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Abstract-The cytotoxicity anti-tumour intercalating agents such as the anthraquinone mitoxantrone is 
thought to relate to DNA binding and the trapping of DNA topoisomerase II complexes on cellular 
DNA. We have studied the uptake, nuclear location, DNA binding mode and DNA damaging capacity 
of mitoxantrone in a small cell lung carcinoma cell line (NCIH69) compared with an in o&o-derived 
variant subline (NCI-H69/LX4) that exhibits “classical” multi-drug resistance (MDR). Variant cells 
maintained under doxorubicin selection showed reduced RNA levels that returned to control values 
within 7 days of growth under non-selective conditions. Variant cells released from selection stress showed 
resistance to DNA cleavage by doxorubicin, mitoxantrone, 4’-epidoxorubicin, 4’-deoxy-doxorubicin but 
reduced resistance to aclacinomycin A and a 9-alkyl substituted anthracycline in broad agreement with 
the cross-resistance patterns for cytotoxicity. Mitoxantrone treated NCI-H69 cells were found to 
accumulate DNA-protein crosslinks during a 4 hr post-treatment incubation period whereas variant 
cells maintained depressed levels of crosslinking. There was no apparent abnormality in the availability 
or drug sensitivity of topoisomerase II assayed in crude nuclear extracts of NCI-H69/LX4 cells. Whole 
cell uptake of radiolabelled mitoxantrone was depressed (50%) in NCI-H69/LX4 compared with NCI- 
H69, whereas assessment of nuclear-bound drug in individual cells by a fluorescence quenching technique 
showed at least a lo-fold greater level of target protection. The quenching results provide evidence of 
a high affinity, saturable mode of drug binding, favoured at low drug concentrations, that correlated 
with DNA cleavage capacity. We propose that the cytotoxic action of mitoxantrone is dependent upon 
a restricted and persistent form of binding to DNA that favours the long-term or progressive trapping 
of topoisomerase II complexes. 

DNA intercalating agents [l] have gained wide- 
spread use as anti-tumour agents where cytotoxicity 
is thought to relate to the induction of DNA damage 
or the disturbance of nucleic acid metabolism [2,3]. 
The bis(alkylamino)anthraquinone mitoxantrone is 
related structurally to the DNA intercalating anthra- 
cycline doxorubicin (Adriamycin@) and shows 
activity against advanced breast cancer and the acute 
leukaemias [4]. Mitoxantrone displays an ability to 
bind to DNA by at least partial intercalation between 
stacked bases with evidence of a secondary mode 
of binding involving association with the anionic 
exterior of the helix [S, 61. The mode of binding to 
DNA is probably an important factor in the ability 
of intercalators to distort the helix and disturb DNA- 
protein interactions [7]. 

Recently, it has been recognized that several 
classes of anti-tumour DNA intercalating agents, 
including the anthracyclines and the anthraquinones, 
have the capacity to stabilize “cleavable complexes” 
between DNA and the nuclear enzyme DNA topo- 
isomerase II [3,8,9]. Although there is increasing 
evidence that complex formation is responsible for 
the anti-tumour activity of these drugs [3,9], cyto- 
toxicity may additionally involve membrane effects 
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[lo] and free-radical damage to DNA [ll]. Nuclear 
location of the drug [12] and DNA strand cleavage 
[13], dictated at least in part by intracellular avail- 
ability, appear to be critical features in determining 
cytotoxicity of the anthracene anti-cancer drugs. 

Mammalian cells can actively modify the avail- 
ability of drugs, such as mitoxantrone and doxoru- 
bicin, for interaction with nuclear targets by the 
expression of the multi-drug resistance (MDR) 
phenotype. “Classical” MDR involves the enhanced 
efflux of drug molecules via a P-glycoprotein-depen- 
dent pump located in the plasma membrane [14,15]. 
Rapid drug efflux in MDR reduces the intracellular 
concentration of drug molecules, effectively pro- 
tecting sensitive targets such as nuclear DNA and 
DNA topoisomerases from drug attack. However, 
the degree of resistance does not always correlate 
with the extent to which intracellular accumulation 
of drug is depressed [16]. The availability [17] or 
intrinsic drug sensitivity [9] of a nuclear target such 
as topoisomerase II may be an additional factor in 
determining the sensitivity of a cell to an anti-tumour 
DNA intercalating agent. Here we have studied the 
effects of the MDR phenotype on the DNA binding 
and damaging potential of mitoxantrone in intact 
human cells. To monitor the mode of DNA-mitox- 
antrone interaction with cellular DNA we have uti- 
lized the ability of intercalating agents to compete 
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with the UV-excitable DNA-specific fluorochrome 
Hoechst 33342 for binding sites on nuclear DNA 
[18]. A novel feature of this study is the application 
of spectral analysis [19-221 of Hoechst 33342 fluor- 
escence in single cells, as monitored by flow cyto- 
metry, to provide preliminary information on the 
nuclear binding characteristics of mitoxantrone. 

The study compares the sensitivity to intercalator- 
induced DNA damage of a classical small cell lung 
carcinoma (SCLC) cell line with that of an in vitro 
derived multi-drug resistant variant [16,23] with par- 
ticular reference to the role of mitoxantrone-DNA 
binding. 

medium and 1 mL volumes in Eppendorf vials 
treated with a range of [3H]mitoxantrone drug con- 
centrations for 1 hr at 37”. Cells were washed three 
times with cold PBS using short centrifugations 
(3 set) in an Eppendorf bench microfuge. Cell pellets 
were lysed in 1 N NaOH and neutralized with 1 N 
HCl prior to removing samples for liquid scintillation 
counting. 

MATERIALS AND METHODS 

Cell culture. The four established (SCLC) classical 
cell lines used in this study were: NCI-H69 (referred 
to as H69; kindly donated by Dr D. N. Carney, NDI, 
Bethesda, MD, U.S.A.), and three lines (POC, FRE 
and MAR) generously donated by Dr M. Ellison 
(Ludwig Institute, Sutton, U.K.). The doxorubicin- 
resistant variant of NCI-H69 (designated NCI-H69/ 
LX4 and referred to as LX4) was maintained under 
selective conditions in the presence of 0.4pg 
doxorubicin/mL. The variant cell line exhibits the 
classical multidrug resistance phenotype including 
overexpression of P-glycoprotein [ 16,20,23]. 

DNA damage assay. DNA strand breaks (com- 
prising frank and protein-associated breaks) were 
measured by an adaptation [24] of the fluorometric 
method described by Kanter and Schwartz [25] 
involving the time-dependent partial unwinding of 
cellular DNA in alkaline solutions. Cells were resus- 
pended in LS buffer (see below; 5 x lo5 cells/ml) 
and distributed in 0.5 mL volumes into glass tubes for 
the determination of unwinding rates (for a period 
of 60 min at ice temperature) in quadruplicate as 
described previously [24]. DNA strand breakage 
rates were expressed as radiation equivalents (Gy) 
by calibration with X-irradiated cells (SCLC cells 
gave 4.25 F units 
daltons mol. wt I 

Gy; assume 2.7 strand breaks/lo” 
Gy; [24]). 

Chromatin compactness. This method detects 

Drug preparations and treatments. Hoechst dye 
No. 33342 (CP Laboratories, Bishop’s Stortford, 
U.K.) solutions were prepared as previously 
described [19,20]. Mitoxantrone, (1,4-dihydroxy-5, 
8-bis((2-[(2-hydroxyethyl)amino] ethyl)amino))-9, 
lo-anthracenedione dihydrochloride [Novantrone], 
was kindly supplied by Dr A. Man (Lederle Lab- 
oratories, Gosport, U.K.) as a solid and stored as 
aqueous stock solutions of 1 mg/mL at -20”. Radio- 
labelled mitoxantrone was provided by Lederle Lab- 
oratories with an estimated specific activity of 7 Ci/ 
mmol. We are grateful for the gifts of the following 
compounds: 4’-epidoxorubicin and 4’-deoxy- 
doxorubicin from Farmitalia (Milan, Italy), Ro 31- 
1215 from Roche Products Ltd (Welwyn Garden 
City, U.K.) and aclacinomycin A from Lundbeck 
Ltd (Luton, U.K.). All drugs except aclacinomycin 
A were stored as aqueous stock solutions at -20”. 
Aclacinomycin A was dissolved in 0.1% propylene 
glycol. For all drug treatments, cells from expo- 
nentially growing cultures were resuspended in fresh 
growth medium 4 hr prior to drug additions. For 
acute drug exposures, cells at 5 x 105/mL were 
treated for 1 hr at 37” prior to washing twice in cold 
PBS and further manipulation. 

changes in the compactness of residual nuclear struc- 
tures (i.e. nucleoids) obtained by exposure of cells 
to non-ionic detergent and high salt conditions. The 
current version of the technique is essentially that 
described previously [24]. Briefly, drug-treated or 
control cells were resuspended in cold PBS (5OpL 
containing 2.5 X lo5 cells) and deposited into 150 PL 
of lysis buffer [giving a final concentration of 2 mM 
EDTA, 0.5% (v/v) Triton X-100, 100mM Tris- 
(hydroxymethyl)-aminomethane pH 8.0 and 1 M 
NaCl], over 3.8 mL 15-30% linear sucrose gradients 
containing 1 mM EDTA and 10 mM Tris- 
(hydroxymethyl)-aminomethane pH 8.0 and 1 M 
NaCl. Cells were lysed on top of the gradients for 
30min at room temperature and then centrifuged 
for 20 min at 25,000 rpm in an MSE Superspeed 65 
ultracentrifuge using a 6 x 4.2 mL swing-out rotor. 
The sucrose gradients contained 1 yM Hoechst 33342 
(a non-intercalating DNA-specific fluorochrome) for 
the direct determination of the relative (vs control) 
distance sedimented by the nucleoids visualized as a 
band using near-UV illumination. Factors that affect 
nucleoid sedimentation rate have been discussed pre- 
viously [26]. 

Growth curves, Drug toxicity measurements were 
carried out on exponentially growing cultures. Cells 
were inoculated into 96-well (flat bottom) cell cul- 
ture-quality microtitre plates at densities of 1 X lo5 
cells/ml in growth medium (total volume of 300 pL/ 
well) containing serial dilutions of mitoxantrone. 
Plates were incubated for 6 days under normal con- 
ditions and all densities determined using a Coulter 
particle counter for protease-disaggregated cell sus- 
pensions (1 mg/mL neutral protease and 20 min incu- 
bation at 37”). 

K-SDS precipitation of protein-DNA complexes. 
The method used was essentially a modification [27] 
of the method described by Rowe et al. [28]. Briefly, 
cells were labelled with 1.85 x 10m3MBq/mL 
[14C]thymidine (sp. act. 1.92 GBq/mmol) for 48 hr, 
followed by a 4 hr chase period in fresh medium. 
After a 1 hr exposure to drug, cells were either 
washed twice with PBS and frozen as centrifuged 
pellets of 1 x lo5 cells/sample or incubated in fresh 
medium for various recovery periods before freezing. 
The frozen cells, in samples containing 1.2 X lo5 
cells, were lysed in SDS prior to precipitation of 
protein-DNA complexes with KCl. These pre- 
cipitates were washed three times and their radio- 
activity expressed as a percentage of the total 
radioactivity in the lysate. 

Radiolabelling studies. Exponentially growing cul- Filter binding assay for DNA-protein crosslinking. 
tures were diluted to 2 X lo5 cells/ml in fresh culture The assay is essentially that of Minford et al. [29] 
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except that linear pBR322 plasmid DNA (3’-recessed 
ends radiolabelled with [a-3SS]dATP) was used as 
the substrate for drug-dependent DNA-protein 
crosslinking as described previously [17]. Briefly, 
crude nuclear protein extracts were prepared from 
permeabilized cells by treatment with 350 mM NaCl 
for 20 min. The extracts were used in a filter binding 
assay in 200 ,uL reaction volumes containing 15 ng 
radio-labelled pBR322 DNA and mitoxantrone. 
Crosslinking was determined by retention of DNA 
on polyvinyl chloride filters as measured by scin- 
tillation counting. 

Flow cytometric analysis of cellular DNA and RNA 
content. Simultaneous measurements of RNA and 
DNA in unfixed, acid/detergent-treated cells stained 
with acridine orange was achieved using the flow 
cytometric method described previously [30]. The 
red (>630 nm) and green (520 mm) fluorescence 
emissions from each cell were measured simul- 
taneously to yield RNA and DNA estimations 
respectively. Light scatter at 90” was also measured 
for the exclusion of cell debris and the estimation of 
cell size. For each sample lo4 cells were analysed. 

Flow cytometric ana1yG.s of mitoxantrone-DNA 
interaction by Ho33342-DNA. After the treatment 
of cultures with mitoxantrone, washed cells were 
permeabilized by freeze-thawing using the method 
described previously [19]. Cells were resuspended in 
LS buffer (10 mM Tris-HCl, pH 8; 100 mM NaCl; 
10 mM EDTA; 1 mg/mL bovine serum albumin) 
and diluted to 2.5 x lo5 cells/ml containing 5 PM 
Ho33342 prior to flow cytometric analyses. Samples 
were analysed using a flow cytometer [19], incor- 
porating an Innova 3000K krypton laser (Coherent 
Corp., Palo Alto, CA, U.S.A.) tuned to the 337 line 
at a light power of 200 mW to excite Ho33342-DNA 
fluorescence. The emission spectrum of Ho33342 
stained DNA extends over a range of 400 to 600 nm. 
The optical analysis system at 90” to the intersection 
of the laser beam with the cell stream included a 
series of dichroic mirrors and filters to analyse fluor- 
escence at 490 and 600 nm (each f 5 nm) wave- 
lengths representing violet and red light, 
respectively. Forward and 90” scatter were also ana- 
lysed for the identification of cell debris. Four par- 
ameters namely, 90” and forward scatter pulse width, 
and pulse area for the two fluorescence channels 
were then written to disc as a fully cross-correlated 
data file for subsequent display and analysis. Median 
fluorescence values were calculated for specified 
population distributions. 

RESULTS 

Cross-resistance to DNA strand cleavage by inter- 
calating agents 

Previous studies [16,31] have demonstrated that 
H69 cells accumulate doxorubicin (1 hr exposure) in 
a dose-dependent manner for drug concentrations of 
up to 12 ,ug/mL. Table 1 shows that within this high 
dose range, doxorubicin-induced DNA strand cleav- 
age is also dose-dependent and that the multi-drug 
resistant variant LX4 shows reduced cleavage con- 
sistent with the previously observed reduction in 
whole cell uptake of doxorubicin [16,31]. 

We have also determined whether sensitivity to 

strand cleavage correlates with cross resistance for 
other related drugs (Table 1; Fig. 1; [32,33]). The 
drugs ranked in the order of doxorubicin < 4’-epi- 
doxorubiein < 4’ deoxy-doxorubicin < aclacinomy- 
tin A < Ro 31-1215 in terms of the ability of high 
doses to induce strand cleavage in parental cells. 
These differences can be expected due to variations 
in the rate of cellular uptake in addition to any 
intrinsic differences in the capacity to induce DNA 
damage. The LX4 cell line, known to show cross- 
resistance to the cytotoxic effects of 4’-epi-doxoru- 
bicin and 4’-deoxy-doxorubicin, also demonstrated 
resistance at the level of drug-induced strand cleav- 
age (Table 1). Furthermore, LX4 was found to be 
less resistant to strand cleavage induced by the 
related compounds aclacinomycin A and Ro 31-1215 
(Fig. 1) in keeping with the reduced cross-resistance 
for cytotoxicity. Some variability was noted in the 
levels of drug-induced DNA damage detected on 
different occasions although the relative patterns, 
for doxorubicin vs analogue or H69 vs variant, were 
consistent. However, there was no clear correlation 
between the magnitude of resistance measured by 
cytotoxicity, measured at low doses, and the initial 
levels of DNA strand cleavage measured at high 
doses of drugs typically used in cellular uptake 
experiments. Thus although the general patterns for 
intercalator-induced DNA strand cleavage were in 
broad agreement with the cross-resistance patterns 
observed for cytotoxicity [33] it is clear that 
additional factors may determine the lethality of an 
intercalator such as the dose dependency for nuclear 
drug accumulation/damage induction, the nature of 
the drug-DNA interaction, the form of genomic 
lesions induced and their persistence. We have 
exploited this in vitro human biological system to 
examine the roles of the above factors in the cytotoxic 
action of the anthraquinine drug mitoxantrone. 

Characteristics of mitoxantrone resistance 

The ability of mitoxantrone to induce lesions 
detected as DNA strand breaks in H69 cells was 
found to be dose dependent (Fig. 2) with an initial 
highly sensitive response (up to approx. 1 pg/ 
mL x 1 hr), an extensive plateau and evidence of 
inhibition of DNA lesion induction at high doses 
(>5 pg/mL x 1 hr). The initial, low dose reponse of 
H69 cells to mitoxantrone was observed with other 
SCLC cell lines (Fig. 2). 

LX4 cells assayed 24 hr after removal from selec- 
tive conditions (growth in 0.4 mg doxorubicin/mL) 
showed a high degree of resistance to mitoxantrone 
induced DNA damage (e.g. >7.5 and <0.5 Gy X- 
radiation equivalents at 0.5 pgg/mL for H69 and LX4 
cells, respectively). Resistance to mitoxantrone- 
induced DNA damage was reduced by at least 50% 
following adaptation to growth in non-selective 
medium for 7 days (Fig. 2). Figure 2 demonstrates 
that culture adaptation was accompanied by changes 
in RNA content of cells, suggesting that cells main- 
tained under selection are metabolically stressed. 
The contour plots (Fig. 3) represent flow cytometric 
analyses of relative DNA vs RNA contents of H69 
and LX4 cells and their light scatter characteristics 
(cell size). DNA contents, as a function of cell cycle 
position and cell size, were found to be similar for 



2072 P. J. SMITH et al. 

Table 1. DNA intercalator-induced DNA damage in SCLC cell lines 

Drug-induced DNA strand cleavage 
(X-radiation equivalents; Gy)* 

H69 H69 LX4 
RF-F 

Dw 2.5 Wg/mL+ 5 pg/mLt 5 pg/mLt cytotoxicity 

Doxorubicin (DOX) 1.76 * 0.73 3.22 ? 0.87 1.95 t 0.56 97 
4’Epi-DOX 3.32 + 0.66 3.91 * 0.75 0.89 ? 0.16 528 
4’-Deoxy-DOX 5.13 2 1.41 6.87 ? 1.62 0.94 + 0.21 64 
Aclacinomycin 5.69 2 1.62 10.61 + 1.13 7.36 + 1.08 6 
Ro 31-1215 8.31 ? 1.72 10.75 2 0.78 9.95 2 2.31 12 

* See Materials and Methods for details; LX4 cultures removed from doxorubicin selection for 7 
days. 

t RF = resistance factor; quoted in Ref. 33; calculated as the ratio (i.e. LX4/H69) of 50% inhibitory 
doses for the cell lines determined by a tetrazolium (MIT) dye assay for cytotoxity. 

$ One hour exposure. 
Data represent arithmetic means (?SE) of values from four independent experiments. 

Anthracycline Compounds 

Q OH 

COMPOUND Rl R2 R3 R4 
WXORUBICIN (DDX) H OH CCCH2OH 0CH3 

Ro3i-1215 H OH CH3 H 

4’.EPI-DDX OH H COCHPOH OCH3 

I’-DEOXY-DOX H H COCHPOH CCH3 

Mitoxantrone Aclacinomycin A 

OH 0 NH(CH2)2NH(CH2)~OH 

Cb 

Fig. 1. Structures of anti-tumour DNA intercalators used 
in study. 

H69 and LX4 cells. The LX4 cell line showed a 
depressed RNA content (approx. 80% of the H69 
value) for cells throughout the cell cycle when main- 
tained under selective conditions in doxorubicin. 
However, growth of LX4 cells for 7 days in normal 

Fig. 2. Induction of DNA strand breakage (assayed under 
alkaline conditions) in SCLC cells by mitoxantrone. 
Symbols: (0) H69; (A) mean response of three classical 
SCLC cell lines (POC, FRE and MAR); (0, A) LX4 cells 
assayed immediately and 7 days after removal from ADM 

selection, respectively. 

growth medium results in the establishment of RNA 
levels similar to H69 cells. Normal culture-adapted 
LX4 cells retain a high level of resistance to mitox- 
antrone induced cytotoxicity (Fig. 4: 50% growth 
inhibition at 0.5 and 50ng/mL for H69 and LX4 
cells, respectively). The removal of variant cells from 
doxorubicin selection for 7 days was adopted as a 
standard method of handling cultures prior to exper- 
imental manipulation. 

DNA-protein crosslinking studies 

Use of the K-SDS precipitation method to measure 
DNA-protein crosslinking (Table 2) showed that 
acute exposure to mitoxantrone increased the back- 
ground level of 1.7% crosslinking to 3.8% (at 
0.52 mg/mL) in H69-P cells when assayed at the end 
of the drug treatment period. The absolute levels of 
crosslinking for a given dose of mitoxantrone are 
lower in the resistance cell line than in the parental 
line. Significantly, the levels of complexes induced 
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a 

RNA CONTENT 
F630nm 

DNA CONTENT 
F520nm 

(channel number 0- 1000) 
Fig. 3. Flow cytometric analysis of DNA vs RNA contents (panels a, c and e) and DNA vs cell size 
(panels b, d and f) for SCLC cells. Contour plots represent: H69 cells (panels a and b); LX4 cells 
maintained under ADM selection (panels c and d); LX4 cells grown in non-selective medium for 7 days 

(panels c and f). 

in the parental cell line (H69-P) increased up to two- 
fold during a 4 hr post-treatment period whereas the 
levels in the resistant line decreased slightly. 

Reduced levels of mitoxantrone induced DNA 
damage could be associated with reduced levels or 
abnormal drug sensitivity of DNA topoisomerase II 
in the LX4 cells. However, crude nuclear extracts 
from H69-P and LX4 cells showed similar levels of 
mitoxantrone-dependent crosslinking activities (Fig. 
5). Furthermore, expected inhibition of crosslinking 
at high drug concentrations was observed for both 
sources of extracts. We conclude that LX4 cells show 

normal expression of the target enzyme, reduced 
intranuclear protein trapping by mitoxantrone and a 
distinct lack of progressive accumulation of com- 
plexes during post treatment incubation. 

Nuclear binding studies 

The neutral nucleoid sedimentation method moni- 
tors changes in compaction of partially de-pro- 
teinized chromatin bodies following DNA strand 
breakage (decreased nucleoid sedimentation) or 
topological changes in DNA [26]. This method does 
not detect topoisomerase-DNA crosslinking [34] and 
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MITOXANTRONE CONC. ho/ml x contlnuour) 

Fig. 4. Relative inhibition of SCLC cell growth by mitoxantrone (6 day exposure). Symbols: (0) H69; 
(0) LX4. 

Table 2. Persistence of mitoxantrone induced DNA-protein crosslinks in SCLC cells 

DNA-protein crosslinking 
(% total DNA)* 

Mitoxantrone concn. Post-treatment incubation 
(pg/mL x 1 hr) period (hr) H69 LX4 

0 0 1.70 2 0.28 1.16 t 0.15 
0.26 0 2.44 f 0.10 1.30 * 0.13 
0.52 0 3.83 * 0.26 2.59 * 0.17 

0 2 1.57 + 0.14 1.19 2 0.07 
0.52 2 4.82 2 0.23 2.39 f 0.17 

0 4 1.78 5 0.12 1.38 * 0.10 
0.52 4 7.72 -r- 0.12 2.51 + 0.11 

* Measurement of [ t4C]DNA complexes as per cent total [ 14C]DNA precipitated in a potassium/ 
SDS containing solution (see Materials and Methods). Values are means of six determinations 
(*SE). 

Table 3. Velocity sedimentation characteristics of nucleoids from drug treated SCLC 
cells 

Relative distance sedimented following 1 hr 
exposure to 5 ,ug drug/ml 

Cell line Control Doxorubicin Mitoxantrone 

H69 Set at 1.0 1.38 2.04 
LX4 1.15 1.06 1.0 

typical data shown in Table 3 indicate that doxoru- 
bicin or mitoxantrone treatment of H69 cells does 
not generate significant levels of frank DNA breaks, 
indeed nucleoid sedimentation was increased, sug- 
gesting a direct effect of drug binding on nucleoid 
compaction. LX4 cells were essentially resistant to 
the effects of either agent indicative of reduced 
DNA-drug interaction. 

The DNA damage and nucleoid studies suggest 

that LX4 shows a reduced potential for drug-DNA 
interaction consistent with reduced drug uptake. 
Whole cell measurements for mitoxantrone uptake 
(Fig. 6) show that the differences between LX4 and 
H69 cells are not significant at doses >2.5 yg/mL. A 
maximum depression of drug uptake in LX4 cells, 
compared with H69 cells, of 50% was observed in the 
low dose range of 0.1 to 1 pg/mL. A flow cytometric 
technique was used to monitor the levels of DNA- 
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for the violet region of the emission spectrum (Fig. 
7a). For mitoxantrone doses of up to 1 pg/mL, the 
dose modification factors for generating similar levels 
of fluorescence quenching in the two cell types were 
approx. 6 and >25 for the violet and red regions 
respectively. 

DISCUSSION 

Mitoxantrone cont. (pg/ml) 

Fig. 5. Mitoxantrone concentration dependence of DNA- 
protein crosslinking activities in nuclear protein extracts 

derived from H69 (0) or LX4 (0) cultures. 

Previous studies have indicated that the doxoru- 
bicin resistant LX4 cell line demonstrates the cellular 
and molecular hallmarks of classical MDR and here 
we show that there is no indication of an abnormality 
in the nuclear target enzyme DNA topoisomerase II. 
The present study also reveals that cross-resistance of 
LX4 to mitoxantrone and other DNA intercalators 
is seen at the level of DNA damage induction. Impor- 
tantly, the MDR phenotype appears to limit the 
nuclear binding of mitoxantrone to an extent which 
is greater than would be predicted from whole cell 
uptake estimates suggesting an additional degree of 
nuclear target protection afforded by the expression 
of MDR. This protection is commensurate with the 
high level of resistance to DNA strand cleavage and 
cytotoxicity. The induction of nuclear DNA cleavage 
(detected under alkaline conditions) by mitox- 
antrone closely followed the dose-dependent for- 
mation of a mode of DNA binding that could 
efficiently quench the red region of the fluorescence 
emission spectrum of bound Ho33342 reporter mol- 
ecules. We propose that mitoxantrone induces bio- 
logically important DNA damage by a persistent and 
perhaps progressive ability to trap topoisomerase II 
on cellular DNA and that a saturable mode of drug 
binding may participate in complex trapping. 

3H-MITOXANTRONE CONC. ( (rg/ml x lh) 

Fig. 6. Cellular uptake of radiolabelled mitoxantrone by 
H69 (0) and LX4 (0). 

drug interaction by the quenching of fluorescence of 
the DNA specific ligand Ho33342. Since multi-drug 
resistant cells (including LX4; [20]) are resistant to 
the uptake of Ho33342 as a vital stain, the ligand 
was administered to freeze-thaw permeabilized cells 
derived from control or mitoxantrone treated 
cultures. Fluorescence quenching was determined 
for violet and red regions of the emission spectrum. 
Microscopy indicated that fluorescence was nuclear 
located. The kinetics of staining and rate of spectral 
shift were consistent with the nuclei being freely 
accessible to and in equilibrium with the Ho33342 
dye (data not shown). The use of permeabilized cells 
reduces any potential interference of the nuclear 
fluorescence signals by cytoplasmic pools of ligand. 
The results (Fig. 7a and b) show that the degree 
of quenching in H69 nuclei was dependent on the 
mitoxantrone dose and the wavelength monitored, 
with a saturation of quenching potential occurring 
for the longer wavelength emissions (Fig. 7b). LX4 
cells showed significant resistance for fluorescence 
quenching with the maximal effect being observed 

Maintenance of the variant cell cultures under 
doxorubicin selection reduced cellular RNA levels 
suggesting that the cells were under metabolic stress. 
Experimental manipulations were carried out on cul- 
tures that had been allowed to recover normal RNA 
levels so that any potential differences between the 
two cell lines could not be attributed to differences 
in capacity to elaborate potential protein targets. 
The re-establishment of control levels of RNA in 
LX4 was accompanied by at least a two-fold increase 
in sensitivity to mitoxantrone-induced DNA cleav- 
age. Culture-adapted LX4 cells showed similar cellu- 
lar characteristics (cell size, growth rate, DNA and 
gross RNA contents) as those of the parental cell 
line but retained a high level of cross-resistance to 
the cytotoxic and DNA damaging action of mitox- 
antrone. 

Increased nucleoid sedimentation was observed 
for doxorubicin or mitoxantrone treated H69 cells 
indicating a predominant effect on chromatin com- 
paction. Compaction may relate to the retention of 
nuclear proteins in mitoxantrone treated cells [7]. In 
a previous study [13], nucleoids of mouse L1210 
cells did not show mitoxantrone-induced changes in 
compaction suggesting that cell type differences may 
exist. The compactness of LX4 nucleoids was not 
affected by mitoxantrone treatment of intact cells 
indicating reduced drug-DNA interaction. The neu- 
tral nucleoid sedimentation technique is sensitive to 
overt strand scissions at levels equivalent to less than 
0.25 Gy X-radiation ([24]; PJS unpublished data) 
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Fig. 7. Quenching of Ho33342-DNA fluorescence as a function of mitoxantrone treatment of H69 (0) 
or LX4 (0) SCLC cells. Panels (a) and (b) show data for fluorescence emissions monitored at 490 or 

630 nm wavelengths, respectively. 

whereas mitoxantrone (at 5 @g/mL) induced strand 
cleavage in LX4 cells at levels greater than 7 Gy X- 
radiation equivalents. We conclude that the majority 
of lesions detected in the unwinding assay are alkali- 
labile and presumably represent cleaved DNA-pro- 
tein complexes [34]. 

Using the alkaline unwinding technique to monitor 
strand cleavage, resistance of LX4 was observed 
for doxorubicin, 4’-epidoxorubicin and 4’-deoxy- 
doxorubicin. Two other analogues, and Ro 31-1215, 
induced similar levels of DNA damage in H69 and 
LX4 cells. These findings are in broad agreement 
with the cross-resistance patterns of the two cell lines 
to the various drugs screened suggesting that the 
evaluation of sensitivity to DNA damage-induction 
provides a reflection of the impact of the MDR 
phenotype on drug sensitivity. The resistance of LX4 
to mitoxantrone was also apparent at the level of 
strand cleavage and DNA-protein crosslinking. 
Interestingly, parental cells showed a progressive 
accumulation of crosslinks during a 4 hr post-treat- 
ment incubation period whereas the low levels of 
crosslinks in LX4 cells remained stable. The pro- 
gressive accumulation of crossiinks in the parental 
line is consistent with the persistence of mitoxantrone 
on nuclear DNA [12]. Drug persistence could con- 
tribute to continuous trapping of either newly syn- 
thesized topoisomerase molecules or a time- 
dependent presentation of enzyme to regions of 
DNA containing bound drug. 

Mitoxantrone demonstrates a slight preference for 
binding to GC sequences but no high degree of 
sequence specificity [S] and it is likely that some 
mitoxantrone binding sites overlap with the AT 
sequences that preferentially bind Ho33342 mol- 
ecules [21,22]. The Ho33342-DNA fluorescence 
quenching results are interpreted here as reflecting 
competition between the intercalator and the minor 
groove ligand for binding sites on DNA. However, 
we note that mitoxantrone-induced changes in DNA 
compaction may affect the spectral characteristics 
of nuclear bound Ho33342 molecules. Indeed, this 
would be consistent with the observations that the 
fluorescence enhancement observed upon the bind- 
ing of Ho33342 to DNA is increased in supercoiled 

preparations [35]. The quenching measurements 
confirm that LX4 cells show significant depression of 
the nuclear binding of mitoxantrone. Whole cell 
uptake measurements of drug reveal a much smaller 
difference in drug accumulation between the variant 
and parental cell lines. The results imply that only 
the levels of nuclear bound drug reflect the capacity 
to generate DNA damage. 

The mitoxantrone dose dependency for fluor- 
escence quenching varies according to the region of 
the Ho33342 emission spectrum analysed. The violet- 
or red-biased fluorescence of Hoechst 33342-DNA 
have been related to the excitation of ligand mol- 
ecules at sites where the ligand is bound either within 
or more external to the minor groove of the helix, 
respectively [36]. The present results can be inter- 
preted as reflecting the presence of high affinity sites 
for mitoxantrone on nuclear DNA, these sites being 
saturated at low drug doses (>l pg/mL) and rep- 
resenting sites at which the competing Ho33342 mol- 
ecules are attempting to bind more external to the 
minor groove. It is possible that such high affinity 
sites may represent successful intercalation of mitox- 
antrone molecules since this process should pre- 
dominate at low drug/DNA ratios [5]. The similarity 
between the mitoxantrone dose dependency for long 
wavelength fluorescence quenching and the gen- 
eration of DNA cleavage may indicate that only 
certain modes of intercalator binding contribute to 
topoisomerase trapping and this suggestion is con- 
sistent with some sequence dependency for cleavable 
complex generation. Preliminary studies (data not 
shown) revealed that the wavelength dependency for 
Ho33342-DNA fluorescence quenching by mitox- 
antrone could not be reproduced with naked calf 
thymus DNA in solution suggesting that topo- 
logically constrained molecules not in equilibrium 
with the intercalator may be required to demonstrate 
the phenomenon. 

We have observed that the differential quenching 
of Ho33342-DNA fluorescence according to the 
region of the emission spectrum (Fig. 7) can be 
exploited to separate cell populations with different 
levels of drug-DNA binding. Bivariate analysis of 
fluorescence signals of LX4 and H69 cell populations 
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in artificial 1: 1 mixtures of mitoxantrone treated 
cells, resolved two populations of cells not apparent 
by the monodimensional analysis of either fluor- 
escence or 90” light scatter signals (data not shown). 
Such an analysis also revealed that LX4 cells showed 
similar levels of reduced nuclear binding of mitox- 
antrone throughout all phases of the cell cycle. 

In conclusion we report that MDR in human small 
cell carcinoma cells can afford a high degree of 
protection of nuclear DNA from intercalators such as 
mitoxantrone not predicted from whole cell uptake 
studies. Mitoxantrone treatment of human cells can 
lead to a persistence and accumulation of trapped 
topoisomerase II complexes on DNA, in part 
explaining the high cytotoxicity of this intercalating 
agent. Complex persistence may relate to persistent 
binding of drug molecules at infrequent high affinity 
drug-binding sites on DNA. Further studies are 
underway to determine the relative importance of 
different modes of intercalation in the trapping of 
potentially cytotoxic topoisomerase II complexes by 
antitumour drugs. 
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