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Topoisomerase II is a target for a number of chemo-
therapeutic agents used in the treatment of cancer. Its
essential physiological role in modifying the topology of
DNA involves the generation of transient double-strand
breaks. Anti-cancer drugs, such as mitoxantrone, that
target this enzyme interrupt its catalytic cycle and give
rise to persistent double strand breaks, which may be
lethal to a cell. We investigated the role of such lesions
in signaling the activation of the transcription factor
nuclear factor kB (NFkB) by this drug. Mitoxantrone
activated NFkB and stimulated IkBa degradation in the
promyelocytic leukemia cell line HL60 but not in the
variant cells, HL60/MX2 cells, which lack the b isoform
of topoisomerase II and express a truncated a isoform
that results in an altered subcellular distribution. Treat-
ment of sensitive HL60 cells with mitoxantrone led to a
depletion of both isoforms, suggesting the stabilization
of transient DNA-topoisomerase II complexes. This de-
pletion was absent in the variant cells, HL60/MX2. Acti-
vation of caspase 3 by mitoxantrone was also impaired
in the HL60/MX2 cells. NFkB activation in response to
tumor necrosis factor and bleomycin, the latter causing
topoisomerase II-independent DNA damage, was intact
in both cell lines. An inhibitor rather than a poison of
topoisomerase II, Imperial Cancer Research Fund 187
(ICRF 187) the mechanism of which does not involve the
generation of double strand breaks, did not activate
NFkB, nor did it induce apoptosis in parental HL60 cells.
However, ICRF 187 protected against IkB degradation
in parental HL60 cells in response to mitoxantrone. This
protection was also shown with another topoisomerase
II inhibitor, merbarone, which is structurally and func-
tionally distinct from ICRF 187. Their effects were spe-
cific, as neither protected against tumor necrosis factor-
stimulated IkB degradation. The poisoning of topoiso-
merase II with resultant DNA damage is therefore a
critical signal for NFkB activation.

Agents that induce stress in cells, such as ionizing radiation,
reactive oxygen species, and anti-neoplastic drugs, change the
expression of many genes by affecting transcription factors,
including AP1, NF-AT, NFkB,1 and Egr-1 (1–7). Such genes
may encode proteins that determine the commitment of a cell to

mitotic arrest, damage repair, proliferation, or even apoptosis.
The regulation and role of the inducible transcription factor
NFkB has been studied intensely during recent years. NFkB is
present in diverse cell types, activated in response to diverse
stimuli by complex signaling pathways involving several pro-
tein-protein interactions and phosphorylations (8–10). Typi-
cally, NFkB resides in the cytosol as a dimer composed of
subunits belonging to the Rel family of proteins, the prototype
comprising a p50 and p65/RelA subunit. p50/p65(RelA) het-
erodimers have a potent transcriptional activating potential,
whereas p50 homodimers lack transactivation activity due to
the absence of a transcriptional activation domain (9, 11, 12).

NFkB heterodimers are sequestered in the cytosol through
interactions with an inhibitor protein termed IkB, of which
there are a number of isoforms (13). The classical pathway to
NFkB activation involves the phosphorylation of IkBa on two
critical serine residues at positions 32 and 36, within its amino-
terminal regulatory domain (14). Once phosphorylated, IkBa is
subjected to polyubiquitination at two lysine residues, which
also reside within this domain (15) and which target the pro-
tein for subsequent degradation by the 26 S proteasome (16),
unmasking the nuclear localization signal of the heterodimer
and allowing it to translocate into the nucleus, where it binds
to the promoter regions of genes and stimulates transcription.
Two IkB kinases, a and b (reviewed in Ref. 17), in a complex
with an accessory protein, NFkB essential modulator, have
been shown to be responsible for the phosphorylation of IkB
(18–20).

Cytokines, such as interleukin 1 and TNF, activate NFkB by
recruiting a number of receptor-interacting proteins (reviewed
in Refs. 21 and 22), which lead to the activation of NFkB-
inducing kinase, which then activates the inhibitor of kB ki-
nase complex (17, 23), although a role for NFkB-inducing ki-
nase has recently been questioned (24). Other potent activators
of NFkB are anthracycline anti-cancer drugs, such as dauno-
rubicin, and the related anthracenedione, mitoxantrone (2).
Similar to other NFkB activators, their effects appear to in-
volve reactive oxygen species (2, 3, 25). The primary target for
these drugs and/or the nature of the lesion induced that medi-
ates the signal leading to NFkB activation is unknown, how-
ever. Like many chemotherapeutic agents, these drugs exert
their anti-neoplastic effects in susceptible cells by inducing
apoptosis (26). The mechanism by which anthracycline-type
drugs kill cells has been proposed to involve intercalation of the
planar aglycone moiety into the DNA (affecting DNA replica-
tion and transcription) and redox cycling resulting in the oxi-
dative damage of cellular macromolecules and lipid mem-
branes (reviewed in Ref. 27). However, given that mitoxantrone
causes minimal oxidative stress in target cells (28, 29), its
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apoptotic effects can be exclusively correlated with its ability to
induce DNA damage, specifically DNA double strand breaks,
by direct interaction with a family of enzymes known as type II
topoisomerases (30).

Collectively, these enzymes affect the topology of DNA, and
their importance is underscored by their involvement in virtu-
ally every aspect of DNA metabolism, chromosomal organiza-
tion, and segregation (31, 32). There are two isoforms of topoi-
somerase II enzymes in mammalian cells, an a and a b form,
which differ in their molecular weight and are the products of
two separate genes. Their amino-terminal sequence is highly
conserved, but they only maintain 35% homology in their car-
boxyl termini, which has been proposed to account for differ-
ences in their cellular distribution (31, 33). The a form is
localized to the nuclear matrix, whereas the b form is non-
matrix-associated and localizes preferentially in the nucleoli. A
nucleolar localization has, however, been disputed recently,
with evidence being presented for the b form being nuclear but
not nucleolar (34). These enzymes may have distinct and over-
lapping physiological roles, suggested by their differential ex-
pression and phosphorylation during mitosis and transforma-
tion (31, 32). The a form, a substrate for casein kinase II (35),
may be preferentially involved in DNA transcription account-
ing for its enhanced expression during mitosis (36). In this
regard, it has been termed a proliferative marker. The b form
has been proposed to have a preferential role in ribosomal RNA
transcription and is excluded from the nuclear scaffold during
mitosis, diffusing into the cytosol (32, 33). The expression of
this isoform generally increases during transformation, in con-
trast with its more constitutive expression in normal cells,
suggesting a role for it in transformation.

Topoisomerase II enzyme action involves sequential DNA
binding, cleavage of the DNA phosphodiester backbone, intact
second strand passage, religation of the cleaved DNA strand,
and enzyme turnover, which is an energy-dependent process
involving the hydrolysis of ATP (30). Anthracycline and related
anthracenedione drugs stabilize or “trap” the intermediate in
this reaction, giving rise to a “cleavable complex” and are
therefore termed “poisons.” This trapping is thought to block or
prevent the religation step and gives rise to the presence of
protein-associated double strand breaks. In effect, anthracy-
clines and anthracenediones form ternary complexes with DNA
and the enzyme and stimulate DNA cleavage in a sequence-
specific manner (37). Correlations between the level of target
enzyme, drug induced strand breaks, and sensitivity toward
drug-induced cell killing have been shown (38), although there
remains some controversy regarding the preferential targeting
of different isoforms by different categories of topoisomerase
II-targeted drugs (39–43). A recent study has shown that
drugs such as mitoxantrone can target both topoisomerase II a

and b (44). Topoisomerase II b may be the more important
target, however, as cells deficient in this form are less sensitive
to killing by mitoxantrone (44).

In this study, we have investigated the role of topoisomerase
II in NFkB activation by mitoxantrone. We have utilized a
resistant variant of the promyelocytic cell line HL60, termed
HL60/MX2, which, compared with the parental line, is 34-fold
more resistant to cell killing by mitoxantrone (45, 46). This
resistance has been correlated with a complete absence of the
expression of the topoisomerase II b isoform. Furthermore, the
topoisomerase II a transcript has a deletion in its 39 end,
resulting in a truncated protein with altered subcellular dis-
tribution and possibly altered drug sensitivity (47). Our data
support a direct relationship between cell killing, NFkB acti-
vation, and the targeting of topoisomerase II enzymes by this
drug, indicating a novel pathway to NFkB activation involving

DNA double strand breaks generated by the poisoning of topoi-
somerase II.

EXPERIMENTAL PROCEDURES

Materials—-HL60 parental and resistant (HL60/MX2) cells were
kindly supplied by Dr. Ian Hickson (ICRF, University of Oxford, Oxford,
United Kingdom) (43) and were grown in suspension culture in RPMI
1640 medium supplemented with 20% fetal calf serum, penicillin/strep-
tomycin (100 units/ml and 100 mg/ml, respectively) and L-glutamine
(final concentration, 2 mM), all obtained from Life Technologies, Inc.
Mitoxantrone and recombinant human TNFa were generous gifts from
Wyeth-Ayerst Research (Berks, United Kingdom) and Zeneca Pharma-
ceuticals Ltd. (Macclesfield, United Kingdom), respectively. ICRF 187
was kindly supplied by Dr. Maxwell Sehested (Department of Pathol-
ogy, Laboratory Center Rigshospitalet, Copenhagen, Denmark) and Dr.
A. M. Creighton (Medicinal Chemistry Laboratory, St. Bartholomew’s
Hospital Medical College, London, United Kingdom). Merbarone was a
gift from Professor William T. Beck (Division of Therapeutics, Cancer
Center, College of Medicine, University of Illinois at Chicago, Chicago,
IL). Poly(dI-dC) was purchased from Amersham Pharmacia Biotech. T4
polynucleotide kinase and oligonucleotide containing the consensus
sequence 59-GG GAC TTT CC-39, corresponding to the k light chain
enhancer motif, were purchased from Promega (Southampton, United
Kingdom). [g-32P]ATP (3000 Ci/mmol), was from Amersham Pharmacia
Biotech. PhototopeTM horseradish peroxidase Western blot detection kit
was from New England Biolabs Ltd. Monoclonal antibodies to the
inhibitor protein, IkBa, were a generous gift from Dr. Ron Hay (St.
Andrews, United Kingdom). Monoclonal antibodies to human DNA
topoisomerase II (a and b) and CPP32 enzymes were purchased from
Genosys Biotechnologies Inc. (Cambridge, United Kingdom) and Trans-
duction Laboratories (Lexington, KY), respectively. Rabbit polyclonal
antibodies to topoisomerase II a and b were generously provided by Dr.
Ian Hickson (ICRF, University of Oxford). All other reagents were
purchased from Sigma.

Cell Culture—For treatments, cells in late log phase of growth were
resuspended in complete medium supplemented with 0.5% FBS at a
concentration of 1 3 106 cells/ml and incubated at 37 °C in a humidified
atmosphere of 5% CO2/95% air (for 16 h prior to stimulation). Following
stimulation (4 h unless otherwise stated), incubations were discontin-
ued by the addition of ice-cold phosphate-buffered saline, and either
nuclear or whole cell extracts (for IkB and CPP32 determinations) were
prepared as described previously (2). Treatments using the radiomi-
metic drug bleomycin were carried out for 2 h only. Where required,
cells were preincubated with the topoisomerase II inhibitors ICRF 187
or merbarone for 1 h, prior to the addition of either drug (4 h) or
cytokine (1 h). Cell extracts for the analysis of topoisomerase II isoform
content were prepared according to the method described by Drake et
al. (48). Protein concentration determinations were made using the
Bradford assay with bovine albumin as standard.

Electrophoretic Mobility Shift Assays—Nuclear NFkB was assessed
by the electrophoretic mobility shift assay using a 22-base pair oligo-
nucleotide containing the human k light chain enhancer motif, which
had previously been end-labeled with [g-32P]ATP as described (2).
Typically, 2–4 mg of nuclear extract protein was incubated with
radiolabeled oligonucleotide (10,000 cpm) at room temperature for 30
min using the conditions described previously (2, 11). NFkB com-
plexes were resolved on 5% acrylamide gels and identified following
autoradiography.

Western Blot Analysis—Equal amounts of whole cell lysate protein
(as indicated) were resolved by SDS-polyacrylamide gel electrophoresis
(10% running gel) and transferred onto nitrocellulose, and IkBa or
CPP32 immunoblot analysis was performed as described previously (2,
11). Samples for topoisomerase II protein detection were resolved on 7%
gels and, following transfer, incubated with primary antibody at a
dilution of 1:250 (0.4 mg/ml) in 1% dry milk in 13 phosphate buffered
saline and 0.5% Tween 20. Secondary antibody was used at a dilution of
1:1000. The blots were developed by chemiluminescent detection (ECL)
according to the manufacturer’s recommendation.

Band Depletion Assay for Topoisomerase II—Following treatment,
cells were harvested by centrifugation, and nuclear extracts were pre-
pared as described previously (48). Samples were resolved on 7% gels
and, following transfer, incubated with primary antibody to both topoi-
somerase II isoforms (as described above) or with isoform-specific anti-
bodies (polyclonal) at a dilution of 1:500; samples were resolved in 1%
dry milk in 13 phosphate buffered saline and 0.5% Tween 20. Second-
ary antibody concentrations and detection were also as described above.
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RESULTS

Mitoxantrone Activates NFkB and Stimulates IkB Degrada-
tion in Parental HL60 Promyelocytic Cells but not in the Vari-
ant Cells, HL60/MX2—Previously we have shown that mitox-
antrone could activate NFkB in a dose-dependent manner in
HL60 promyelocytic leukemia cells (2). In this report, we have
compared this activation with that in a derived variant of this
cell line, HL60/MX2 (42–44), which has reduced levels of both
topoisomerase II a and b and is resistant to cell kill by mitox-
antrone. NFkB activation was not observed in the HL60/MX2
cell line, compared with a dose-responsive activation in the
parental cell line, demonstrated by the detection of protein-
DNA complexes in nuclear extracts from drug-treated cells
(Fig. 1A). Concentrations of 50–1000 nM mitoxantrone acti-
vated NFkB (lanes 2–6) in the parental line, whereas these
concentrations were ineffective in the HL60/MX2 cell line
(lanes 8–12). However, both cell lines showed comparable
NFkB activation following stimulation with the cytokine, TNF
(2 ng/ml) (lanes 13 and 14, respectively). A dose-dependent
degradation of the inhibitor protein, IkBa, a key signal for
NFkB activation (9), was also observed in the parental but not
the HL60/MX2 cell line in response to mitoxantrone (Fig. 1B).
Concentrations from 500 nM clearly induced IkB degradation in
the parental line (lanes 3–5) but not in the HL60/MX2 cell line
(Fig. 1B, lanes 9–11), which supported the NFkB activation
data. This degradation was comparable in both cell lines in
response to TNF (2 ng/ml) (Fig. 1B, compare lanes 6 and 12).
We also tested another DNA damaging agent in both cell lines,
bleomycin, the effects of which are not topoisomerase II-de-
pendent (49). This agent induced IkBa degradation in both
HL60 and HL60/MX2 cells (Fig. 1C, compare lanes 1 and 2 with
lanes 3 and 4), although its effect was less pronounced than
mitoxantrone in parental HL60 cells or TNF in both cell lines
(Fig. 1B). Although bleomycin was a weaker activator of NFkB,
this may be explained by its ability to cause DNA strand
scission resulting in both single and double strand breaks, the
former perhaps being a less potent signal for this effect. Den-
sitometric scanning performed on the immunoblot data (Fig.
1C) showed similar levels of IkBa degradation (47 and 45%)
when compared with control values for both parental and var-
iant HL60/MX2 cells in response to bleomycin. Non-topoi-
somerase II-targeted drugs that damage DNA can therefore
activate NFkB and are independent of the topoisomerase II
levels in target cells.

Both Topoisomerase II Isoforms Are Present in Parental
HL60 Cells and Are Targeted by Mitoxantrone—To confirm the
phenotype of both cell lines, Western blot analysis of whole cell
extracts was performed with an antibody that recognized both
the a and b isoforms of the topoisomerase II enzyme (Fig. 2A).
Both isoforms were detected in the parental cell line (Fig. 2A,
lane 1–3), whereas expression of the b isoform was negligible in
extracts from the HL60/MX2 cells (lane 4–6). The expression of
both isoforms was unaffected by treatment of cells with mitox-
antrone (250 and 500 nM, Fig. 2A, lanes 2–3 and 5–6). Forma-
tion of transient DNA-topoisomerase II complexes is stabilized
by some topoisomerase II poisons, such as mitoxantrone. Em-
ploying a band depletion assay on nuclear extracts from treated
cells, the functionality of either the drug or the topoisomerase
II target can be determined (50). Following treatment of paren-
tal HL60 cells with mitoxantrone (Fig. 2B), the intensity of a
band representing both isoforms decreased as drug concentra-
tion increased (Fig. 2B, lanes 1–4). The extraction protocol used
in the band depletion assay prevented the resolution of both
topoisomerase II isoforms, which migrated as a single band.
Importantly, no band depletion was seen following treatment of
the resistant variant cells, HL60/MX2 (lanes 5–7). Further-

more, employing an antibody that recognizes the a isoform of
topoisomerase II (Fig. 2C), its specific depletion was shown in
parental HL60 cells (lanes 1–4) but not in the variant cells,
HL60/MX2 (lanes 5–8), confirming the resistance of the a iso-
form to mitoxantrone in the HL60/MX2 line. In addition, when
an antibody that specifically recognizes the b isoform of topoi-
somerase II was used, mitoxantrone treatment caused a deple-
tion of the b isoform in parental HL60 cells, (Fig. 2D, lanes
1–4). Again, no b isoform expression could be detected in the
variant cell line (Fig. 2D, lanes 5–8).

These data clearly show that mitoxantrone dose-dependently
stabilizes topoisomerase II in parental HL60 cells, but this
effect is absent in variant HL60/MX2 cells, which are deficient
in the b isoform and have a mutated a isoform. NFkB activa-
tion in response to this drug is therefore dependent on the
presence of functional topoisomerase II, although components
necessary to give rise to this activation are normally present in
both cells, as NFkB was activated equally by TNF and
bleomycin.

Mitoxantrone Activates Caspase 3 Degradation in Parental
HL60 Cells but not in the Variant HL60/MX2 Cell Line—In
order to confirm the reported phenotype of these cells and
correlate NFkB activation with either sensitivity or resistance
to drug-induced cell kill, we measured the apoptotic response of
parental and variant HL60/MX2 cells (Fig. 3). We utilized
degradation of the pro-form of caspase 3 as a marker for apo-
ptosis (51), because this could be detected in the same extracts
used to study IkB degradation (as shown in Fig. 1B). Caspase 3
degradation was induced by mitoxantrone in the parental
(lanes 2–4) but not the variant HL60/MX2 cells (lanes 7–9).
This suggested induction of an apoptotic program of cell death
in the parental HL60 but not the variant HL60/MX2 cells.
However, both cell lines were equally sensitive to apoptotic
induction by other stimuli, as measured by caspase 3 degrada-
tion. TNF/cycloheximide (10 ng/ml and 100 mM; lanes 6 and 10)
induced pro-caspase 3 degradation in both HL60 parental and
HL60/MX2 cells. Morphological analysis of cells showed a sim-
ilar result, with mitoxantrone inducing changes indicative of
apoptosis in the parental but not in the HL60/MX2 cell line
(data not shown). Our data therefore support the reported
phenotype of these cells (45, 46, 52) and show that sensitivity to
apoptotic induction correlates with the ability of the same
doses of mitoxantrone to activate NFkB, the effect being de-
pendent on the presence of functional topoisomerase II
isoforms.

ICRF 187, an Inhibitor of Topoisomerase II Enzymes, Does
Not Activate NFkB, Nor Does It Induce Apoptosis in Parental
HL60 Promyelocytic Cells—We attempted to complement the
HL60/MX2 variant cells with both topoisomerase II isoforms
but had difficulty expressing the enzymes in these cells. We
therefore adopted a second strategy to provide further evidence
to support a role for topoisomerase II. This involved the use of
an inhibitor, ICRF 187, which blocks topoisomerase II activity
but does not generate protein-associated DNA double-strand
breaks like mitoxantrone (reviewed in Ref. 53). It can be used
to protect against the induction of DNA double strand breaks
and subsequent toxicity induced by such poisons by blocking
their ability to interact with their topoisomerase II targets (54,
55). First, we tested whether ICRF 187 could activate NFkB on
its own. Treatment of parental HL60 cells with ICRF 187
resulted in a much weaker activation of NFkB, as demon-
strated by the detection of DNA-protein complexes in nuclear
extracts from control and treated cells (Fig. 4A, lanes 3–8).
However, NFkB activation comparable to treatment with 1 mM

mitoxantrone (lane 9) was seen at a dose of 500 mM ICRF 187
(lane 8), indicating that topoisomerase II poisoning, rather
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than inhibition, is the more potent signal for NFkB activation.
This observation was supported by the inability of similar
doses of ICRF 187 to induce apoptosis in parental HL60 cells
(Fig. 4B, lanes 3–7) as determined by measurement of caspase
3 degradation/activation in extracts from treated cells. 1 mM

degradation as described under “Experimental Procedures.” Molecular
mass markers are shown in kDa (right).

FIG. 1. Mitoxantrone activates NFkB and stimulates IkB deg-
radation in parental HL60 promyelocytic leukemia cells but not
in the variant MX2 cell line, which lacks topoisomerase II b. A,
HL60 cells (either parental or MX2), seeded overnight (1 3 106/ml) in
media supplemented with 0.5% FBS, were treated with either mitox-
antrone (concentrations indicated) (lanes 2–6 and 8–12) or an equiva-
lent volume of vehicle control (C) (media) (lanes 1 and 7) for 4 h.
Alternatively, cells were treated with TNF (2 ng/ml) (lanes 13 and 14)
for 1 h. Nuclear extracts were prepared following stimulation and
analyzed for NFkB binding activity as described under “Experimental
Procedures.” NFkB-DNA complexes are shown. Results are represent-
ative of three separate experiments. B, HL60 cells (either parental or
MX2), seeded overnight (1 3 106/ml) in media supplemented with 0.5%
FBS (3 ml total), were treated with either mitoxantrone (concentrations
indicated) (lanes 2–5 and 8–11) or an equivalent volume of vehicle
control (media) (lanes 1 and 7) for 4 h. Alternatively, cells were treated
with TNF (2 ng/ml) (lanes 6 and 12) for 1 h. Cell lysates were prepared
following stimulation and analyzed for IkBa degradation as described
under “Experimental Procedures.” Closed and open arrows indicate the
positions of the IkBa inhibitor protein and its phosphorylated form,
respectively. Molecular mass markers are shown in kDa (right). Results
are representative of three separate experiments. C, HL60 cells (either
parental or MX2), seeded overnight (1 3 106/ml) in media supplemented
with 0.5% FBS (3 ml total), were treated with either bleomycin (Blm)
(10 mM) for 2 h (lanes 2 and 4) or vehicle control (C) (lanes 1 and 3). Cell
lysates were prepared following stimulation and analyzed for IkB

FIG. 2. Topoisomerase II a and b are targeted by mitoxantrone
in HL60 promyelocytic leukemia cells but not in the variant
MX2 cell line, which lacks topoisomerase II b, and has a mutated
a isoform that is resistant to mitoxantrone action. HL60 cells
(either parental or MX2) seeded overnight (2 3 106/ml) in media sup-
plemented with 0.5% FBS were stimulated with either mitoxantrone
(concentrations indicated) or vehicle control (C) (media) as indicated for
4 h. A, whole cell extracts were prepared and analyzed for the presence
of topoisomerase II isoforms as described under “Experimental Proce-
dures.” The position of topoisomerase II a and b proteins are indicated.
Nuclear extracts were prepared for band depletion analysis as de-
scribed under “Experimental Procedures” and analyzed for the deple-
tion of topoisomerase II total (B), topoisomerase II a (C) or topoisomer-
ase II b (D), as described under “Experimental Procedures.” Closed and
open arrows indicate the positions of topoisomerase II a and b proteins,
respectively. Molecular mass markers are shown in kDa. Results are
representative of three separate experiments.
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mitoxantrone induced degradation of the pro-form of caspase 3
as expected (Fig. 4B, lane 2). However, a concentration of 500
mM ICRF 187 was required to see any pro-caspase 3 degrada-
tion (lane 7).

Both ICRF 187 and Merbarone Protect against IkB Degrada-
tion in Parental HL60 Cells in Response to the Topoisomerase II
Poison Mitoxantrone—We then exploited the reported ability of
ICRF 187 to protect topoisomerase against mitoxantrone. As
shown in Fig. 5A, pretreatment of parental HL60 cells with
doses of ICRF 187 that did not activate NFkB protected in part
against NFkB activation (as measured by IkBa degradation) in
response to the topoisomerase II poison mitoxantrone. Treat-
ment of HL60 cells with 1 mM mitoxantrone induced an almost
complete degradation of IkBa (Fig. 5A, lane 2). A concentration
of 250 mM ICRF had no effect (lane 3). However, pretreatment
of HL60 cells with 10–250 mM ICRF 187 decreased the ability of
1 mM mitoxantrone to induce IkBa degradation (lanes 4–7), as
indicated by less degradation being evident. Some phosphoryl-
ation (as indicated by the upper band, corresponding to phos-
pho-IkBa (9, 14)) and degradation (less IkBa being detected)
was evident, but the effect of mitoxantrone was clearly im-
paired, particularly at concentrations of 50–250 mM ICRF 187
(Fig. 5A, compare lanes 5–7 with lane 2). Importantly, IkBa
degradation following treatment of HL60 cells with the cyto-
kine TNF, was not protected against by pretreatment with
ICRF (Fig. 4B, compare lanes 3 and 4 with lane 2).

The same experiment was performed with merbarone, a
topoisomerase II inhibitor that is structurally and functionally
distinct from ICRF 187 and has previously been shown to
attenuate etoposide-enhanced topoisomerase II-mediated DNA
cleavage (57). As shown in Fig. 5C, merbarone dose-respon-
sively protected against IkBa degradation (lanes 4–8) induced
by 1 mM mitoxantrone (lane 2) in parental HL60 cells. A dose of
100 mM merbarone completely protected against mitoxantrone-
induced IkBa degradation, where the intensity of the band
corresponding to the IkBa protein was comparable with that
from untreated cells (Fig. 5C, compare lanes 1 and 8). This dose
did not induce IkBa degradation on its own (lane 3). As with
ICRF 187, IkBa degradation following treatment of HL60 cells
with the cytokine TNF was not protected against by pretreat-
ment with merbarone (Fig. 5D, compare lanes 3 with lane 2).
This suggested that the effect was specific for a stimulus that
targeted topoisomerase II, with DNA damage being a prereq-
uisite lesion for this signal.

Taken together, our data indicate that DNA damage driven
by topoisomerase II poisoning is the mechanism whereby the
anthracenedione mitoxantrone activates NFkB.

DISCUSSION

In order to specifically address the role of topoisomerase II
enzymes in mediating NFkB activation in response to mitox-
antrone, we chose a resistant variant of the promyelocytic cell
line HL60, namely HL60/MX2 (43, 44). These cells lack topoi-
somerase II b isoform expression and have a disruption in the
carboxyl terminus of the a isoform. Furthermore, altered cel-
lular distribution of the a isoform, as detected by immunoflu-
orescence microscopy has been reported for these cells (53).
These changes are the likely explanation for why the DNA
cleavage activity of topoisomerase II present in the MX2 cell
line is less sensitive to inhibition by mitoxantrone when com-
pared with the parental cell line. Our results show an absence
of NFkB activation and IkB degradation in this cell line follow-
ing treatment with mitoxantrone. This is the first indication
that topoisomerase II is absolutely required by mitoxantrone to
mediate this activation.

Using a band depletion assay, we showed that both topoi-
somerase II a and b were targeted by mitoxantrone in parental
HL60 cells following the formation of transient DNA-topoi-
somerase II complexes. Furthermore, the absence of a depleted
band corresponding to the a isoform in the variant cells, HL60/
MX2, indicated that this altered form was unable to compen-

FIG. 3. Mitoxantrone stimulates caspase 3 activation in paren-
tal HL60 promyelocytic leukemia cells but not in the variant
MX2 cell line. HL60 cells (either parental or MX2), seeded overnight
(1 3 106/ml) in media supplemented with 0.5% FBS (3 ml total), were
treated with either mitoxantrone (concentrations indicated) (lanes 2–5
and 7–9) or an equivalent volume of vehicle control (C) (media) (lanes 1
and 7) for 4 h. Alternatively, cells were treated with TNF and cyclohex-
imide (TNF/C) (2 ng/ml and 100 mM, respectively) (lanes 5 and 10) for
4 h. Cell lysates were prepared following stimulation and analyzed for
degradation of the proform of caspase 3 as described under “Experi-
mental Procedures.” Molecular mass markers are shown in kDa (right).
Results are representative of three experiments.

FIG. 4. The topoisomerase II inhibitor, ICRF 187, only margin-
ally activates NFkB in parental HL60 promyelocytic leukemia
cells and does not stimulate caspase 3 activation. A, parental
HL60 cells were seeded overnight (1 3 106/ml) in media supplemented
with 0.5% FBS and treated with either ICRF 187 (concentrations indi-
cated) (lanes 3–8) or an equivalent volume of vehicle control (C) (media)
(lane 1) for 4 h. Alternatively, cells were treated with either TNF (2
ng/ml) (lane 2) for 1 h or mitoxantrone (1 mM) for 4 h, for comparison.
Nuclear extracts were prepared following stimulation and analyzed for
NFkB binding activity as described under “Experimental Procedures.”
NFkB-DNA complexes are shown. Results are representative of three
separate experiments. B, parental HL60 cells were seeded overnight
(1 3 106/ml) in media supplemented with 0.5% FBS and treated with
either ICRF 187 (concentrations indicated) (lanes 3–8) or an equivalent
volume of vehicle control (medium) (lane 1) for 4 h. Alternatively, cells
were treated with mitoxantrone (M) (1 mM) (lane 2) only for 4 h. Cell
lysates were prepared following stimulation and analyzed for degrada-
tion of the pro-form of caspase 3 as described under “Experimental
Procedures.” Molecular mass markers are shown in kDa (right).
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sate for the absence of the b isoform in mediating mitox-
antrone-induced DNA damage. We therefore concluded that
intact topoisomerase II was required for the effect of mitox-
antrone on NFkB, although it was not possible to attribute the
effect to either the a or b isoform because the HL60/MX2 cells
lacked the b isoform and had a mutation in the a isoform. This
would require the use of cell lines that express only a or b,
which are currently unavailable. The preferential targeting of
topoisomerase II b by anthracyclines has been examined in
other studies (39, 44), with evidence being presented for topoi-
somerase II b poisoning being more important for cell killing.
In another study, however, mitoxantrone has been shown to be
preferentially toxic to yeast expressing the a form of the human
enzyme (57). It is therefore possible that mitoxantrone can
target topoisomerase II a, but only when overexpressed, with
topoisomerase II b being the preferred endogenous target, par-
ticularly as it is this isoform that is up-regulated during trans-
formation (31).

A number of factors are involved in the development of
cellular resistance to topoisomerase II poisons. HL60/MX2 cells
were recently confirmed not to exhibit changes in drug uptake
or retention compared with the parental cell line, as deter-
mined by fluorescence-activated cell sorter analysis (52). In
addition, these cells are normally sensitive to other anti-tumor
agents such as the vinca alkaloids, resistance to which in
combination with some anthracyclines characterizes the mul-
tidrug resistance phenotype (45). In a related study, the ability
to repair drug-induced DNA strand breaks was shown to be
comparable in both a parental and resistant cell line (58),
suggesting that changes in the DNA repair capacity of the
HL60/MX2 cell line might not be a factor underlying the ab-
sence of NFkB activation in response to mitoxantrone. This
information, combined with our own data, was essential in
concluding that the results we observed were due to changes in
topoisomerase II activity and not to differential drug uptake or
metabolism.

We attempted to complement the HL60/MX2 cell line with
topoisomerase II b but had difficulty expressing the gene for
topoisomerase IIb in the MX2 cell line. In fact, to date no report
exists in which human topoisomerase II b has been expressed
ectopically in mammalian cells, suggesting that this is a gen-
eral problem. We therefore used other means to further exam-
ine the role of topoisomerase II in mitoxantrone-mediated
NFkB activation. This involved the use of two topoisomerase II
inhibitors, ICRF 187 and merbarone. Their mechanism is dis-
tinct from the poisons and involves their interaction with the
protein in its closed clamp conformation, blocking the enzymic
activity but not resulting in the generation of DNA double
strand breaks. This is an important distinction between topoi-
somerase II inhibitors and poisons in their mechanism of ac-
tion. Mechanistic studies have shown that the catalytic inhib-
itors abrogate DNA damage and cytotoxicity caused by the
topoisomerase II-targeted poisons in sensitive cells (54, 59). We
found that ICRF 187 inhibited the ability of mitoxantrone to
activate NF-kB. Although only a partial protection was shown,
it was dose-dependent and correlated well with data from pre-
vious reports in which ICRF 187 reduced the presence of DNA
strand breaks in response to topoisomerase II poisons (56, 59)
but not to control levels. We therefore employed a more potent
inhibitor of enzyme-mediated DNA scission, merbarone (55).
This thiobarbituric acid derivative is structurally and function-
ally distinct from the ICRF class of compounds and has been
shown to block the actions of topoisomerase II-targeted DNA
cleavage-enhancing drugs both in vitro and in cultured cells.
Pretreatment of parental HL60 cells with merbarone com-
pletely blocked mitoxantrone-stimulated IkB degradation. Im-

FIG. 5. The topoisomerase II inhibitors ICRF 187 and merbar-
one protect against IkB degradation in response to mitox-
antrone but not TNF in parental HL60 promyelocytic leukemia
cells. A, parental HL60 cells were seeded overnight (1 3 106/ml) in
media supplemented with 0.5% FBS and preincubated with ICRF 187
(concentrations indicated) (lanes 4–7) for 1 h prior to treatment with
mitoxantrone (1 mM). Alternatively, cells were treated with mitox-
antrone (M) (1 mM) (lane 2) or ICRF 187 only (I) (lane 3) for 4 h. B,
parental HL60 cells were preincubated with ICRF 187 (concentrations
indicated) (lanes 3 and 4) for 1 h prior to treatment with TNF (2 ng/ml)
for 1 h. Alternatively, cells were treated with TNF (2 ng/ml) (lane 2)
alone for 1 h. C, parental HL60 cells were preincubated with merbarone
(concentrations indicated) (lanes 4–8) for 1 h prior to treatment with
mitoxantrone (1 mM). Alternatively, cells were treated with mitox-
antrone (1 mM) (lane 2) or merbarone (Me) only (lane 3) for 4 h. D,
parental HL60 cells were preincubated with merbarone (concentrations
indicated) (lanes 3 and 4) for 1 h prior to treatment with TNF (2 ng/ml)
for 1 h. Alternatively, cells were treated with TNF (2 ng/ml) (lane 2)
alone for 1 h. In all cases, cell lysates were prepared following stimu-
lation and analyzed for IkB a degradation as described under “Exper-
imental Procedures” and above. Molecular mass markers are shown in
kDa (right). Results are representative of at least three separate
experiments.
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portantly, our study also showed that neither ICRF 187 nor
merbarone had an effect on TNF-mediated activation of NFkB.
This was important because ICRF 187 can chelate iron (54),
and previously, we had found that other agents with this prop-
erty, such as desferal, can inhibit the activation of NFkB by
TNF (3). Finally, the activation of NFkB by a DNA-damaging
agent (bleomycin) that does not target topoisomerase II was not
attenuated by ICRF 187 (data not shown), supporting the spec-
ificity of this response.

Our data therefore support the proposal that DNA damage is
an important signaling lesion for NFkB activation, following
either topoisomerase II poisoning or direct effects on DNA,
such as those induced by the radiomimetic agent bleomycin. It
has been proposed that DNA damage by other agents may
transduce signals from the nucleus to the cytoplasm, resulting
in NFkB activation (6). How this occurs is not known. A wide
variety of proteins participate in NFkB activation in response
to different stimuli (8–10). Whether DNA damage activates
any of these known proteins on the NFkB pathway is not clear.
In our study, both parental and resistant HL60 cell lines were
equally sensitive to NFkB activation in response to TNF. This
indicates that components of the TNF pathway are intact in
both cell lines. Changes or mutations in the NFkB signaling
proteins, such as the IkB kinases, therefore, cannot account for
differences in the response to topoisomerase-II targeted drugs.
It remains to be determined where the mitoxantrone-mediated
signal might “connect” with signaling proteins on the NFkB
activation pathway.

We also monitored caspase 3 activation as a marker of ap-
optosis (51), as well as morphological changes in the parental
and resistant cell line. We confirmed that mitoxantrone does
not induce apoptosis in the resistant cell line, further empha-
sizing the importance of topoisomerase II in this process. Sim-
ilar to NFkB, the apoptotic machinery was intact in the cells,
however, because TNF/cycloheximide could induce apoptosis.
How topoisomerase II-mediated DNA damage might lead to
caspase 3 activation is at present unknown.

The importance of our observation is underscored by the
emerging role of NFkB in cancer and tumor resistance (10, 60).
Both pro- and anti-apoptotic roles have been proposed for
NFkB. Activated NFkB has been implicated in the develop-
ment of resistance to TNF and anti-cancer drugs (60, 61) via
the induction of anti-apoptotic genes (62). Although fewer pro-
apoptotic genes have been identified that are regulated by
NFkB, Fas ligand (Fas L), a physiological inducer of this proc-
ess, has recently been shown to contain NFkB consensus se-
quences in its promoter region (63), and interestingly, it is
up-regulated in response to DNA damage (59). The expression
of Fas ligand is increased following treatment of cells with
topoisomerase II poisons and this is regulated in part by the
presence of NFkB binding sites in its promoter (59). These data
suggest that Fas ligand expression in response to such drugs is
dependent on a functional NFkB activation pathway, support-
ing a pro-apoptotic role for this transcription factor and pre-
senting Fas ligand as a possible candidate for inducing apop-
tosis in response to such drugs. Our study provides a
mechanism whereby topoisomerase II poisons might activate
NFkB and thereby increase Fas ligand expression.

In conclusion, we have shown that topoisomerase II mediates
the activation of the transcription factor, NFkB, in response to
mitoxantrone. This process may be important for the mecha-
nism of action of anti-cancer drugs and their clinical efficacy.
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