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M2, a novel anthracenedione, elicits a potent DNA damage response that can be
subverted through checkpoint kinase inhibition to generate mitotic catastrophe
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A B S T R A C T

Pixantrone is a promising anti-cancer aza-anthracenedione that has prompted the development of new

anthracenediones incorporating symmetrical side-chains of increasing length varying from two to five

methylene units in each pair of drug side-chains. A striking relationship has emerged in which

anthracenedione-induced growth inhibition and apoptosis was inversely associated with side-chain

length, a relationship that was attributable to a differential ability to stabilise the topoisomerase II (TOP2)

cleavage complex. Processing of the complex to a DNA double strand break (DSB) flanked by gH2AX in

nuclear foci is likely to occur, as the generation of the primary lesion was antecedent to gH2AX induction.

M2, bearing the shortest pair of side-chains, induced TOP2-mediated DSBs efficiently and activated cell

cycle checkpoints via Chk1 and Chk2 phosphorylation, implicating the involvement of ATM and ATR, and

induced a protracted S phase and subsequent G2/M arrest. The inactive analogue M5, containing the

longest pair of side-chains, only weakly stimulated any of these responses, suggesting that efficient

stabilisation of the TOP2 cleavage complex was crucial for eliciting a strong DNA damage response (DDR).

An M2 induced DDR in p53-defective MDA-MB-231 cells was abrogated by UCN-01, a ubiquitous

inhibitor of kinases including Chk1, in a response associated with substantial mitotic catastrophe and

strong synergy. The rational selection of checkpoint kinase inhibitors may significantly enhance the

therapeutic benefit of anthracenediones that efficiently stabilise the TOP2 cleavage complex.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Pixantrone (Table 1) is a novel 2-aza-anthracenedione original-
ly developed to improve the clinical profile of mitoxantrone (Table
1), a 5,8-dihydroxy analogue of pixantrone frequently applied in
the treatment of lymphomas, leukaemias, advanced (metastatic)
breast cancer and, more recently, prostate cancer [1,2]. Although
Abbreviations: AN-9, pivaloyloxymethyl butyrate; ATM, ataxia telangiectasia

mutated; ATR, ataxia telangiectasia mutated-related; CC, closed; Chk1, checkpoint

kinase 1; Chk2, checkpoint kinase 2; CI, combination index; DDR, DNA damage

response; DNA-PK, DNA protein kinase; DSB, double strand break; gH2AX,

phosphorylated H2AX; IC50, 50% inhibitory concentration; Kapp, apparent binding

constant; kDNA, kinetoplast DNA; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-

2H-tetrazolium bromide; MX, mitoxantrone; NAC, N-acetyl-cysteine; NC, decate-

nated nicked; OTM, olive tail moment; PIX, pixantrone; PMSF, phenylmethylsulfo-

nyl fluoride; ROS, reactive oxygen species; Sur, suramin; TOP2, topoisomerase II.
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mitoxantrone is clinically well tolerated, it still exerts a range of
toxic side-effects including cardiotoxicity [3]. The development of
pixantrone, currently in Phase III trials for the treatment of
aggressive non-Hodgkins lymphoma [4], represents an effort to
minimise the cardiotoxicity induced by mitoxantrone without
compromising its therapeutic profile.

The mechanism of action of the anthracenediones is likely to be
multimodal. Both mitoxantrone and pixantrone interact with DNA
via intercalation in vitro, an event widely considered as critical to
their mechanism(s) of action [5,6]. At a cellular level, localisation
studies have established that mitoxantrone targets DNA and RNA
of the nucleus [7,8], where it potently inhibits nucleic acid
synthesis [9].

Topoisomerase II (TOP2), a nuclear enzyme responsible for
regulating DNA topology by introducing transient breaks in both
DNA strands, is a well established molecular target of the
anthracenediones. Both mitoxantrone and pixantrone can function
as TOP2 poisons by trapping and stabilising the normally
transiently bound protein–DNA complex [6,10–12], thereby giving
rise to DNA double strand breaks (DSBs). Despite their ability to
stimulate DNA scission via TOP2, the potency of these anthrace-
nediones as cytotoxic compounds does not always directly
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Table 1
The generic chemical structure and R groups of each anthracenedione. Kapp values represent the mean apparent equilibrium binding constant � SEM of three independent

experiments. TOP2 IC50 values indicate the concentration of each anthracenedione required for 50% inhibition of TOP2 decatenation activity as depicted in Fig. 4C. Growth inhibitory

IC50 values indicate the concentration of each anthracenedione (nM) required to inhibit the growth of the specified cancer cells by 50% as evaluated using an MTT assay. Each value

represents the IC50 mean � SEM of n independent experiments, where n is indicated in parentheses alongside.

R1

R2

R2

O

O NH

NH

R3

R3
.

Compound R1 R2 R3 Kapp� 10�7 (M�1) TOP2 IC50 (mM) Growth inhibition IC50 (nM)

HL-60a A2780 PC-3

M2 CH OH NH2 8.76 � 0.43 1.3 9.3 � 2.3 (2) 36 � 4.5 (2) 280 � 40 (2)

M3 CH2NH2 9.54 � 0.31 1.4 260 � 64 (3) 140 � 24 (3) 2800 � 520 (3)

M4 (CH2)2NH2 10.2 � 0.16 3.2 1800 � 130 (3) 1600 � 300 (3) 4700 � 860 (3)

M5 (CH2)3NH2 8.43 � 0.53 5.6 3800 � 630 (3) 7600 � 1400 (3) 11,000 � 2500 (3)

Mitoxantrone NH(CH2)2OH 9.10 � 0.46 ND 6.5 � 1.5 (2) 29 � 28 (2) 290 � 38 (3)

Pixantrone N H NH2 ND ND 400 � 68 (4) 23 � 4.5 (4) 1800 � 650 (3)

a Indicates data that has previously been published by Mansour et al. [20].
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correlate with their induction of DNA strand breaks [6,10,13,14],
indicating that they may also be operating by a distinct, currently
undefined mechanism of cell kill.

A novel form of anthracenedione–DNA interaction has emerged
in which both mitoxantrone and pixantrone can be activated by
formaldehyde to yield covalent drug–DNA adducts [15,16]. Mitox-
antrone was the original anthracenedione to be identified that was
susceptible to formaldehyde-mediated DNA alkylation [15], how-
ever mitoxantrone–DNA adducts are typically intrinsically unstable
and require very high, biologically irrelevant drug concentrations for
their formation [17]. A subsequent study established that, relative to
mitoxantrone, pixantrone was clearly more efficient in its alkylation
of DNA following formaldehyde activation, most likely by virtue of
its terminal primary amino groups in each side-chain [16]. In cellular
systems, pixantrone exhibits a mild synergistic relationship with the
formaldehyde-releasing prodrug AN-9, indicating a favourable role
for formaldehyde in mediating pixantrone-induced cell kill (unpub-
lished observations).

A variety of methods including in vitro transcription and mass
spectrometry have established that formaldehyde-activated pix-
antrone is a monofunctional DNA alkylator that binds selectively to
CpG and CpA dinucleotides via the exocyclic N2 amino group of
guanine within DNA [18]. Crucially, formaldehyde provides the
methylene bridge that extends from the guanine residue and
connects with a single amino group in one drug side-chain, thereby
generating an aminal linkage [18]. Mitoxantrone forms an
analogous formaldehyde-mediated DNA lesion [19], however its
aminal functional group is much less stable [16], most likely
because the secondary amino group is involved rather than the
primary amine function of pixantrone.

A major functional limitation of both mitoxantrone– and
pixantrone–DNA monoadducts is their relatively poor intrinsic
stability (about 25 and 80 min, respectively [16]). It was subse-
quently rationalised that an increase in drug side-chain length may
permit the anthracenedione to completely bridge the two strands of
duplex DNA [18,20], much like an interstrand crosslink. The most
potent and effective alkylating agents applied in cancer therapy are
typically those that covalently crosslink the complementary strands
of DNA, rather than alkylation of just one [21].

Accordingly, new anthracenediones were synthesised that
incorporated extended aliphatic symmetrical side-chains, each
terminating in a primary amino group critical for efficient
activation by formaldehyde ([20] and Table 1). Importantly, these
compounds retained the polycyclic anthraquinone ring system
necessary for an intercalative interaction with DNA [22]. An in vitro

crosslinking assay demonstrated that side-chain extension gener-
ally conferred a remarkable increase in the temporal stability of
formaldehyde-activated anthracenedione–DNA adducts [20]. A
clear and direct relationship existed between side-chain length
and drug–DNA adduct half-life, with M5 (Table 1) exhibiting the
most exceptional stability (t1/2 > 2 days). Significantly, the
enhanced drug–DNA adduct stability was reflected in a range of
cultured cancer cell lines where anthracenediones with longer
side-chains (Table 1) were synergistic in combination with the
formaldehyde-releasing prodrug AN-9 [20].

A further distinctive feature of the study [20] was that, as single
agents, drug-induced growth inhibition was inversely but tightly
associated with compound side-chain length. Moreover, the
compound possessing the shortest pair of side-chains, M2 (Table
1), demonstrated exceptional growth inhibitory properties in
cultured cancer cells comparable to the parent mitoxantrone [20].
Although many of these anthracenediones were originally
synthesised and described more than 30 years ago [23–25], little
effort has been made to characterise the underlying molecular
mechanism(s) responsible for this variation in biological activity.
Throughout the same period, tremendous advancements have
been made in identifying the molecular alterations responsible for
cancer development [26], and it is now clear that most, if not all,
cancers harbour a compromised DDR system [26–28], a property
that distinguishes them from cells of healthy tissue. Cancer-
specific impairments in DDR systems may enable the selective
targeting of cancers exposed to DNA damaging agents. Thirty years
on, it is timely to exploit these recent advances by better
characterising the molecular mechanisms(s) underlying the
variation in anthracenedione-induced cell kill [20], the primary
focus of the present study.

2. Methods

2.1. Materials

Mitoxantrone dihydrochloride, suramin, UCN-01, propidium
iodide, Hoechst 33258, N-acetyl-L-cysteine, aprotinin, phenyl-
methylsulfonyl fluoride (PMSF), RNase A, rabbit a-actin antibody,
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paraformaldehyde, Triton X-100, nonidet P-40, poly-L-lysine
solution (0.1% w/v), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) and low gelling temperature
agarose (Type VII) were purchased from Sigma Chemical Co. (St.
Louis, MO). Pixantrone was provided by Cell Therapeutics Europe
(Bresso, Italy). Each remaining anthracenedione was synthesised
as described [20] by Brad E. Sleebs and Keith G. Watson (Walter
and Eliza Hall Institute of Medical Research, Melbourne, Australia).
Calf thymus DNA was purchased from Worthington Biochemical
Corporation (Lakewood, NJ). PhosphoDetectTM a-H2AX (pSer139)
rabbit antibody was purchased from Merck (Darmstadt, Germany).
NuPAGE1 10% Bis-Tris gels and secondary Alexa Fluor1 488 goat
a-rabbit antibody was obtained from Invitrogen (Carlsbad, CA).
Rabbit a-Chk1 (pSer345), rabbit a-Chk2 (pThr68) and secondary
goat a-rabbit HRP-linked antibody were obtained from Cell
Signalling Technology (Beverly, MA). Protease inhibitor cocktail,
PhosSTOP Phosphatase inhibitor cocktail and Lumi-Light Western
Blotting substrate were from Roche (Mannheim, Germany). A Bio-
Rad DCTM protein assay kit was purchased from Bio-Rad (Hercules,
CA) and Immobilon transfer membrane was from Millipore
(Billerica, MA). Human TOP2a was purchased from USB Corp.
(Cleveland, Ohio) and its substrate kinetoplast DNA was from
TopoGEN (Port Orange, FL). The remaining chemicals and reagents
were of analytical grade. Distilled water passed through a four
stage Milli-Q purification system was used to prepare all solutions.

2.2. Drugs

All anthracenedione stock solutions (stored at �20 8C) were
prepared by dissolving each in Milli-Q water to an approximate
concentration of 2 mM. Precise concentrations of each drug were
determined spectrophotometrically using e = 19,200 M�1 cm�1 at
608 nm and e = 16,500 M�1 cm�1 at 641 nm for 5,8-dihydroxy-
anthracenediones and 2-aza-anthracenediones, respectively. UCN-
01 (1 mM) was prepared in DMSO and stored at �20 8C. Suramin
and N-acetyl-L-cysteine were freshly dissolved in Milli-Q water on
the day of each experiment.

2.3. Competitive ethidium displacement assay

A competitive ethidium displacement assay was performed
as described previously [29]. In brief, serial aliquots of drug
solution were added to a fluorimeter cell containing 1.30 mM
ethidium bromide and 1.87 mMbp calf thymus DNA in 1� TE (pH
8.0) and the fluorescence of the ethidium reporter monitored
throughout. Fluorescence was measured using excitation and
emission wavelengths of 530 and 605 nm, respectively, on a
Perkin-Elmer LS50B fluorimeter at ambient temperature. The
titration continued until the fluorescence was at least 50% of the
original control value. The drug concentration that generated a
50% decrease in fluorescence (C50 value) was subsequently used
to calculate an apparent binding constant (Kapp) as detailed by
Jenkins [29].

2.4. In vitro kinetoplast DNA decatenation assay

The in vitro kinetoplast DNA decatenation assay was performed
essentially as described by Haldane and Sullivan [30]. Briefly, each
reaction typically comprised human topoisomerase IIa (3 U),
catenated kinetoplast DNA (325 ng) and various concentrations of
each anthracenedione in reaction buffer (10 mM Tris–HCl pH 7.9,
50 mM NaCl, 50 mM KCl, 5 mM MgCl2, 0.1 mM EDTA, 2.5% glycerol,
1 mM ATP, 0.015 mg/mL BSA). Reactions were incubated at 37 8C
for 30 min, terminated with stopping solution (2% SDS, 0.05%
bromophenol blue, 50% glycerol) and the DNA samples subse-
quently resolved through a 1% agarose gel (containing 0.5 mg/mL
ethidium bromide) by electrophoresis. DNA samples were
visualised and photographed under UV illumination.

2.5. Flow cytometry for cellular drug uptake

Following drug treatment, cells were harvested and analysed
immediately using a FACSCanto II flow cytometer (BD Biosciences,
San Jose, CA) incorporating a red laser line (633 nm) which was
used for sample excitation. Drug-induced cellular fluorescence was
collected using a 660/20 BP filter. Fifty thousand events were
collected per sample and gated using forward- versus side-scatter
to eliminate debris and cell doublets. The median fluorescence
intensity of each sample population was calculated using FCS
Express (De Novo Software, Los Angeles, CA) and was used as a
measure of cellular drug uptake.

2.6. Analysis of apoptosis and cell cycle distribution by flow cytometry

Drug-treated cells were harvested, fixed with 70% ethanol and
stored at �20 8C until required. Following fixation, cells were
subjected to a PBS wash and then resuspended in a DNA staining
solution comprising 2.5 mg/mL propidium iodide and 50 mg/mL
RNase A in PBS. Samples were incubated at 37 8C for 30 min away
from light and then analysed on a FACSCanto II flow cytometer. A
blue 488 nm laser line was employed for propidium excitation and
red fluorescence was measured using a 670 LP filter. Samples
(10,000 events were collected per sample) were gated to exclude
cell doublets and higher aggregates by applying a red fluorescence
intensity-area versus -width dot plot.

2.7. Alkaline comet assay

The alkaline comet assay was performed as described by Swift
et al. [31]. Briefly, drug-treated cells were harvested, mixed with
molten low gelling temperature agarose (Type VII) and subse-
quently spread and allowed to set on a glass slide pre-coated with
agarose. Gel-embedded cells were lysed in ice-cold lysis buffer
[100 mM EDTA, 2.5 M NaCl, 10 mM Tris–HCl (pH 10.5), 1% Triton
X-100] for 1 h and then subjected to 4� 15 min washes with ice-
cold Milli-Q water. Samples were then submerged in chilled alkali
electrophoresis buffer (1 mM EDTA, 300 mM NaOH) for 1 h and
then subjected to electrophoresis (30 V) for 30 min at 4 8C.
Neutralisation buffer [500 mM Tris–HCl (pH 7.5)] was subsequent-
ly added and then washed away with 2� 10 min PBS (pH 7.4)
washes. Samples were subsequently stained twice with 2.5 mg/mL
propidium iodide for 5 min each, rinsed with Milli-Q water and
visualised using epi-fluorescence microscopy. The olive tail
moment (OTM; [31]) of 50 individual cells was scored using
Komet software (Kinetic Imaging, Nottingham, UK) to yield the
average OTM for each sample.

2.8. Immunocytochemical detection of gH2AX by flow cytometry

The detection of gH2AX was based on the method described by
MacPhail et al. [32]. Following detachment, drug-treated cells were
fixed with 70% ethanol and stored at �20 8C for at least 12 h. On the
day of analysis, cells were washed with cold TBS (pH 7.4) and then
permeabilised with 1� TFX (TBS, 4% foetal calf serum, 0.1–0.25%
Triton X-100) for 10 min on ice. Cells were subsequently incubated
and mixed (200 rpm) with a-H2AX (pSer139) rabbit antibody
(1:500–1:800 in 1� TFX) for 2 h at room temperature. Following
the removal of primary antibody using two washes with 1� TFX,
samples were exposed to a secondary Alexa Fluor 488 goat anti-
rabbit antibody (1:200 in 1� TFX) while shaking at room
temperature (200 rpm) for 1 h away from light. Unbound
secondary antibody was removed with a final 1� TFX wash and
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the samples stained with 5 mg/mL propidium iodide in 1� TFX.
Samples were analysed on a FACSCanto II flow cytometer
incorporating a blue laser line (488 nm) which was used for
sample excitation. Green and red fluorescence was collected using
the 530/30 BP and 670 LP filters, respectively. Ten thousand events
were collected per sample and gated using forward- versus side-
scatter to eliminate debris and cell doublets.

2.9. Immunocytochemical detection of gH2AX by confocal microscopy

Samples were prepared for confocal microscopy as for flow
cytometry, with some modifications. Following the removal of
unbound secondary antibody with two independent washes in 1�
TFX (propidium iodide staining was omitted), samples were
deposited on poly-L-lysine coated coverslips and allowed to attach.
Each sample was mounted and sealed in preparation for
microscopy using an inverted Leica TCS-SP2 confocal system
equipped with a 63� oil immersion objective and a 488 nm argon
laser line for sample excitation. Fluorescence was detected from
500 to 580 nm. Confocal images were collected using Leica SP2
imaging software and subsequently processed using NIH ImageJ
version 1.43u software (http://rsb.info.nih.gov/ij).

2.10. Western blot analysis

Following detachment, drug-treated cells were washed once
with ice-cold 1 mM PMSF in PBS (pH 7.4) and then resuspended in
a lysis solution comprising 50 mM Tris–HCl (pH 7.5), 150 mM
NaCl, 1% nonidet P-40, 1� protease inhibitor and phosphatase
inhibitor cocktail, 10 mg/mL aprotinin and 1 mM PMSF and then
incubated on ice for 30 min. The total protein content from each
cell lysate was quantitated using a Bio-Rad DC protein assay kit
according to the manufacturer’s protocol. Protein samples (40 mg)
were subjected to Western blot analysis as detailed previously [33]
with the following modifications. Membranes were initially
exposed to either 1:500 a-Chk1 (pSer345), 1:1000 a-Chk2 (pThr68)
or 1:2000 a-actin primary antibodies followed by exposure to
1:1000 secondary HRP-conjugated antibody for 2 h at room
temperature.

2.11. Morphological analysis of mitotic catastrophe

Following drug treatment, both adherent and floating cells were
harvested and then fixed in 4% paraformaldehyde in PBS for 20 min
at ambient temperature. Samples were subsequently washed once
with PBS, deposited on a glass slide pre-coated with poly-L-lysine
and allowed to adhere for 30 min. Glass slides were washed twice
with PBS and the cells gently lysed by adding 0.1% Triton X-100 in
PBS for 5 min at room temperature. Cell nuclei were stained with
1 mg/mL Hoechst 33258 for 30 min. Following the removal of free
stain with a final round of three PBS washes, samples were sealed
and analysed using an Olympus 1X81 epi-fluorescence micro-
scope. Cells harbouring multiple nuclei (�3) were scored as
multinucleated, a morphological hallmark of mitotic catastrophe
[28]. A minimum of 200 cells was scored per sample.

2.12. Cell culture

The breast adenocarcinoma cell line MDA-MB-231 and PC-3
prostate cancer cells were obtained from Peter MacCallum Cancer
Centre, Melbourne, Australia. Human promyelocytic leukaemia
HL-60 cells and the mitoxantrone-resistant variant line HL-60/
MX2 were purchased from the American Type Culture Collection
(Rockville, MD). A2780 ovarian carcinoma cells were acquired
from Dr Rosanna Supino (Istituto Nazionale Tumori, Milan, Italy).
All cells were maintained at sub-confluent levels in RPMI 1640
media (Invitrogen, Carlsbad, CA) supplemented with 10% foetal calf
serum (Trace Scientific, Melbourne, Australia) at 37 8C in a
humidified 5% CO2 atmosphere. MDA-MB-231 cells (2 � 105 per
well) were typically seeded and allowed to attach overnight before
drug treatment the following day whereas HL-60 cells were
routinely treated on the day of seeding (1.5–2 � 105 cells per well).
The details of each drug treatment are specified in each figure
legend.

2.13. Growth inhibition assay and evaluation of drug synergy

Cellular growth inhibition was evaluated using an MTT assay, a
colourimetric-based assay whereby metabolically active, viable
cells reduce the MTT tetrazolium salt to an intensely coloured
formazan product that can be measured spectrophotometrically
[34]. The assay was performed as described previously [35] with
modifications. MDA-MB-231 cells were originally seeded into 96-
well plates at a density of 3000 cells per well whereas both A2780
and PC-3 cells were seeded at 4000 cells per well. The details of
each treatment are specified in each figure and table legend. The
effect of combining various anthracenediones with UCN-01 on
cellular growth inhibition was evaluated by calculating the
combination index (CI) as described by Chou and Talalay [36].

3. Results

Mitoxantrone was originally developed with structural features
that were anticipated to favour intercalative binding with DNA.
Given the similar molecular structure shared by mitoxantrone and
the 5,8-dihydroxy-anthracenediones, differing only in the length
and composition of their side-chains, the DNA binding properties
of the anthracenedione analogues were initially investigated.

3.1. DNA binding properties of the 5,8-dihydroxy-anthracenediones

The binding of 5,8-dihydroxy-anthracenedione analogues to
calf thymus DNA in vitro was analysed by a competitive ethidium
displacement assay. A C50 value, defined as the anthracenedione
concentration that yielded a 50% decrease in the fluorescence of
the initial ethidium–DNA complex, was determined for each
compound and used to a generate a Kapp (Table 1), an apparent
equilibrium binding constant. The Kapp values presented in Table 1
indicate that all 5,8-dihydroxy-anthracenediones demonstrated a
remarkable affinity for calf thymus DNA comparable to mitoxan-
trone, generally considered a strong DNA-interactive agent [9].
Collectively, there was no considerable quantitative difference in
Kapp values amongst the 5,8-dihydroxy-anthracenedione group
(ranging from 8.43 to 10.2 � 107 M�1, Table 1), suggesting that the
lengths of both side-chains has little influence on DNA binding at
equilibrium in vitro.

3.2. Growth inhibition properties of the 5,8-dihydroxy-

anthracenediones

Next, the growth inhibitory properties of the various anthra-
cenediones were evaluated in A2780 ovarian and PC-3 prostate
cancer cells by an MTT assay (as described in Section 2). Following
the exposure of both cell lines to a range of anthracenedione
concentrations continuously for 72 h, an IC50 was determined for
each compound. Table 1 demonstrates that M2 was the most
potent growth inhibitory compound in A2780 and PC-3 cell lines
(36 and 280 nM, respectively), followed clearly by M3 (140 and
2800 nM) and then M4 (1600 and 4700 nM). M5 was the least
effective at inducing growth inhibition in both A2780 and PC-3
cells (Table 1, 7600 and 11,000 nM, respectively). Thus, there was a
very clear inverse relationship in growth inhibition by the newly
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prepared 5,8-dihydroxy-anthracenediones and their aliphatic
side-chain lengths. Importantly, a similar inverse relationship
was independently identified by Mansour et al. ([20] and Table 1)
in HL-60 cells, indicating that the inverse relationship was not cell-
type specific but a common trend amongst three different cell
lines. Table 1 also highlights that M2-induced growth inhibition
was at least equivalent to the clinically applied drug mitoxantrone
(IC50 values ranging from 29 to 290 nM) and demonstrated
significantly greater growth inhibition relative to pixantrone (IC50

1800 nM) in PC-3 cells.

3.3. Anthracenediones differentially penetrate cultured cancer cells

depending on their side-chain length

Although the assay cannot readily differentiate drug uptake
from DNA intercalation, the drug-induced cellular fluorescence
emitted by mitoxantrone and its analogues has successfully been
employed in conjunction with flow cytometry to measure drug
penetration and retention in whole cell populations [37]. Cellular
fluorescence induced by all 5,8-dihydroxy-anthracenediones was
readily detectable by flow cytometry throughout the concentra-
tions that were analysed (0–2000 nM). Fig. 1 demonstrates that
drug-associated fluorescence was highly sensitive to the chain
length of each 5,8-dihydroxy-based compound. At a fixed median
fluorescence intensity of 500 arbitrary units, M2 was the most
readily detectable at 100 nM, closely followed by M3 at
approximately 250 nM. M4, M5 and mitoxantrone each penetrated
MDA-MB-231 cells relatively poorly with concentrations in excess
of the maximum tested (2000 nM) required to achieve 500
arbitrary units (Fig. 1).

3.4. Drug side-chain length is a major determinant of

anthracenedione-induced DNA damage

An alkaline comet assay was employed in a preliminary screen
for anthracenedione-induced DNA damage. The comet assay
provides a very sensitive qualitative and quantitative measure-
ment of DNA damage in individual cells. Following an initial 2 h
exposure to varying concentrations of each anthracenedione, the
DNA integrity of individual MDA-MB-231 cells was visualised and
quantitated using the comet assay. Mock-treated cells (Fig. 2A)
were consistently represented by intensely staining, largely
spherical nuclei, indicating that their nuclear DNA remained
intact. The extent of visual damage in the comet tails of drug-
exposed cells was highly drug-dependent and ranged from
extensive (12.5 nM M2, Fig. 2B) to modest (12.5 nM mitoxantrone,
Fig. 2C) to absent (1000 nM M5, Fig. 2D). Quantitation of the OTM
of each comet demonstrated a striking association of drug-induced
DNA damage with side-chain length. At a fixed OTM level of 5, M2
was the most potent inducer of DNA damage at approximately
10 nM (Fig. 2E). The parent compound mitoxantrone was next at
about 50 nM, followed by M3 at 200 nM (Fig. 2E). Both M4 and M5
failed to induce a level of 5 OTM at any of the concentrations tested
(>2000 nM, Fig. 2E), however M4 conspicuously induced greater
damage than M5, which generated no detectable damage above
background, even at the highest concentration (Fig. 2E). Thus, with
the obvious exception of mitoxantrone, a clear inverse relationship
existed between drug side-chain length and DNA damage
induction.

The DNA damage induced by a 2-aza-anthracenedione (i.e.
pixantrone) family of compounds generated a comparable trend,
although not as prominent. Pixantrone, bearing the shortest pair of
side-chains (Table 1), clearly induced the most DNA damage with
about 1000 nM generating an OTM of 5 (Fig. 2F). P3, P4 and P5 (the
2-aza-anthracenedione equivalents of M3, M4 and M5, respec-
tively) stimulated little or no detectable DNA damage at any of the
concentrations tested (Fig. 2F). Notably, the anthracenediones
belonging to the mitoxantrone family consistently induced greater
DNA damage than the corresponding 2-aza-analogue bearing the
same side-chain length (Fig. 2E and F), indicating that the
chromophore configuration is also critical in DNA damage
induction.

3.5. Anthracenedione-induced gH2AX is also dependent on compound

side-chain composition

The immunocytochemical detection of gH2AX provided an
ideal opportunity to independently confirm the pattern in
anthracenedione-induced DNA damage identified by the alkaline
comet assay. MDA-MB-231 cells were exposed for 2 h to either
mitoxantrone, M2 or M5 and then assayed for gH2AX formation.
Both M2 and mitoxantrone readily induced gH2AX in MDA-MB-
231 cells, with very low drug concentrations (approximately 10
and 70 nM, respectively) sufficient to induce a 50% level of gH2AX
induction (Fig. 3A). In contrast, M5 failed to induce any detectable
gH2AX above background throughout the entire concentration
range (0–2000 nM, Fig. 3A). Again, anthracenedione side-chain
composition and length was a major determinant in the induction
of gH2AX, a notion consistent with the trend in DNA damage
detected by the comet assay (Fig. 2).

3.6. Cultured cancer cells in G1 and S phase are most susceptible to

anthracenedione-induced gH2AX

The analysis of anthracenedione-induced gH2AX expression by
flow cytometry was further scrutinised in the context of cell cycle
position. Based on DNA content, the total cell population of each
sample in Fig. 3A was divided into either G1, S or G2/M
subpopulations and the percentage of gH2AX-positive cells in
each phase presented as a function of M2 (Fig. 3B) or mitoxantrone
(Fig. 3C) concentration. MDA-MB-231 cells positioned in S phase,
followed by cells in G1 phase, were clearly the most susceptible to
M2-induced gH2AX expression at low concentrations (0–25 nM,
Fig. 3B). Cells positioned in G2/M were the least sensitive to gH2AX
induction at these low concentrations (0–25 nM, Fig. 3B), however
the phase specificity was lost at higher M2 concentrations (50–
100 nM, Fig. 3B), where H2AX phosphorylation levels were equally
saturated in all phases. Cells exposed to mitoxantrone displayed a
comparable cell cycle specificity in gH2AX induction. Again, both S



Fig. 2. Anthracenediones differentially induce DNA damage depending on their side-chain length. MDA-MB-231 cells were exposed to various anthracenediones at a range of

concentrations (0–2000 nM as indicated) for 2 h, harvested and then subjected to an alkaline comet assay as described in Section 2. Cells that were either (A) mock-treated or

exposed to (B) 12.5 nM M2, (C) 12.5 nM mitoxantrone or (D) 1000 nM M5 were subsequently stained with propidium iodide and visualised using epi-fluorescence

microscopy. Original magnification 200�. The average OTM � SEM (n � 2 independent experiments) was quantitated and is expressed as a function of drug concentration in (E)

for M2 (solid circles), mitoxantrone (open squares), M3 (solid squares), M4 (solid diamonds), M5 (inverted open triangles) and in (F) for pixantrone (open diamonds), P3 (solid

triangles), P4 (open hexagons) and P5 (open triangles). The inset of (E) shows an expansion of the concentration range from 0 to 100 nM for M2 and mitoxantrone.
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and G1 phase cells were the most sensitive to mitoxantrone-
induced gH2AX, however, there was very little difference in
gH2AX levels between the two phases at all concentrations (0–
100 nM, Fig. 3C). Cells positioned in G2/M phase were poorly pre-
disposed to H2AX phosphorylation stimulated by mitoxantrone,
with these cells displaying a very modest response at all
concentrations (0–100 nM, Fig. 3C).
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mediated by reactive oxygen species (ROS)

Next, it was necessary to determine the mechanism of
anthracenedione-induced DNA damage. Although it is a poor
substrate for the pathway, mitoxantrone can undergo redox
cycling and generate ROS [38], a species reportedly responsible, at
60

80

100
C

60 80 100
] nM

0 20 40 60 80 100

0

20

40

[MX] nM

 treated with 0–2000 nM of either mitoxantrone (open squares), M2 (solid circles) or

hemical detection of gH2AX by flow cytometry. The fraction of gH2AX-positive cells

n. The total cell population of each sample in (A) was divided into either G1 (solid

e of gH2AX-positive cells in each phase is presented as a function of (B) M2 or (C)

endent experiments.



Fig. 4. DNA damage induction by anthracenediones is not mediated via the generation of ROS, yet anthracenediones can impair the function of TOP2. Human breast cancer

MDA-MB-231 cells were pre-exposed to either (A) 0–5 mM N-acetyl-cysteine (NAC) or (B) 0–250 mM suramin (Sur) as indicated for 30 min and then 50 mM H2O2, 25 nM M2,

100 nM mitoxantrone (MX) or 1000 nM pixantrone (PIX) for 2 h. Cells were subsequently harvested and processed using the alkaline comet assay as described in Section 2.

Each column represents the average OTM � SEM of at least two independent experiments. (C) Catenated kDNA (325 ng) was incubated with 0.25, 0.5, 1, 2.5, 5, 10 or 20 mM

(denoted by a solid triangle) of each anthracenedione and human TOP2a (3 U) for 30 min at 37 8C. Reactions were terminated and then subjected to agarose electrophoresis as

described in Section 2. Lane A is a control that represents catenated kDNA not exposed to TOP2a. Lane B indicates the fully decatenated nicked (NC) and closed (CC) DNA mini-circles

released by TOP2 in the absence of anthracenediones. The concentration of each anthracenedione required for 50% inhibition of TOP2 decatenation activity is represented in Table 1.
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least in part, for mitoxantrone-mediated DNA damage [39]. MDA-
MB-231 cells were initially treated (0, 2.5 or 5 mM) with the ROS
scavenger N-acetyl-L-cysteine (NAC) for 30 min, exposed to a
variety of DNA damaging agents including hydrogen peroxide
(H2O2), M2, mitoxantrone or pixantrone for 2 h and then analysed
for DNA damage using the alkaline comet assay. Cells pre-exposed
with rising NAC concentrations (2.5 and 5 mM, Fig. 4A) were
increasingly resistant to H2O2-induced DNA, damage suggesting
that NAC provided a protective effect against the ROS generated by
H2O2. In contrast, M2, mitoxantrone and pixantrone-induced
levels of DNA damage remained completely unaffected by pre-
exposure to 2.5 or 5 mM NAC (Fig. 4A), indicating that
anthracenedione-mediated DNA damage is independent of ROS
in MDA-MB-231 cells.

In a parallel series of experiments, NAC was substituted for pre-
exposure for 30 min with 0–250 mM suramin, a TOP2 inhibitor
[40]. Importantly, incubation of MDA-MB-231 cells with suramin
(up to 250 mM) alone failed to induce any detectable DNA damage
above background by the comet assay (data not shown). Suramin
was particularly effective in shielding against DNA damage
induced by M2, mitoxantrone and pixantrone throughout the
entire concentration range (62.5, 125 and 250 mM, Fig. 4B).
Collectively, the results indicate that TOP2 may be involved in the
generation of anthracenedione-induced DNA damage.

3.8. The 5,8-dihydroxy-anthracenediones can function as TOP2a
catalytic inhibitors in vitro

Despite extensive efforts to detect TOP2-mediated DNA scission
by anthracenediones, only very weak cleavage activity by mitox-
antrone, and none by M5, was achieved using an in vitro cleavage
assay (data not shown). Accordingly, an in vitro kinetoplast DNA
decatenation assay was subsequently utilised to examine the TOP2a
inhibition profile of the 5,8-dihydroxy-anthracenediones. kDNA is
typically catenated in large networks and can be decatenated into
DNA mini-circles (represented as NC and CC in lane B, Fig. 4C)
through the catalytic activity of TOP2a. The inhibition of TOP2a
catalytic activity can be reflected by the absence of DNA mini-circles
and a concomitant retention of the large kDNA network within the
agarose gel well (lane A, Fig. 4C). Fig. 4C shows that all 5,8-
dihydroxy-anthracenediones inhibited TOP2a catalytic activity at
some level, however there was a clear difference in their potencies.
The anthracenedione concentration required for 50% inhibition of
TOP2 decatenation activity (TOP2 IC50) was quantitated and the data
are presented in Table 1. M2 and M3 were the most potent inhibitors
of TOP2 decatenation activity with TOP2 IC50 values of 1.3 and
1.4 mM, respectively (Table 1 and Fig. 4C). At a TOP2 IC50

concentration of 3.2 mM, M4 was the next most potent compound
(Table 1 and Fig. 4C), while the poorest inhibitor was M5, displaying
a TOP2 IC50 value of 5.6 mM (Table 1 and Fig. 4C).

3.9. TOP2 is a likely requirement for anthracenedione-induced cellular

DNA damage and subsequent apoptosis

Despite its activity as a TOP2 catalytic inhibitor, suramin has
demonstrated several other cellular effects including the im-
pairment of various kinases and growth factor–receptor interac-
tions [40], factors that may have influenced its attenuation of
anthracenedione-induced DNA damage (Fig. 4B). The involvement
of TOP2 in anthracenedione-induced cellular DNA damage was
confirmed by utilising the parental HL-60 cell line and its
mitoxantrone-resistant variant HL-60/MX2. The HL-60/MX2 line,
originally generated by continuous exposure of HL-60 cells to
mitoxantrone, has no detectable TOP2b and a truncated form of
the a isozyme distributed in the cytoplasm [41]. Both cell lines
were exposed to various 5,8-dihydroxy-anthracenediones (0–
4000 nM) for 2 h, harvested and then analysed for DNA damage
using the alkaline comet and gH2AX assays or apoptosis. Relative
to the anthracenedione-induced pattern in DNA damage in MDA-
MB-231 cells (Fig. 2E), Fig. 5A shows that the striking pattern
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Fig. 5. TOP2-compromised HL-60/MX2 cells are resistant to anthracenedione-induced DNA damage and apoptosis. Both HL-60 (A and C) and HL-60/MX2 (B and D) cells were

treated with various anthracenediones (0–4000 nM) for 2 h, harvested and then processed using alkaline comet (A and B) and gH2AX (C and D) assays as described in Section

2. In a separate set of experiments, HL-60 (E) and HL-60/MX2 (F) cells were exposed to drug as described above, however the treatment time was extended to 6 h. Symbols

representing various anthracenediones are the same as described in Fig. 1. Cells were harvested, fixed and analysed for apoptosis-associated DNA fragmentation by flow

cytometry as described in Section 2. Error bars represent the SEM of at least two independent experiments for all assays.
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identified by the comet assay is maintained in parental HL-60 cells.
In complete contrast, OTM levels in drug-treated HL-60/MX2 cells
were essentially undetectable throughout the entire concentration
range of all anthracenediones (Fig. 5B), suggesting that DNA
damage by the anthracenediones is mediated via TOP2.

In an effort to independently substantiate the contrasting DNA
damage responses in parental and variant lines, drug-treated cells
were processed for gH2AX expression. Again, the familiar pattern
in anthracenedione-induced DNA damage was evident in parental
HL-60 cells (Fig. 5C), with M2 inducing gH2AX most prominently,
followed by mitoxantrone, M3, M4 and finally M5 (Fig. 5C). TOP2-
compromised HL-60/MX2 cells were clearly less susceptible to
gH2AX induction by all anthracenediones (Fig. 5D), a result that
corresponds well with the virtual absence of DNA damage in these
same cells revealed by the comet assay (Fig. 5B). Collectively, these
results implicate TOP2 as a key mediator of DNA damage induced
by the anthracenediones.

Apoptosis-associated DNA fragmentation, detected by propi-
dium iodide staining for sub-G1 DNA content, was next
investigated as a potential secondary consequence of anthrace-
nedione-induced DNA damage. Both parental and variant cell lines
were incubated with various anthracenediones (0–4000 nM) for
6 h, harvested and then analysed for sub-G1 DNA content by flow
cytometry. Fig. 5E shows that the DNA fragmentation pattern
induced by the various anthracenediones in HL-60 cells was highly
similar to the pattern detected by both comet (Fig. 5A) and gH2AX
(Fig. 5C) assays, suggesting a tight association between DNA
damage induction and apoptosis. Significantly, apoptosis-associ-
ated DNA fragmentation by all anthracenediones was essentially
absent in the variant HL-60/MX2 line (Fig. 5F), demonstrating a
TOP2-dependent mechanism for anthracenedione-induced apo-
ptosis.

3.10. Anthracenediones differentially induce gH2AX foci in wild-type

HL-60 cells, but not in the variant HL-60/MX2 line

A variety of gH2AX immunofluorescence staining patterns have
been identified and described including focus formation, pan-
nuclear staining and apoptosis-associated ‘‘ring’’ structures that
form a boundary along the nuclear periphery [42]. The pattern of



Fig. 6. Anthracenediones differentially induce gH2AX foci in wild-type HL-60 cells, but not in the variant HL-60/MX2 line. Parental HL-60 (A, C, E and G) and TOP2 defective

HL-60/MX2 (B, D, F and H) cells were either mock-treated (A and B) or exposed to 25 nM M2 (C and D), 25 nM mitoxantrone (E and F) or 2000 nM M5 (G and H) for 2 h and then

processed for gH2AX using immunofluorescence as described in Section 2. Confocal microscopy was used to capture the pattern of gH2AX immunofluorescent staining at

630� magnification for each image (A–H).
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gH2AX induction by the various anthracenediones was subse-
quently explored by confocal microscopy. Both HL-60 and HL-60/
MX2 cells were treated with various anthracenediones for 2 h,
processed for gH2AX and then visualised by confocal microscopy.
Fig. 6 demonstrates that mock-treated HL-60 and HL-60/MX2 cells
(Figs. 6A and 7B) both harbour low background numbers of gH2AX
foci. In contrast, parental HL-60 cells exposed to 25 nM M2
typically displayed distinct foci that were prominent and
widespread throughout (Fig. 6C). Mitoxantrone-treated HL-60
cells (25 nM, Fig. 6E) exhibited similar focal structures, yet their



Fig. 7. M2, but not M5, efficiently activates the DNA damage response. (A–F) MDA-MB-231 cells were exposed to either 12.5 nM M2 (solid circles, A and B) or 2000 nM M5

(inverted open triangles, A and B) for increasing time periods and then subjected to analysis by (A) alkaline comet, (B) flow cytometry for gH2AX induction and Western

blotting for (C) Chk1 (pSer345), (D) Chk2 (pThr68) and actin (C and D) as detailed in Section 2. U represents untreated control samples. All M2- and M5-treated samples in (B)

were concurrently analysed by flow cytometry for cell cycle distribution (E and F, respectively) and divided into either G1 (solid black bars), S (grey bars) or G2/M (open bars)

subpopulations. Error bars (A, B, E and F) represent the SEM of at least two independent experiments.
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distribution throughout each cell was more limited relative to cells
exposed to an equivalent M2 dose (Fig. 6C). M5 induced few
gH2AX foci (2000 nM, Fig. 6G), however a select few cells exhibited
intense gH2AX staining that may correspond with apoptosis-
associated ‘‘ring’’ structures [42]. Most importantly, HL-60/MX2
cells exposed to either 25 nM M2, 25 nM mitoxantrone or 2000 nM
M5 (Fig. 6D, F and H, respectively) all displayed few foci, indicating
a role for TOP2 in the generation of drug-induced gH2AX foci.

3.11. M2, but not M5, efficiently induces DNA damage, subsequent

G2/M arrest and activates cell cycle checkpoints

Given the clear disparity in M2- and M5-induced DNA damage,
both were selected for further characterisation at a molecular level.
MDA-MB-231 cells were exposed to either 12.5 nM M2 or 2000 nM
M5 for increasing time periods and the level of cellular DNA damage
was evaluated using the comet assay (Fig. 7A) and gH2AX induction
(Fig. 7B). Fig. 7A reveals that 12.5 nM M2 induced DNA damage
rapidly and in a time-dependent fashion where a maximal OTM was
achieved within 2 h of M2 exposure. Conversely, 2000 nM M5 failed
to induce detectable levels of DNA damage within 5 h (Fig. 7A). The
pattern in gH2AX induction (Fig. 7B) was entirely consistent with
these data (Fig. 7A). M2-induced gH2AX was both rapid and potent
(Fig. 7B) reaching a steady maximal level of �90% within 4 h, a level
that was maintained over a 24 h period. In contrast, cells were
essentially insensitive to M5-induced gH2AX (Fig. 7B) throughout
the 24 h exposure. Although both comet and gH2AX assays were
consistent in demonstrating a time-dependent trend for M2-
induced DNA damage (Fig. 7A and B), there was a significant
difference in the time required for the comet (2 h, Fig. 7A) and
gH2AX (4 h, Fig. 7B) assays to achieve a steady-state level. The 2 h
lag period may reflect processing of an initial lesion, presumably a
concealed M2-induced TOP2 cleavage complex, detectable by the
strong alkaline condition of the comet assay [43], to a secondary
lesion in the form of a frank DSB coupled with gH2AX induction.

Next, the activation of two key cell cycle checkpoint kinases,
Chk1 and Chk2, was evaluated by Western blot. Conspicuous levels
of DNA damage induced by 12.5 nM M2 (Fig. 7A and B) were
associated with an steady increase in the phosphorylation of Chk1
at serine 345 over 4 and 12 h of M2 exposure (Fig. 7C). Fig. 7D
reveals that Chk2 was concomitantly phosphorylated at residue
threonine 68, although maximal signal intensity was achieved
within 4 h of M2 exposure, a level that remained over a 12 h period.
At best, both Chk1 and Chk2 were very weakly phosphorylated at
the corresponding residues in response to treatment with 2000 nM
M5 throughout the 24 h exposure (Fig. 7C and D).
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Activation through phosphorylation of Chk1 and Chk2 by M2
(Fig. 7C and D) indicated that the compound may induce
subsequent G2/M arrest. Samples analysed for gH2AX induction
presented in Fig. 7B were simultaneously monitored for DNA
content by flow cytometry. Each M2- and M5-treated sample
population in Fig. 7B was divided into either G1, S or G2/M phases
based on DNA content and the phase distribution induced by
12.5 nM M2 and 2000 nM M5 is presented as a function of time in
Fig. 7E and F, respectively. Treatment of MDA-MB-231 cells with
12.5 nM M2 continuously for 24 h initially manifested itself as an
increase in the proportion of S phase cells by 4 h, a fraction that
continued to increase thereafter (Fig. 7E). A small increase in the
percentage of M2-treated cells in G2/M was initially detected at 8 h
(�25%) and continued to expand to �50% by 24 h (Fig. 7E).
Collectively, the M2-induced changes in cell cycle distribution
most likely reflect impaired S phase traverse and subsequent arrest
Fig. 8. Sequential treatment with M2 followed by UCN-01 induces cellular characterist

exposed to 12.5 nM M2 for 4 h, the compound removed and samples subsequently treat

were either (A) mock-treated or treated with (B) 12.5 nM M2, (C) 50 nM UCN-01 or (D

fluorescence microscopy. Arrows indicate cells harbouring multiple nuclei. Original mag

and is expressed as a function of UCN-01 concentration. Each column represents the

representative MTT growth inhibition curve of MDA-MB-231 cells initially treated with a ra

UCN-01 (solid squares). Further treatment details are provided in the legend of Table 2. Erro
in G2/M. A further notable feature of the M2-induced cell cycle
distribution (Fig. 7E) was the absence of a G1 arrest throughout M2
exposure. Indeed, only a small fraction (�10%) of M2-treated cells
were positioned in G1 at 24 h M2 exposure (Fig. 7E), with the vast
bulk (�90%) either traversing S or arrested in G2/M (Fig. 7E).

Unlike M2, the cell cycle distribution of MDA-MB-231 cells
incubated with 2000 nM M5 showed little distortion, relative to
the 0 control time point, throughout 24 h of compound exposure
(Fig. 7F). A mild increase in the fraction of G2/M cells (and a
corresponding decrease in the percentage of S phase cells) was
evident at 4 and 8 h of M5 exposure (Fig. 7F), yet even this small
perturbation was largely absent at 24 h (Fig. 7F). The consistent
absence of DNA damage (Fig. 7A and B), weak activation of Chk1
and Chk2 (Fig. 7C and D) and the very mild impairment of cell cycle
distribution induced by M5 collectively suggests that M5 does not
efficiently activate the DDR.
ics synonymous with mitotic catastrophe. (A–E) MDA-MB-231 cells were initially

ed with UCN-01 (0–250 nM) for a further 20 h. The nuclear morphology of cells that

) sequentially with 12.5 nM M2 followed by 50 nM UCN-01 was examined by epi-

nification 640�. (E) The fraction of multinucleated cells in each sample was scored

 average % of multinucleated cells � SEM of three independent experiments. (F) A

nge of M2 concentrations and subsequently mock-treated (solid circles) or exposed to

r bars represent the standard deviation of four replicates of a single typical experiment.
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3.12. Sequential treatment of MDA-MB-231 cells with M2 followed by

UCN-01 induces widespread mitotic catastrophe and permits very

strong synergism in growth inhibition

MDA-MB-231 cells were subjected to an initial pulse exposure
of 12.5 nM M2 for 4 h, the compound removed and the cells
incubated with UCN-01, a cell cycle checkpoint kinase inhibitor for
a further 20 h. Examination of the nuclear morphology by
microscopy revealed that the nuclei of mock-treated control cells
(Fig. 8A) were mostly uniform with the chromatin distributed
homogenously throughout, characteristics typical of normal cells.
Exposure to 12.5 nM M2 alone (Fig. 8B) rendered the nuclei with a
larger, more bloated morphology, yet the nuclei remained uniform
and intact. Although the nuclei of cells treated with 50 nM UCN-01
alone (Fig. 8C) largely resembled mock-treated control cells
(Fig. 8A), sequential treatment with M2 (12.5 nM) followed by
UCN-01 (50 nM) generated cells containing multiple, multi-lobed
and abnormally shaped nuclei (Fig. 8D), morphological character-
istics synonymous with mitotic catastrophe [28].

Cells harbouring multiple nuclei (�3) were scored as multinu-
cleated and the fraction of multinucleated cells in each sample is
presented in Fig. 8E. Populations of untreated cells typically
presented with very low levels of multinucleated cells (�3%,
Fig. 8E). Exposure of cells to UCN-01 alone (0–250 nM) yielded a
small, but dose-dependent increase in cellular multinucleation
(Fig. 8E). Treatment with 12.5 nM M2 alone also yielded a
comparable increase in the percentage of multinucleated cells
(�13%, Fig. 8E), however the introduction of 50 nM UCN-01
generated a very large enhancement in multinucleation (�67%,
Fig. 8E). Interestingly, the introduction of increasing concentra-
tions of UCN-01 (100–250 nM) essentially diminished the popula-
tion of cells with multiple nuclei from �67% to 45% (Fig. 8E), levels
nonetheless well beyond those yielded by the corresponding single
agent-treated controls.

Given the large enhancement in multinucleation mediated by
sequential treatment with M2 and UCN-01, an MTT assay was
utilised to evaluate the growth inhibition of MDA-MB-231 cells
exposed to combination treatments. MDA-MB-231 cells were
initially exposed to a variety of M2 concentrations for 4 h and then
treated with UCN-01 for a further 20 h. Following drug treatment,
the cells were re-incubated in drug-free medium for a further 48 h,
and the viable cell fraction determined by an MTT assay. A
representative growth inhibition curve, presented in Fig. 8F,
indicates that M2 alone induced a level of 50% growth inhibition at
�500 nM, yet sequential treatment with UCN-01 yielded a 6–7-
fold decrease in M2 IC50 to �75 nM. A more thorough analysis of
the interaction shared by M2 and UCN-01 in inducing growth
inhibition was performed by calculating a combination index (CI,
Table 2
Anthracenediones, particularly M2 and mitoxantrone, synergise strongly with the

staurosporine analogue UCN-01 to inhibit the growth of MDA-MB-231 cells. MDA-

MB-231 cells were initially subjected to a pulse exposure of either M2,

mitoxantrone or pixantrone for 4 h at a variety of concentrations. Following the

removal of anthracenedione, cells were incubated with UCN-01 at a fixed ratio of

4:1 (anthracenedione: UCN-01) for a further 20 h. UCN-01 was removed and the

cells incubated in compound-free media for 48 h. The fraction of compound-

induced growth inhibition in each sample was evaluated by an MTT assay as

described in Section 2. The values represent the IC50 mean � SEM of n independent

experiments, where n is indicated in parentheses alongside. The data was subjected to

isobologram analysis to determine the combination index.

Compound Growth inhibition (IC50) nM Combination index

Single agenta Combination

M2 480 � 50 (3) 77 � 11 (3) 0.30

Mitoxantrone 460 � 70 (4) 66 � 12 (4) 0.26

Pixantrone 14,000 � 1200 (4) 470 � 45 (4) 0.86

a Indicates that the IC50 of UCN-01 alone was 140 � 20 nM.
Table 2). M2 displayed strong synergy in MDA-MB-231 cells in
combination with UCN-01 (CI = 0.30, Table 2), whereas the
interaction of pixantrone, a 2-aza chemotype of M2, with UCN-
01 was only slightly synergistic (CI = 0.86, Table 2). Mitoxantrone
in particular exhibited the most intense interaction with UCN-01,
yielding a CI of 0.26 in MDA-MB-231 cells (Table 2).

4. Discussion

A good basis for the therapeutic development of the anthra-
cenedione family of compounds is an initial characterisation of the
mechanism that underpins the variation in their activity (Table 1).
Two factors clearly emerged as likely determinants of their
variation in biological activity. First, a modest inverse relationship
was established between growth inhibition and cellular penetra-
tion (Table 1 and Fig. 1), an indication that smaller anthracene-
diones, such as M2, may access their target, in nuclear DNA, more
readily. Cellular and nuclear accessibility is, most likely, a
requirement for subsequent anthracenedione-induced DNA dam-
age. Indeed, the second and tightest association of variation in
anthracenedione-induced growth inhibition was with the genera-
tion of DNA damage, a feature that prompted subsequent
investigations into the nature of the drug-induced DNA lesion(s).

4.1. Anthracenedione-induced DNA damage is not mediated via the

generation of ROS

A recent report [39] observed that mitoxantrone-induced DNA
damage was partially attenuated by the ROS scavenger NAC and
logically concluded that ROS were involved in the generation of
DNA damage by mitoxantrone. Although the drug can be used as a
substrate for the production of ROS via enzymatic reduction of the
anthracenedione chromophore [38], it does not readily engage in
the pathway [44] since the negative reduction potential of
mitoxantrone restricts the metabolic reduction of its chromophore
[45], a feature reflected by the absence of any attenuation in
anthracenedione-induced DNA damage by NAC (Fig. 4A). It is also
noteworthy that all 5,8-dihydroxy-anthracenediones in the
present study (Table 1) shared the same chromophore structure
yet exhibited a vast spectrum in genotoxic properties (Fig. 2E),
further evidence that implicates a mechanism independent of ROS-
mediated DNA damage through redox cycling of the chromophore.

4.2. Variation in anthracenedione-induced DNA damage is most

likely attributable to a differential ability to stabilise the

TOP2 cleavage complex

In contrast to NAC, the TOP2 inhibitor suramin significantly
attenuated anthracenedione-induced DNA damage induction
(Fig. 4B), implicating the involvement of TOP2 in mediating
DNA damage. Suramin is polyanionic in nature and does not
detectably bind to DNA [40], and therefore is unlikely to impair a
direct anthracenedione–DNA interaction. Evidence suggests sur-
amin directly binds TOP2, itself a basic protein, via electrostatic
interactions [40]. Presumably, suramin antagonises anthracene-
dione-induced DNA damage through sequestration of TOP2 from
DNA.

The involvement of TOP2 was independently confirmed
through the application of TOP2-compromised HL-60/MX2 cells,
which consistently demonstrated a clear resistance to anthrace-
nedione-induced DNA damage, the phosphorylation of H2AX at
Ser139 and subsequent apoptosis (Figs. 5 and 6). Histone H2AX, a
variant member of the nucleosome core, is extensively phosphor-
ylated following DNA damage to generate gH2AX [32,46].
Although there are circumstances where it can represent other
DNA lesions, gH2AX induction, specifically gH2AX foci formation,
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is widely used as an indirect, yet sensitive marker of DNA DSBs
[42,46]. The induction of these gH2AX foci by anthracenediones
(Fig. 6) provides a strong indication that these compounds
differentially induce DNA damage in the form of DSBs through a
TOP2-mediated mechanism and that side-chain composition is a
chief determinant in their execution of this mechanism. Most
likely, the identity of the primary lesion is an anthracenedione-
stabilised TOP2 cleavage complex [47].

4.3. Strict structural requirements exist for efficient TOP2 cleavage

complex stabilisation

The parent compound mitoxantrone and its biologically
inactive analogue M5 provide crucial clues to the side-chain
structural features required for efficient TOP2 stabilisation.
Although both compounds contain an identical number of atoms
in each side-chain, they demonstrate extreme and opposing
genotoxic and growth inhibitory (Table 1) properties, suggesting
that side-chain composition, rather than length per se, is a chief
determinant for activity. Activity was maximal when a basic
nitrogen-containing moiety was separated from the anthracene-
dione chromophore by two methylene units, as in M2, mitoxan-
trone and pixantrone (Fig. 2F and Table 1). Extension of the
primary terminal amino function in M2 through the insertion of
successive methylene units, as in M3, M4 and M5, rendered the
compound increasingly inactive in terms of growth inhibition
(Table 1), DNA damage (Figs. 2, 3, 5–7) and TOP2 catalytic
inhibition (Fig. 4C), which was applied as a surrogate indicator of
anthracenedione-induced stabilisation of the cleavage complex.
Collectively, the pattern strongly suggests that the differential
induction of TOP2-mediated DNA damage is dependent on efficient
TOP2 cleavage complex stabilisation, and that the position of the
side-chain amino group is a crucial determinant of this feature.

The molecular structure of a drug-induced TOP2 cleavage
complex has not yet been resolved, however an interfacial model
has been proposed where an intercalating drug is situated
precisely at the TOP2 cleavage site in a drug–DNA–protein ternary
complex [47,48]. In the model, the drug itself comprises two
components: first, a DNA-interacting planar chromophore and
second, its side-chains, which most likely interact with the enzyme
[25,48]. Although highly speculative, it is not difficult to imagine
that the relative position of the amino group, as determined by
anthracenedione side-chain composition, may be crucial in
providing sites of hydrogen bonding or basic sites for interaction
with TOP2 catalytic residues.

4.4. ATM is the lead candidate for a role in mediating the

anthracenedione-induced DDR

gH2AX is pivotal in mediating numerous signalling pathways in
response to DSBs and may achieve this by operating as a
recruitment centre for DDR proteins [27,42]. The induction of
gH2AX by the anthracenediones, most notably by M2, M3 and
mitoxantrone (Figs. 3, 5 and 6), strongly implicates the involve-
ment of at least one protein kinase. The most likely candidates,
ATM and ATR, assume the role of chief regulators of the DDR [27]
and are responsible for co-ordinating the phosphorylation of many
protein substrates, including H2AX. ATM is perhaps the lead
candidate in mediating an immediate DNA damage response since
the kinase is recognised as a rapid respondent to DSBs (minutes to
hours) by phosphorylating H2AX and other protein targets [49],
characteristics that are consistent with the anthracenedione-
induced damage response (Fig. 7). Moreover, M2-induced Chk2
activation through phosphorylation at Thr68 (Fig. 7D) highlights
the potential involvement of ATM, the kinase predominantly
responsible for Thr68 Chk2 phosphorylation [50].
There are also indications that ATR may be involved in
mediating an anthracenedione-induced DDR. First, cells replicat-
ing their DNA in S phase were most susceptible to M2 and
mitoxantrone-induced DNA damage (Fig. 3). ATR-mediated
phosphorylation of H2AX is closely coupled with replication-
associated stress and DNA damage [51,52]. Second, Chk1 was
strongly activated by M2 through Ser345 phosphorylation, a
potential marker of ATR involvement [50,53], however Chk1
activation was delayed relative to Thr68 Chk2 phosphorylation
(Fig. 7C and D). The relative delay may indicate an ATM-dependent
recruitment of ATR to DSB sites and subsequent phosphorylation
of Chk1 [53,54]. Studies have been initiated to identify the
relative involvement of ATM and ATR in mediating the initial
anthracenedione-induced DDR.

4.5. Potential therapeutic implications for the anthracenedione

family of compounds

The chemotherapeutic application of TOP2 poisons is often
tempered by their deleterious toxicities [55], a disadvantage that
can be potentially overcome through the rational selection and co-
administration of compounds that enhance their activity. Unlike
its parent mitoxantrone, M5 demonstrates exceptionally low
genotoxicity (Figs. 2, 3, 5–7), a high tolerated dose within murine
xenograft models (unpublished observations) and may therefore
be considered a deactivated TOP2 poison that is non-toxic. Since
Mansour et al. [20] have clearly established that M5 generates a
highly lethal, ultra-stable DNA adduct following formaldehyde
activation, M5 is an excellent candidate for co-administration with
formaldehyde-releasing prodrugs. Coupled with the selective
targeting of these prodrugs to cancer cells, co-administration with
M5 may enable the specific activation of the lethal lesion within
cancer cells while avoiding the systemic toxicities typically
associated with TOP2 poisons [55].

4.6. The therapeutic value of M2 can potentially be enhanced

through the abrogation of G2/M arrest by UCN-01

Perhaps most importantly, Chk1 and Chk2 activation (Fig. 7)
provides an indication that cell cycle checkpoints were initiated
following M2 exposure. Chk1 and Chk2 are checkpoint kinases that
modulate the activity of their cell cycle machinery protein
substrates [26,50] in a complex series of pathways that enable
cell cycle arrest and DNA repair. Like many tumours, MDA-MB-231
breast cancer cells harbour a mutant form of p53 [56], and are
accordingly compromised selectively at the G1/S transition, the
first cell cycle checkpoint [26,50]. Cancer cells of this nature are
completely reliant on their remaining two intact checkpoints,
intra-S and G2/M, to preserve genomic integrity following DNA
damage [26,50], a feature that may render them selectively
vulnerable relative to p53-proficient normal cells [26]. Given that
both Chk1 and Chk2 are key mediators in regulating S and G2/M
checkpoints [57], and that M2 efficiently activates both kinases
(Fig. 7), it was rationalised that an inhibitor of either or both
kinases may abrogate the protracted M2-induced intra-S phase
traverse and G2/M arrest (Fig. 7). Abrogation was achieved through
the sequential addition of UCN-01, an established Chk1 inhibitor
[26,56], and highlighted by the emergence of a very large fraction
of multinucleated cells (Fig. 8). Cells of this morphology are most
likely undergoing mitotic catastrophe, a form of cell death
generated by premature mitosis, in this case, of cells containing
unrepaired DNA damage (Fig. 7) [28,50]. The UCN-01-mediated
enhancement in mitotic catastrophe provides further evidence of
the involvement of Chk1 in the M2-induced DDR, however the
participation of other DDR kinases cannot be precluded at this
point. UCN-01 demonstrates inhibitory activity against multiple
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kinases, including Chk2 and MK2, albeit at significantly greater IC50

concentrations than Chk1 [26,50,56].
The identification of these checkpoint kinases has tangible

therapeutic benefits given the very strong synergism demonstrat-
ed in combining anthracenediones, particularly M2 and mitoxan-
trone, with UCN-01 to induce growth inhibition (Table 2). The
practical application of combining UCN-01 itself with either M2 or
mitoxantrone is less likely to succeed, since UCN-01 binds
particularly avidly to blood plasma proteins [50], restricting its
clinical utility. Nonetheless, the experimental application of UCN-
01 has highlighted that the requirement for characterising the
anthracenedione-induced DDR is largely worthwhile. The chal-
lenge now is to identify its components and how they function in
greater detail. Only then can the application of combining
anthracenediones, most notably M2 and mitoxantrone, with the
next generation of checkpoint kinase inhibitors currently being
developed achieve its full potential.
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