labeling. Site-specific cleavage
was also inducible by N-methylformamide and C2 ceramide
(data not shown).

Site-specific cleavage within the AML1 bcr is also inducible
by apoptosis. Translocations involving the AML1 locus on
chromosome 21q22 not only are observed in de novo AML but
also are commonly recognized in t-AML associated with topo
II inhibitor treatment (44, 45). Although we had previously
been unable to detect site-specific cleavage inducible by topo II
inhibitors at several loci frequently disrupted by chromosomal
translocations, including SCL/TAL, ENL, AF-6, c-myc, and the

T-cell receptor b and d chains (5), we have recently identified
site-specific cleavage inducible by topo II inhibitors at a unique
site within the AML1 bcr (56). This finding demonstrated that
site-specific cleavage inducible by topo II inhibitors was not
solely restricted to the MLL bcr. In contrast to MLL site-
specific cleavage, which is clearly detectable in both malignant
cell lines and PBMC, AML1 cleavage was only faintly visible in
PBMC of healthy normal individuals, suggesting that the MLL
site is more sensitive to site-specific cleavage. To investigate
whether site-specific cleavage within the AML1 bcr is also
linked to apoptosis, we rehybridized the Southern blots shown
in Fig. 3B and 4A to the C6E6H2 AML1 cDNA probe con-
taining AML1 exons 5 and 6 (39) (Fig. 6A). Here, site-specific
cleavage within the AML1 locus between exons 5 and 6 was
detectable in DNA isolated from MOLT-4 (Fig. 6B) and CEM
(data not shown) cells that were treated with apoptosis-induc-
ing stimuli but not in DNA isolated from cells undergoing
necrotic cell death. Thus, we provide evidence that site-specific
genomic DNA cleavage during apoptosis occurs not only
within the MLL bcr but also within the AML1 bcr.

DISCUSSION

Over the past several years, t-AML following chemotherapy
with agents targeting topo II has been recognized with increas-
ing frequency. t-AML associated with antecedent topo II in-
hibitor treatment displays distinct cytogenetic features, most
often translocations of the MLL gene on chromosome 11q23
and, to a lesser extent, the AML1 gene on chromosome 21q22
(44, 45, 48, 53). Since topo II inhibitors are among the most

FIG. 4. (A) Site-specific cleavage within the MLL bcr is induced by apoptosis
in CEM cells. Cells were either treated for 16 h with 0.1 mM aclarubicin, 20 mM
bimolane, 10 mM merbarone, vehicle alone (Control; 0.03% DMSO), 300 mM
sodium azide (NaN3), 30% DMSO, 30 mM etoposide (VP16), 3 mg of cytosine
arabinoside (ARA-C) per ml, 300 mM N-methylformamide (NMF), 25 mM C2
ceramide, and 10 nM TNF-a or subjected to 56 h of serum withdrawal (Starved).
Genomic DNA was analyzed by indirect end labeling using the 0.2HB MLL
cDNA probe. The band induced in the apoptotic samples is indicated by an
arrow; size standards are in kilobases. (B) Site-specific cleavage within the MLL
bcr is detected in PBMC of a normal individual. Treatment conditions and
abbreviations are as described above. The treatment-induced band is indicated
by an arrow; size standards are in kilobases.

FIG. 5. (A) Site-specific cleavage within the murine MLL locus. LRBM-33
cells were treated for 16 h with vehicle alone (Control; 0.01% DMSO) or 10 mM
etoposide (VP16). Genomic DNA was digested with the indicated restriction
enzyme, size fractionated, transferred to nitrocellulose, and analyzed by indirect
end labeling to the human 0.2HB MLL cDNA probe. Etoposide-induced bands
are evident in the VP16-treated lanes. Size standards are in kilobases. (B)
Restriction map of the relevant region of the murine MLL locus. Exons 9, 10, and
11 were assigned based on '90% nucleotide sequence identity with the human
MLL; exon/intron junctions were sequenced to verify the splice sites. Indicated
restriction enzyme sites: R, EcoRI; S, SstI; H, HindIII. The point of site-specific
cleavage is indicated by an arrow.
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useful cancer chemotherapeutic agents, elucidating the events
which lead to these translocations is of both clinical and bio-
logical interest. In this report, we demonstrate that site-specific
DNA double-strand cleavage at a unique site within the MLL
bcr can be generated in response to various apoptotic stimuli.
The proportion of cells demonstrating site-specific MLL cleav-
age varied with different apoptotic stimuli as well as between
cell lines, which most likely reflected different sensitivities of
the cell lines to the different apoptotic stimuli used. Site-spe-
cific MLL bcr cleavage was generalizable from malignant cells
to PBMC of healthy normal individuals and could be linked to
the higher-order chromatin fragmentation which occurs during
the early stages of apoptosis. In addition, site-specific cleavage
within the MLL bcr seems to be conserved between species,
since it can be induced in both the human and murine MLL
loci. Lastly, site-specific double-strand DNA cleavage induced
by apoptosis could be extended to the AML1 locus.

DNA cleavage produced in vitro by using purified topo II
and topo II inhibitors does not always correlate well with DNA
cleavage induced by topo II inhibitors in vivo. For instance,
analysis of the Drosophila histone repeat locus has demon-
strated that cleavage sites induced by topo II inhibitors in vivo
were only weakly induced in vitro (30). These findings suggest
that variables such as chromatin structure and accessibility are
likely to be important factors influencing preferred DNA
cleavage sites induced by topo II inhibitors in intact cells. Our

in vitro experiments performed with a cloned genomic frag-
ment encompassing the MLL bcr mapped one of the most
prominent cleavage sites induced by the topo II inhibitor eto-
poside to the same region as cleavage induced by topo II
inhibitor treatment of intact cells. This is not surprising, given
that the only perfect in vitro topo II consensus sequence (55)
within the MLL bcr also maps to this region (5). However, this
experiment does not prove that topo II-cleavable complex for-
mation is directly involved in the site-specific MLL cleavage
that occurs in intact cells; an alternate interpretation may be
that apoptotic stimuli (including topo II inhibitors) generate
higher-order chromatin fragmentation beginning with cleavage
at chromosomal loop attachment regions (SARs), where topo
II has been localized as a structural chromatin element.

Topo II is likely to be an important structural element of the
nuclear scaffold, as it can be localized to the base of chromatin
loops (19) and has been shown to bind SAR sequences, which
are the proposed anchorage regions of DNA loops to the
nuclear scaffold (1, 38, 54). A recently described technique (28,
49) that employs histone-depleted nuclei has been used to
colocalize previously mapped SARs with topo II inhibitor-
induced cleavage sites on the Drosophila X chromosome (28),
providing support for the model that the DNA fragments gen-
erated by topo II inhibitor treatment of nuclei represent DNA
loops excised from the nuclear scaffold via topo II-mediated
cleavage at their SARs.

As mentioned above, the initial DNA fragmentation event
associated with apoptosis, generally preceding oligonucleoso-
mal ladder formation, seems to be cleavage of DNA into large
(50- to 300-kb) fragments (10, 43), close to the estimated
average size (86 kb) of a chromosomal loop (29). This obser-
vation has led to the suggestion that apoptotic degradation of
chromosomal DNA starts by excision of DNA loops from their
anchorage regions on the nuclear scaffold (10, 43). Experimen-
tal support for this model has come from a report which dem-
onstrates that the pattern of DNA fragmentation produced by
apoptosis is identical to the pattern of DNA fragmentation
obtained by cleavage at loop anchorage sites using the topo II
inhibitor-mediated DNA loop excision protocol (33).

A high-affinity SAR has been mapped to the telomeric por-
tion of the MLL bcr near MLL exon 9 (57); we have previously
shown that site-specific cleavage within the MLL bcr also maps
to MLL exon 9 (5) and therefore colocalizes with the above-
described SAR. These observations lead us to suspect that
site-specific MLL cleavage which occurs in response to apo-
ptotic stimuli may reflect cleavage at an SAR within the telo-
meric portion of the MLL bcr. Whether this cleavage is medi-
ated either by an endonuclease associated with apoptosis or by
a direct enzymatic effect of topo II remains unclear. Also, it is
unclear if the specific cleavage identified within the MLL bcr
reflects a SAR with unusual sensitivity to the higher-order
chromatin fragmentation that occurs in response to apoptotic
stimuli; it is possible that SARs displaying a similar degree of
specific cleavage exist throughout the genome. However, the
only other single-copy locus that we have identified thus far
that displays a similar degree of inducible site-specific cleavage
is the AML1 locus (56), which, like MLL, is associated with
chromosomal translocations induced by multiagent chemo-
therapy regimens including topo II inhibitors.

Previous investigations of genomic DNA cleavage induced
by apoptosis have generally studied either oligonucleosomal
cleavage (10, 61, 63), bulk genomic DNA (43), or amplified or
repeat loci (33). Some of these studies have used pulsed-field
gel electrophoresis or FIGE to examine long-range fragmen-
tation; the resolving ability of those gels limited localization of
cleavage sites to regions of approximately 5 kb (28). This re-

FIG. 6. (A) Partial restriction map of AML1, as previously reported (39).
Chromosomal orientation from centromere (cen) to telomere (tel) is as indi-
cated. Exons are shown as solid boxes, the previously identified cleavage site
induced by etoposide treatment is indicated by an arrow, and the cDNA probe
C6E6H2, containing AML1 exon 5 and 6 sequences, is indicated. Restriction sites
for BamHI (B) are indicated. (B) Site-specific cleavage within the AML1 bcr
induced by various apoptotic stimuli but not by necrotic stimuli. MOLT-4 cells
were treated for 16 h as described in the legend to Fig. 4A and hybridized to the
C6E6H2 probe. Germ line bands are seen at 20 and 11 kb, a treatment-induced
band is indicated with an arrow, and residual MLL hybridization signals are
shown with closed circles.
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port has demonstrated the feasibility of studying DNA frag-
mentation induced by apoptosis at the level of a single-copy
locus within a complex mammalian genome and demonstrated
that this fragmentation can be localized to very specific regions
(estimated to be a maximum of 100 bp) within genomic DNA.

The data presented here lead to a potential mechanism for
chromosomal rearrangements, including translocations, that
involves the higher-order chromatin fragmentation that occurs
during apoptosis. A stimulus, such as a cancer chemotherapeu-
tic agent, induces apoptosis in a target cell population, leading
to the initiation of higher-order chromatin fragmentation
through excision of DNA loops at their anchorage sites from
the nuclear scaffold, mediated by either topo II or an apoptotic
endonuclease. Although initiation of apoptosis in the vast ma-
jority of cells leads to a cell death commitment, upon removal
of the apoptotic stimulus, a rare population of cells may not
complete the apoptosis program but rather attempt to reverse
the apoptotic process. Upon this reversal, the DNA damage
caused by loop cleavage is repaired by religation of the cleaved
loops. Some of these cells repair their damage incorrectly,
leading to chromosomal rearrangements including transloca-
tions. The telomeric portion of the MLL bcr is a preferred
target for specific cleavage resulting from higher-order chro-
matin fragmentation during apoptosis and therefore would be
a preferred target region for chromosomal translocations
caused by this mechanism. Of note, there are several reports of
patients with t-AML characteristic of t-AML associated with
topo II inhibitor therapy (a short latency period, monocytic
phenotype, and MLL translocations) whose chemotherapeutic
regimens did not incorporate topo II inhibitors but who were
instead treated with chemotherapeutic drugs such as alkylating
agents or antimetabolites (20, 32, 46), which can induce apo-
ptosis. While these t-AML cases may in fact be de novo leu-
kemias, an alternate explanation would be that a chemother-
apeutic agent which does not target topo II, but which can
induce apoptosis, had caused the translocation. With this spec-
ulative model in mind, it is interesting that overexpression of
bcl2 has been shown to decrease sister chromatid exchange and
other rearrangements induced by etoposide while not affecting
cleavable complex formation induced by etoposide (25).

The MLL breakpoints recognized in t-AML patients seem to
cluster within a region approximately 2 kb centromeric to the
specific cleavage site identified within exon 9 (57) rather than
precisely at the exon 9 cleavage site. One potential explanation
for this observation is that the double-strand DNA cleavage
which occurs at the exon 9 site may be followed by a variable
amount of exonucleolytic DNA degradation and subsequent
religation to a different chromosome, producing a transloca-
tion. If this model is correct, the MLL translocations which
occur in t-AML should have small regions centromeric to MLL
exon 9 that are deleted. Verification of this model is dependent
on cloning and sequencing the relevant derivative translocated
chromosomes from t-AML patients.

In conclusion, our study demonstrates that the MLL and
AML1 loci are specifically cleaved at unique sites within their
bcrs during the early stages of apoptosis. The observed cleav-
age is independent of the stimuli used to induce apoptosis, is
conserved between species, can be localized to a narrow
(,100-bp) region, and seems to be independent of the catalytic
activity of topo II. In addition, this report demonstrates the
feasibility of studying the effect of DNA fragmentation which
occurs during apoptosis at the level of single-copy loci within
complex mammalian genomes. Lastly, the fact that the two
cleavage sites identified are within bcrs mapped in patients
with t-AML suggests a link between the higher-order DNA
fragmentation which occurs during apoptosis and chromo-

somal translocations induced by genotoxic cancer chemother-
apeutic agents.
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