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Abstract Cellular uptake and subcellular localisation of
the antitumour agent mitoxantrone were studied in a human
colon-carcinoma cell line and a mitoxantrone-resistant
subline showing features consistent with an atypical multi-
drug-resistance phenotype involving altered topoisomerase
II. Flow cytometry indicated a reduced uptake of mitoxan-
trone in the resistant line. Confocal microscopy indicated
that mitoxantrone-associated fluorescence was primarily
found within discrete cytoplasmic inclusions and around
the periphery of the nucleus, with low levels being observed
within the nucleus. The frequency of cytoplasmic inclu-
sions was reduced in mitoxantrone-resistant cells as com-
pared with parental cells. Fluorescence in cytoplasmic
inclusions persisted throughout a 24-h post-treatment peri-
od in both cell lines. The results suggest that the persistence
of mitoxantrone in cells is a determinant for the continuous
induction of DNA damage, perhaps through chronic topo-
isomerase II trapping, and that modified sequestration may
contribute to clinically relevant moderate levels of non-
classic multidrug resistance.
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Introduction

The anthraquinone mitoxantrone is an anticancer agent used
in the treatment of acute leukaemia {13] and breast cancer
[31]. The cytotoxic action of mitoxantrone is thought to
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relate to its ability to trap the nuclear enzyme DNA
topoisomerase II as DNA-protein complexes (reviewed in
[22]). Mitoxantrone is significantly more toxic towards
human cells than are other antitumour DNA-intercalating
topoisomerase II poisons such as amsacrine (nAMSA) and
doxorubicin [12, 14, 33]. Several features of mitoxantrone
may contribute towards the high cytotoxicity, including the
intracellular persistence of mitoxantrone {8, 26], the unusual
persistence of mitoxantrone-induced DNA damage [14, 16]
and the mode of binding of drug molecules to DNA
involving both electrostatic binding and intercalation [4,
18, 23].

Conventional fluorescence microscopy, flow cytometry
[10, 19, 36] and confocal imaging [15, 35] have been used
to measure the cellular uptake and subcellular distribution
of naturally highly fluorescent drugs such as anthracyclines.
However, mitoxantrone in solution has been found to
demonstrate pH-dependent, extremely weak fluorescence,
whereas the mitoxantrone diacid metabolite is essentially
non-fluorescent [3]. We have previously reported [30] that
intact mitoxantrone-treated human and murine cells exhibit
low levels of fluorescence that are detectable by flow
cytometry and confocal imaging, providing an opportunity
to measure intracellular mitoxantrone deposition directly. In
both methodologies, laser light excitation and high-gain
photomultiplier fluorescence detection systems are em-
ployed. It is possible that the fluorescent species detected
in mitoxantrone-treated cells may be a product of singlet-
singlet transitions by free mitoxantrone or mitoxantrone-
macromolecular charge-transfer complexes detected only
under the intense laser light. Under such conditions the
quantum yield of fluorescence from either free mitoxan-
trone or a charge-transfer complex may be increased to
more readily detectable levels.

The objective of the present study was to use the
complementary methods of flow cytometry and confocal
microscopy to analyse changes in whole-cell and subcel-
lular fluorescence patterns in living cells during and after
mitoxantrone exposure and to relate this to the DNA-
damaging characteristics of the drug in mitoxantrone-
sensitive and -resistant human adenocarcinoma cells.
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Materials and methods

Cell lines, clonogenic assay and drugs

The human adenocarcinoma cell line WiDr/S2 is a subline derived in
our laboratory from the WiDr/S line [25]. Likewise, WiDr/R3 is our
subline of the mitoxantrone-resistant WiDr/R cell line. WiDr/R was
originally obtained by continuous culture of WiDr/S cells in the
presence of mitoxantrone ([33]; kindly provided by Dr. R. Wallace).
Monolayer cultures were maintained in Eagle’s minimal essential
medium (Gibco) supplemented with 10% foetal calf serum, 100 IU
penicillin/ml, 100 mg streptomycin/m! and 2 mM glutamine. Cultures
were incubated at 37 °C in an atmosphere of 5% CO: in air and were
routinely detached using trypsin ethylenediaminetetraacetic acid
(EDTA). Clonogenicity was determined as described previously [14],
and Do values (the dose required to reduce the surviving fraction by
e-!; a dose Do would give an average of one lethal event per member
of a treated population) for exponential-form survival curves were
obtained by computer analysis of the data [29]. Mitoxantrone
(mitozantrone; Novantrone; kindly supplied by Lederle Laboratories)
was stored as a 2 mM aqueous stock at —20 °C. Other drugs used were
doxorubicin (Adriamycin; Farmitalia Carlo Erba), colcemid (Sigma),
vincristine (David Bull Laboratories), camptothecin (Sigma), colchi-
cine (Gibco), etopside (VP-16-Bristol-Myers) and mAMSA (amsa-
crine; Parke-Davis).

Filter-binding assay for DNA-protein cross-linking

The ability of crude nuclear 0.35 M salt protein extracts to bind to
plasmid DNA in the presence of drugs was determined using the
method described previously [24]. Briefly, reaction mixtures of 15 ng
[35S]-labeled pBR322 DNA, 1.0 pg nuclear protein extract, and
mitoxantrone were filtered through polyvinyl chloride filters (2-pm
pore size; Millipore) and the amount of DNA retained on the filter as
DNA-protein complexes was determined by scintillometry.

K-sodium dodecyl sulphate precipitation of DNA-protein complexes

DNA-protein complexes were measured by an adaptation [1] of a
method described previously [27]. Cells were plated in 24-well plates
at a density of 8 x 104 cells/well and allowed to attach for 24 h. DNA
was labeled with 0.05 pCi [14C]-thymidine for 48 h, followed by a 2 to
4-h chase period in fresh medium. After 1 h exposure to drug, celis
were washed twice with 0.02% EDTA in phosphate-buffered saline
(PBS) and frozen on dry ice. The frozen cells were thawed slowly in an
isotonic salt solution (8.0 g NaCl, 0.4 g glucose, 0.35 g NaHCO;3,
0.372 g EDTA per litre) and aliquots containing 1 x 105 cells were
transferred to 2-ml Eppendorf tubes. Following centrifugation at
1,500 g in a Jouan MR 14.11 benchtop centrifuge, cell pellets were
lysed by the addition of 1.2 ml lysis solution [1.0% sodium dodecyl
sulphate (SDS), 5 mM EDTA, 0.4 mg calf thymus DNA/ml], vortexed
and incubated at 65 °C for 10 min. Aliquots (200 ul) aliquots were
removed for the determination of total radioactivity in each sample.
DNA-protein complexes were precipated by the addition of 250 ul
650 mM KCl to the remaining lysate, vortexed for 30 s and incubated
for 30 min on ice. The precipitates were washed three times by
repeated centrifugation at 10,000 g, and the pellet was resuspended
in 1 ml pre-warmed wash solution (10 ma TRIS-Cl, pH 8.0, 200 mM
KCIl, 1 mM EDTA, 0.1 mg calf thymus DNA/ml), vortexed for 30 s and
incubated first at 65 °C for 10 min and then on ice for 10 min. The final
pellet was re-suspended in 1 ml PBS, vortexed and incubated at 65 °C
for 10 min prior to determination of radioactivity by liquid scintillo-
metry and calculation of the percentage of the total counts precipitated.

Measurement of DNA strand breaks

Lesions detectable as DNA breaks under alkaline conditions, including
protein-associated strand breaks, were measured by microscale adapta-
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Fig. 1 Sensitivity of the human adenocarcinoma cell lines WiDr/S2
(O) and WiDr/R3 (@) to 1 h treatment with mitoxantrone. Cytotoxicity
was assayed by measurement of the clonogenic potential of drug-
treated cells. Points represent arithmetic means of 12 determinations;
bars represent standard errors

tion [28] of the method described by Kanter and Schwartz [17]. Briefly,
treated cells in microplate wells were subjected to: no denaturation (T),
controlled alkali denaturation for 30 min (P), or complete denaturation
(B; the same as for P but with sonication). DNA-specific fluorescence
in each well was measured using a Fluoroskan II micro-plate fluori-
meter (Flow Laboratories) with excitation at 355 nm and emission
measured at 480 nm, and the percentage of double-stranded DNA (D)
for each treatment was calculated as D = I00(P-BJ(T-B). Drug-
induced enhancement of DNA unwinding (F) was calculated by the
equation F = -]00log(Dx/Dc), where Dx and Dc represent the
percentage of double-stranded DNA detected in treated and control
samples, respectively.

Flow cytometry

Following 1 h exposure to mitoxantrone, cells were detached and
resuspended in medium at a concentration of 1-2 x 105 cells/ml
Intracellular fluorescence was measured flow cytometrically using a
system incorporating an argon laser tuned to a wavelength of 488 nm.
Cell debris was excluded by gating on 90 ° light-scatter signals.
Fluorescence emission at 630 nm was measured for a total of 1 x 104
cells for each sample.

Confocal microscopy

The method has been described elsewhere [30]. The system used was a
Bio-Rad MRC-600 laser scanning confocal microscope employing a
GHS filter block allowing excitation at 514 nm and the detection of red
fluorescence. Cells were grown on sterile coverslips in 6-well plates for
48-72 h. Drug-treated coverslips were washed, mounted and observed
using a x60 oil-immersion objective lens. Images were Kalman-filtered
and analysed using the standard SOM software package (Bio-Rad
Microsciences).

Results
Drug-resistance patterns

Initial studies confirmed the enhanced resistance of WiDr/
R3 subline cells (Fig. 1; ICso values of 0.1 and 0.4 pM
mitoxantrone for WiDr/S2 and WiDr/R3 cells, respectively
[33]). Computer analysis of the survival data gave Do values



Table 1 Relative resistance of a drug-resistant human adenocarci-
noma cell line to cytotoxic drugs. Mean data derived from 4
determinations for each drug (RF resistance factor)

Drug sensitivity (Do ; tM X 1 h) for cell line:

Drug WiDr/S2 WiDr/R3 RF:
Mitoxantrone 0.08 0.38 4.8
Doxorubicin 1.9 2.7 1.4
VP-16 19.7 76.6 3.9
mAMSA 4.1 5.8 1.4
Camptothecin 1.9 20 1.1
Colchicine 4.1 2.8 0.69
Vincristine 1.6 1.8 1.1

a Do (resistant line)/Do (sensitive line)

of 0.08 uM for WiDr/S2 and 0.38 pM for WiDr/R3,
representing ~5-fold resistance of WiDr/R3 to mitoxan-
trone relative to the parental line. The original mitoxan-
trone-resistant line WiDr/R was partially resistant to many,
but not all, DNA-intercalating agents, including doxorubi-
cin, daunorubicin, mAMSA and ellipticine, but retained
sensitivity to mitotic spindle inhibitors [33]. In the present
study the WiDr/R3 cell line displayed (Table 1) cross-
resistance to VP-16 and marginal resistance to doxorubicin
and mAMSA but remained sensitive to the topoisomerase I
inhibitor camptothecin and the mitotic spindle inhibitors
colchicine and vincristine as compared with WiDr/S2 cells.
This pattern of cross-resistance is suggestive of a moderate
‘atypical’ multidrug resistance (at-MDR) phenotype [9]). In
addition, immunocytochemistry techniques showed no
staining of WiDr/S2 or WiDr/R3 cells using three separate
monoclonal antibodies raised against P-glycoprotein, over-
expression of which is associated with classic MDR [11].

Drug-induced DNA-protein cross-linking in nuclear protein
extracts

Comparison of the mitoxantrone-induced cross-linking
activity of crude nuclear extracts revealed a dose-depen-
dent DNA-protein cross-linking for both WiDr/S2 and
WiDr/R3 (Fig 2), with maximal levels of cross-linking
observed in the resistant cell line being more than 2-fold
lower than those seen in the parental line. The analysis also
indicated a reduced background level of cross-linking in
WiDr/R3 cell extracts. This is consistent with a reduced
availability or increased lability of type II topoisomerase
enzyme in WiDr/R3 cells. Indeed, for equivalent total
protein concentrations, the in vitro kinetoplast-DNA deca-
tenation activity of crude nuclear extracts from the resistant
cell line was consistently lower (~0.7-fold) than the activity
of extracts of WiDr/S2 cells (data not shown).

Induction and persistence of DNA-protein complexes
The ability of mitoxantrone to trap topoisomerase II in intact

WiDr/S2 and WiDr/R3 cells was determined by the indirect
KCI/SDS precipitation technique. The induction of DNA-
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Fig. 2 Mitoxantrone-dependent DNA-protein cross-linking activities
in 0.35 M NaCl nuclear extracts from sensitive WiDr/S2 (O) and
resistant WiDr/R3 (@) cell lines. Data are mean values (*+ SE) for >3
determinations
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Fig. 3 Nuclear DNA-protein cross-linking measured as a percentage
of total DNA precipitated in KCI/SDS at the end of 1 h exposure to
mitoxantrone for WiDr/S2 (O) and WiDr/R3 (@) cells. Data are mean
values (* SE) for 8 determinations

protein complexes by a 1-h exposure to mitoxantrone was
found to be dose-dependent for both WiDr/S2 and WiDr/R3
cell lines (Fig. 3), the resistant line requiring a 4-fold greater
concentration of mitoxantrone than the parental line to
achieve protein cross-linking of 10% of the total DNA.
Background corrected values for DN A-protein cross-linking
induced by 1 UM mitoxantrone were 10.6% * 2.3% and
3.3% + 0.6% after 1 h drug treatment and 7.9% T 0.3%
and 2.6% =+ 0.2% after 4 h incubation in drug-free medium
for WiDr/S2 and WiDr/R3 cell lines, respectively. Thus,
there was persistence of > 75% of the mitoxantrone-induced
complexes in both cell lines.

Induction and persistence of DNA strand breaks induced by
mitoxantrone

Analysis of the enhancement of DNA unwinding under
alkaline conditions provides a method for detecting in-
creases in total strand break frequencies, including those
arising from DNA topoisomerase II trapping. Acute expo-
sure to mitoxantrone was found to induce DNA strand
breakage in both WiDr/S2 and WiDr/R3 cells in a dose-
dependent manner (Fig 4), with lower levels of breakage
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Fig. 4 Induction of nuclear DNA strand cleavage as detected after
alkali treatment following acute exposure (1 h) of WiDr/S2 (O) and
WiDr/R3 (@) cells to mitoxantrone. Values are the means (* SE) of
12-16 determinations
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Fig.5 Generation and disappearance of mitoxantrone-induced nuclear
DNA strand cleavage as detected after alkali treatment. DNA strand
breakage was assayed at the end of 1 h exposure to 1 WM mitoxantrone
(filled columns) and after 24 h post-treatment incubation in drug-free
medium (hatched columns). Values are the means (+ SE) of 12-16
determinations

occurring in the resistant line at all drug concentrations. The
data support a correlation between the induction of DNA-
protein complexes and DNA strand breaks. Initial levels of
strand breaks induced by 1 UM mitoxantrone were estimated
to be ~2.9 breaks/10° Da DNA for WiDr/S2 cells and ~1
break/10% Da DNA for WiDr/R3 cells by reference to X-
irradiated cells (data not shown). At the end of a 24-h post-
treatment period in drug-free medium, DNA strand breaks
persisted at the initial level in the parental line, whereas
there was a ~40% reduction (P <0.0001; Student’s ¢-test) in
the level detected in the resistant line (Fig. 5).

Measurement of mitoxantrone uptake by flow cytometry

WiDr/R3 cells consistently showed up to 35% lower initial
levels of mitoxantrone-associated fluorescence than did
WiDr/S2 cells (Fig. 6), consistent with the findings of
Wallace et al. [33] that indicated a reduced level of
radiolabeled drug uptake in resistant cells. The median
fluorescence intensity of WiDr/S2 cells at 24 h after
removal of drug was similar to that measured at the end of
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Fig. 6 Flow cytometric analysis of the initial uptake and retention of
mitoxantrone by WiDr/S2 (open symbols) and WIDI/R3 (filled sym-
bols) cells. Fluoresence at 630 nm was measured at the end of 1 h drug
treament (circles) and following 24 h post-treatment incubation in
drug-free medium (squares)

drug treatment. The median fluorescence intensity of WiDr/
R3 cells at 24 h was consistently lower than the level
measured at the end of drug treatment, suggesting that the
degree of retention of mitoxantrone in the resistant line is
lower than that in the sensitive parental line.

Subcellular distribution of mitoxantrone determined by
confocal microscopy

Analysis of intracellular fluorescence following 1 h expo-
sure of WiDr/S2 and WiD1/R3 cells to increasing concen-
trations of mitoxantrone revealed a drug dose-dependent
increase in fluorescence for both cell lines (Fig. 7). In both
cell lines, fluorescence was initially seen as bright punctate
regions in the cytoplasm, presumed to reflect sequestration
of mitoxantrone in cytoplasmic inclusions. At concentra-
tions of 5 UM and above, mitoxantrone accumulated mainly
around the periphery of the nucleus and in intranuclear
structures assumed to be nucleoli on the basis of their
size, position and form. At all mitoxantrone concentrations
studied the degree of nuclear fluorescence was low, with
most of the fluorescence being perinuclear or nuclear
membrane-associated. Pre-treatment with colcemid to in-
crease the mitotic index revealed that mitotic chromosomes
(indicated by arrows) were fluorescently stained (Fig. 7e, j).
The significance of this observation is not clear but may
reflect either the more compact nature of the DNA in
condensed chromosomes or the enhanced access of mitox-
antrone to chromatin upon breakdown of the nuclear
membrane.

An attempt to quantify the distribution of mitoxantrone
in WiDr/S2 and WiDr/R3 cells was made using an image-
analysis approach. A mitoxantrone concentration of 5 pM
was chosen for this analysis since this appeared to be a non-
saturating dose for both cell lines. For microcolonies
covering equivalent areas (~13,000 um?) the fluorescence
intensities were colour-coded such that the bright punctate



Fig. 7a-j Uptake and subcellu-
lar distribution of mitoxantrone in
WiDr/S2 (a-e) and WiDr/R3
(f-J) cells as a function of drug
concentration. Cells were viewed
by confocal microscopy at the
end of 1 h exposure to mitoxan-
trone. Bars = 25 um. a, f Un-
treated cells. b, g 1 UM mitoxan-
trone. ¢, h 5 UM mitoxantrone. d, i
10 uM mitoxantrone. e, j 10 uM
mitoxantrone following 12 h
incubation in the presence of

60 ng colcemid/m! (mitotic cells
are indicated by arrows)

fluorescence could be distinguished from the lower levels
of background fluorescence. For each coded level of
fluorescence, the fluorescence intensity per pixel and the
total number of pixels were analysed, representative micro-
colonies being shown in Fig. 7 (c, h). Analysis of the
fluorescence intensity per pixel revealed no difference in
the fluorescence per unit area for either punctate or back-
ground fluorescence between the two cell lines. However,
the total number of brightly fluorescent cytoplasmic loca-

WiDr/S2

407

WiDr/R3

tions in the area analysed was found to be 4 times greater in
WiDr/S2 cells than in the resistant WiD1/R3 cells.

Subcellular distribution and retention of mitoxantrone
Following exposure to 5 M mitoxantrone, cells were either

viewed immediately or washed and incubated in drug-free
medium for a further 24 h prior to analysis. As noted above,
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WiDr/S2

WiDr/R3

at the end of acute drug treatment, mitoxantrone-associated
fluorescence appeared predominantly within cytoplasmic
inclusions and nucleoli-like structures and at nuclear mem-
branes (Fig. 8), with fewer fluorescent cytoplasmic inclu-
stons being present in the resistant cell line as compared
with the sensitive cell line. Following 24 h post-treatment
incubation, all of the low-level cytoplasmic and nuclear-
associated fluorescence had disappeared. However, mitox-
antrone-associated fluorescence persisted in the cytoplasmic
inclusions in both cell lines, revealing the reduced frequency
of such inclusions in the resistant cell line as compared with
the sensitive line.

Discussion

The drug-sensitivity profile and DNA damage-induction
characteristics of the WiDr/R3 cell line suggest the moder-
ate expression of an at-MDR-like phenotype. The applica-
tion of fluorometry to intact cells reveals the additional
involvement of reduced cellular accumulation and modified
subcellular distribution of mitoxantrone within discrete
cytoplasmic compartments of WiDr/R3 cells. We suggest
that reduced accumulation is associated with a reduced
availability of intracellular structures capable of sequester-
ing drug molecules. Mitoxantrone-induced DNA-protein

Fig. 8a-d Uptake and retention of mitoxantrone by WiDr/S2 (a, b)
and WiDr/R3 (c, d) cells. Following 1 h exposure to 5 uM mitoxan-
trone, cells either were viewed immediately (a, ¢) or were washed and
incubated for 24 h in drug-free medium prior to viewing (b, d). The
photographs show transmission (left) and fluorescence (right) images
of representative microcolonies of cells for each treatment. Bars =25 m

cross-links were found to persist in both sensitive and
resistant cells, suggesting that the longevity of the nuclear
DNA-drug interaction was similar for both lines. Overa 24 h
post-treatment period there was a complete loss of nuclear-
located fluorescence in both cell lines, whereas there was a
reduction in persistent DNA strand cleavage in the resistant
line alone. Although nuclear-associated fluorescence is a
monitor of intracellular drug delivery, its full interpretation
is problematic and may represent the excitation of drug
molecules not actively available for topoisomerase trapping.
The study indicates that mitoxantrone is sequestered for
long periods in cytoplasmiic inclusions, and reduced avail-
ability of this compartment may be a component of multi-
factoral drug resistance.

Previous studies [3, 30] have established the basis for
the fluorometric detection of mitoxantrone. In solution, the
drug shows a spectrum with a low absorbance at 514 nm
and maxima of equal peak heights at 610 and 660 nm [3].
The mitoxantrone fluorescence-emission spectrum for ex-
citation at a 610-nm wavelength has a Amax beyond the



visible range at 680-690 nm, with significant levels
(>15% peak intensity) extending to wavelengths of
=800 nm. The mitoxantrone diacid metabolite is essen-
tially non-fluorescent [3]. DNA has a quenching effect on
mitoxantrone fluorescence that becomes saturated (<50%
decrease) at high DNA:drug molar ratios. Quenching is far
less pronounced at emission wavelengths of >700 nm. In
parallel confocal microscopy studies (P.J. Smith, unpub-
lished data) we have used a range of excitation wavelengths
(488, 514 and 647 nm) and monitored various fluorescence-
emission wavelength regions (> 520, > 550 and > 680 nm,
respectively). Such spectral analyses confirmed that the
general patterns for intracellular fluorescence were similar
for the different excitation/emission wavelengths studied.
These preliminary resuits suggest that fluorescence quench-
ing is not a dominant factor in the overall low levels of
intranuclear fluorescence and suggest a protective effect of
an intact nuclear membrane on drug-DNA interactions.

The question arises as to the significance of the nuclear
fluorescence signals monitored. The granular fluorescence
observed in nuclei of mitoxantrone-treated cells may be
enhanced by some loss of fluorescence upon binding of
drug to DNA [3] and the persistent fluorescence upon
binding to other subnuclear components. Consequently,
the relatively homogeneous fluorescent staining of mitotic
nuclei described herein, and of chromosome spread pre-
parations (P.J. Smith, unpublished observations) may
reflect the highly compact nature of the nuclear material
rather than any change in drug binding/fluorescence per se.
Under such circumstances, persistent binding of mitoxan-
trone to DNA in cells incubated in drug-free medium may
not be detectable by fluorometry, explaining the persistence
of drug-induced damage in WiDR/S2 cells. Interestingly,
although overall nuclear fluorescence was low at all
mitoxantrone concentrations studied, staining of nuclear
components resembling nucleoli was observed in both
cell lines at doses above 5 WM, consistent with the
preferential binding of mitoxantrone to nucleolar DNA
and condensation of ribopolymers [S, 18].

The use of simple image-analysis methods to quantify
the amount of fluorescence in different subcellular com-
partments indicated that WiDr/R3 cells showed a reduction
in the total number of cytoplasmic inclusions sequestering
drug. The identity of the cytoplasmic inclusions containing
high concentrations of mitoxantrone described herein is not
clear. There is evidence that drugs may be accumulated by

mitochondria [20] and by lysosomes [21]. Preliminary.

experiments using the vital mitochondrion-staining dye
rhodamine 123 indicated that mitochondria did not co-
localise with the areas of mitoxantrone accumulation
(results not shown). However, the possible role of lyso-
somes in the cytoplasmic sequestration and metabolic
activation of mitoxantrone merits further investigation.
Although mitoxantrone may initiate its cytotoxic actions
primarily through the induction of DNA damage [6, 16, 29,
32], reduced cytoplasmic accumulation of drug may be an
important secondary factor and effect moderate levels of
resistance. Indeed, drug-localisation studies with anthracy-
clines and Vinca alkaloids have suggested differences
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between sensitive and resistant cell lines in the relative
sizes of fast- and slow-releasing pools [2, 36].

Mitoxantrone sequestered in the cytoplasm was found to
persist in both WiDr/S2 and WiDr/R3 cell lines over a 24-h
post-treatment period. The continued retention of mitoxan-
trone In sensitive cell lines has been noted previously [8, 26]
together with a possible binding to cytokeratins [7]. If the
free concentration of drug in cells is low, the slow release of
mitoxantrone from these cytoplasmic inclusions and its
subsequent availability to nuclear DNA and topoisomerase
II may explain the unusually persistent DNA cleavage [14].
The results presented herein suggest that the degree of
sequestration and cytoplasmic retention of mitoxantrone
could be important factors determining cytotoxicity.
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