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Abstract-N-[2-(Dimethylamino)ethyl]acridine-4-carboxamide (NSC 6013 16) is a DNA 
intercalating experimental antitumour agent which is curative agaitrrt the Lewis lung carcinoma 
in mice. Its action has been compared with amsacrine, its inactive isomer oAMSA, the solid 
tumour active derivative U-921 (NSC 343499), a C-6 methylene chain-linked bisacridine (NSC 
210733), 9-aminoacridine and quinacrine. All compounds inhibited the unknotting of phage P4 

DNA by topoisomerase II in nuclear extracts prepared from L 12 10 cells. NSC 60 13 16 inhibited 
growth of cultured L1210, P388, P/AMSA (P388 resistant to amsacrine) and P/ACTD 
(resistant to actinomycin D) cell lines at concentrations of 87, 150, 2020 and 150 nM 
respectively. A 1 h drug exposure to 0.85 PM NSC 601316 killed 50% of L12 10 cells. L1210 
cells treated for 1 h with NSC 601316 accumulated DNA breaks and protein-DNA cross- 
links. There was a good correlation between DNA breakage and cytotoxicia, but the relationship 
between drug concentration and number of protein-DNA cross-links was non-linear and dijfered 

from that of amsacrine and CI-921. There was also a positive correlation between the degree of 
cross-resistance of P/AMSA cells (which have altered topoisomerase II function) and abilip to 
induce DNA breakage or protein-DNA complexes. The results suggest that topoiJomerase II is 
the target of action of NSC 6013 16. 

INTRODUCTION 
ACRIDINECARBOXAMIDE (N-[2-(dimethylamino)- 
ethyllacridine-4-carboxamide; NSC 6013 16; see 
Fig. 1 for structure), was recently synthesized in the 
Cancer Research Laboratory [ 11. It differs from 9- 
anilinoacridine derivatives such as mAMSA [2] 
and its derivative CI-921 [3] in several important 
respects. While mAMSA has only marginal anti- 
tumour activity in vivo against the Lewis lung carci- 
noma growing as lung nodules in mice [3], acridine- 
carboxamide cures approx. 90% of mice when 
treatment is commenced 5 days alter inoculation of 
the tumour [ 11. It is even more active against this 
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tumour than CI-921, which has been selected for 
clinical trial on the basis of its solid tumour activity. 

Acridinecarboxamide is more lipophilic than 
mAMSA, and in contrast to mAMSA the ionization 
of its acridine nitrogen is almost completely sup- 
pressed [ 11. It binds to double-stranded DNA by 
intercalation with an association constant which is 
similar to that of CI-921 [ 11. The side-chains of 
acridinecarboxamide and mAMSA project in 
opposite directions from the acridine nucleus and 
may thus occupy different grooves when bound to 
DNA. Kinetic studies using stopped flow techniques 
have shown that the rate of dissociation of acridine- 
carboxamide from DNA intercalation sites is much 
slower than that of mAMSA ([4] and Dr W.A. 
Denny, personal communication). 

As a further step towards understanding the basis 
for the high activity of acridinecarboxamide towards 
solid tumours, its mode of action and cell line 
selectivity have been compared with those of several 
other acridine derivatives (see Fig. 1 for structures). 
mAMSA is in clinical use for the treatment of acute 
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Fig. 1. Structure of acridinecarboxamide (/kc base) and of other acridine 
derivatives r&red to in this study. 

leukaemia [5] and is a potent and specific inhibitor 
of the enzyme DNA topoisomerase II [6]. oAMSA, 
an isomer of mAMSA, lacks antitumour activity 
and is correspondingly less active in vitro against 
topoisomerase II [6] while CI-921 is a potent 
inhibitor of this enzyme [7]. C-6 bisacridine was 
selected as a bifunctional intercalator with experi- 
mental antileukaemia activity [8]. 9-aminoacridine 
(an antibacterial) and quinacrine (an antimalarial) 
were also included for comparison. 

MATERIALS AND METHODS 

Materials 
Methyl[3H]thymidine (70-90 Ci/mmol) was 

obtained from Amersham and [32P]dATP (800 Ci/ 
mmol) from New England Nuclear. Phage P4 was 
a generous gift from Dr. R. Calendar, Department 
of Molecular Biology, Berkeley, California. The 
restriction enzyme EcoRI was obtained from Pro- 
mega Biotec and DNA Pol I Klenow fragment from 
Boehringer Mannheim. mAMSA (isethionate salt) 
was provided by the Warner-Lambert Company, 
and 9-aminoacridine hydrochloride and quinacrine 
hydrochloride were obtained from the Sigma 
Chemical Co. oAMSA methanesulfonate, CI-921 
isethionate, and C-6 bisacridine dihydrochloride 
were synthesized in the Cancer Research Labora- 
tory, Auckland. Drug solutions for DNA studies 
were stored as 1 mM stock solutions in water at 

-2O”C, and working dilutions were made immedi- 
ately prior to use. Dextran grade B (MW 
150-200 K) was obtained from BDH, proteinase 
K from Sigma Chemical Co., and Hoechst 33258 
from Calbiochem Biochemicals. 

Cell lines 
P388 mouse leukaemia cells were from the 

National Cancer Institute, U.S.A. P/ACTD (resist- 
ant to actinomycin D) cells were from Mason 
Research Inc., Worcester, U.S.A. The PIAMSA 
line originated in Dr. R. Johnson’s laboratory [9] 
and was provided by Dr. R.C. Jackson, Warner- 
Lambert Co., Michigan, U.S.A. L1210 cells were 
from Arthur D. Little Inc., U.S.A. Lines were stored 
in liquid nitrogen and propagated in carrier DBA/ 
25 mice before establishing in culture. 

Growth inhibition assays 
These were performed in 24-well trays. Leu- 

kaemia cells were grown in RPM1 1640 medium 
supplemented with 50 pM 2-mercaptoethanol, 
FBS (10%) and antibiotics (streptomycin 100 pg/ 
ml; penicillin 100 U/ml). Drugs were added after 
2 h, the cultures harvested after a further 3 days 
[lo]. In experiments with mAMSA and CI-921, 
the RPM1 1640 medium was supplemented with 
50 p,M ascorbate to prevent aerial oxidation of 
the drug [lo]. Other compounds were resistant 
to oxidation. The lcJo was defined as the drug 
concentration required to reduce the number of cells 
in a culture by 50% with respect to control cultures. 

Clonogenicity assays 
L12 10 cells were cultured at 5 x 1 O4 cells/ml in 

(wMEM supplemented with FBS (10%) and 50 pM 
P-mercaptoethanol. The cells were used after 24 h 
of culture, when the density was 1.5-2.0 X 10’ 
cells/ml. Cells were incubated with drug in growth 
medium (10 ml) at 37°C for 1 h. Cells were then 
centrifuged, washed once, counted and plated in 
1% methylcellulose in growth medium. Colony 
growth was determined after incubation at 37°C for 
5 days [l 11. The ~~~ was defined as the drug 
concentration required to reduce the number of 
surviving clonogenic cells in a culture by 50% with 
respect to control cells. 

Phage P4 DNA unknotting assay 
Logarithmic-phase L 12 10 cells were used for 

the preparation of nuclei essentially as previously 
described [ 121 but using 0.1% Triton X for cell 
lysis and omitting Ca *+ from all nuclei isolation 
buffers. Topoisomerase II activity was recovered 
from the nuclei after destabilization of the scaffold 
with 2-mercaptoethanol and EDTA, sonication, 
precipitation of nucleic acids with polyethylene 
glycol and centrifugation at 30,000 g for 30 min 
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164 [ 121. Knotted phage P4 DNA was prepared as 
165 described [13]. Assay mixtures (20 pl) contained 
166 50 mM Tris-HCl, pH 7.5; 10 mM MgCl,; 
167 0.5 mM EDTA; 0.5 mM dithiothreitol; 30 pg/ml 
168 bovine serum albumin; 1 mM ATP; 0.24 kg P4 
169 DNA and varying amounts of drugs. After addition 
170 of 4 pl of nuclear extract (approx. 1 unit of topoiso- 
171 merase activity, 20-40 ng protein and 120 mM 
172 KCl), tubes were incubated for 30 min at 37°C. TO 

173 remove proteins, 1 pl 10% sodium dodecyl sulphate 
174 (SDS) and 1 pl 10 mg/ml proteinase K were added 
175 and the mixture was incubated for a further 30 min 
176 at 37°C. Samples were electrophoresed in 0.7% 
177 agarose gels in 89 mM Tris-borate, pH 7.5; 
178 89 mM boric acid; 2 mM EDTA. Gels were stained 
179 with ethidium bromide and photographed under 
180 U.V. illumination. Photographic negatives were ana- 
181 lysed by scanning on a microdensitometer (Joyce, 
182 Loebl and Co.). One unit of topoisomerase II 
183 activity was defined as the amount of extract that 
184 completely unknotted 0.24 pg phage P4 DNA in 
185 the absence of drug. Protein concentrations were 
lR6 determined according to Bradford [ 141. 
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The SDS/K+ precipitation assay [ 15, 161 was 
used to measure drug-induced formation of 
protein-DNA complexes in whole cells and nuclear 
extracts. For studies with whole cells, log-phase 
L 12 10 cells were labelled with 0.5 pCi/ml [methyl- 
3H] thymidine (70-90 Cilmmol) overnight, col- 
lected by centrifugation and washed once with PBS 
(137 mM NaCl; 2.6 mM KCl; 8 mM NaZ HP04; 
1.4 mM KH,PO,). Cells were resuspended in fresh 
growth medium at 1 x 10” cells/ml, distributed 
in 1 ml aliquots in 24-well multiwell plates and 
incubated for 1 h at 37°C. They were then centri- 
fuged at 1200 g for 10 min at room temperature, 
the supernatants discarded, the cells lysed with SDS 
and protein-DNA complexes collected as pre- 
viously described [ 121. Protein-DNA complexes 
were resuspended in 1 ml ice-cold 10 mM 
Tris-HCl, pH 7.5; 100 mM KCl; 2 mM EDTA 

and collected on Whatman GF/C filters under grav- 
ity. Filters were washed five times with wash sol- 

ution under vacuum, dried and the retained radio- 
activity measured in a liquid scintillation 
spectrometer. The total acid-precipitablc radio- 
activity per assay (lo5 cells) was routinely 5-7 x 
lo” cpm. 

DNA breakage 
DNA breakage induced by the acridine drugs in 

L1210 cells was determined by the fluorimetric 
assay of DNA unwinding (FADU) method [ 171. 
Cells were drug treated for 60 min, centrifuged 
and resuspended to 10” cells/ml in ice-cold PBS. 
Aliquots ofthis suspension were assayed in triplicate 
for residual double-stranded DNA after adding an 
equal volume of 0.1 M NaOH and allowing DNA 
to denature for 30 min at room temperature (group 
B samples). Three samples were treated similarly 
under non-denaturing conditions (group A) and 
three were sonicated for 5 s before denaturation to 
ensure complete unwinding (group C). Fluorcscencc 
intensities were determined using a Shimadzu RF- 
540 spectrofluorimeter (excitation 351 nm, cmis- 
sion 451 nm). The fraction of residual doublc- 
stranded DNA, F, in group B samples after the 
fixed unwinding period was calculated using the 
relationship F = (B-C)/(A-C) whcrc A, B and C 
arc the mean relative fluorescence intensities in 
groups A, B and C respectively. 

RESULTS 

In vitro cytotoxicig of acridine derivatives in survival 
assays 

Growth inhibition tests using a panel of cultured 
mouse cell lines are shown in Table 1. Acridine 
carboxamide was considerably less toxic potent 
than mAMSA and CI-921 against L1210 and P388 
lines. P/AMSA cells, were highly cross-resistant to 
acridinecarboxamide and CI-92 1, slightly cross- 
resistant to oAMSA, and slightly collaterally sensi- 
tive to CG-bisacridine, 9-aminoacridine and quina- 
crine. P/ACTD cells were cross resistant to C- 

Table 1. In vitro growth inhibitory activity and cytotoxicity of acrid& derivatives 

Compound Cell Line D,,, 
Cell Line Ic,,, (nM) (n&f) 

L1210 P388 PIAMSA P/.4Cl‘l> I.1210 

Acridinecarboxamide 87 150 2020 150 850 
mAMSA 6.8 12.5 890 7.9 46 
oAMSA 660 950 2800 210 
CI-921 4.2 4.9 200 5.1 20 

C-6 bisacridine 110 340 150 1900 
9-Aminoacridine 1900 4600 1540 2100 
Quinacrine 2400 3300 1200 1800 
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6 bisacridine but not to acridine carboxamide, 
mAMSA, oAMSA or CI-921 (Table 1). 

The cytotoxicity of antitumour acridines was 
also compared following a short term incubation. 
Logarithmic phase L1210 cells were exposed to 
drug for 1 h, then washed free of drug and assayed 
for ability to form colonies in vitro. ~~~ values are 
shown in Table 1. ~~~ values (10% survival) were 
approx. 3-fold higher than ~~~ values, which were 
in turn 5-lo-fold higher than the lcso values deter- 
mined for continuous exposure. 

Effect of acridinecarboxamide and related compounds on 
DNA strand breakage 

In order to determine the relative capacity of 
acridine derivatives to cause DNA breakage, a 
FADU assay was used which has recently been 
shown to give the same information as alkaline 
elution techniques [ 18, 191. DNA breaks were 
detected in L1210 cells following a 1 h drug 
exposure by enhancement of the ‘rate of alkaline 
denaturation of DNA, using the bisbenzamide fluo- 
rophore Hoechst 33258 as a probe for residual 
double-stranded DNA after a fixed denaturation 
time. Acridine carboxamide was less potent than 
mAMSA or Cl-921 at high drug concentrations, 
consistent with the ~~~ results (Fig. 2). However, 
at low drug concentrations acridinecarboxamide 
produced almost as much DNA breakage as did 
mAMSA and CI-921. oAMSA had a slight effect 
and the other compounds produced little or no DNA 
breakage. 

ORUG CONCENTRATI’JN (JJM) 

Fig. 3. Drug-stimulatedformation of protein-DNA complexes in L12 10 
cells using [“Hjthymidine labelled cellular DNA as a substrate. Protein- 
DNA complexes formed were precipitated by SDS/K+. Values given are 
means from three independent experiments. Acridinecarboxamide 
(v-v); mAMSA (.--.); oAMSA (A-A); U-921 (m-a); 
CG-bisacridine (A-A); 9-aminoacridine (O-0); quinacrine 

(O-0). 

Stimulation of Protein-DNA complex formation 
Acridine derivatives were compared in the extent 

to which they induced protein-DNA complex for- 
mation in whole L1210 cells in response to varying 
amounts of drug after a 1 h treatment (Fig. 3). As 
in the DNA breakage assay, only acridinecarboxam- 
ide, mAMSA, CI-921 and to a small extent oAMSA 
induced dose-dependent protein-DNA complex for- 
mation. Acridinecarboxamide was unusual in that 
it induced a higher rate of protein-DNA complex 
formation than mAMSA at low drug concentrations 
(1 pM induced as much complex as 5 /.LM 
mAMSA) but there was a gradual decline in com- 
plex formation at higher drug concentrations and 
no stimulation at all at 20 pM. An experiment 
using nuclear extracts from L 12 10 cells and [3zP] 3’- 
end-labelled pBR322 DNA [ 121 produced the same 
overall pattern as that observed in whole cells except 
that the stimulation of protein-DNA complex for- 
mation by acridinecarboxamide occurred at higher 
drug concentrations and over a wider concentration 
range than with whole cells (results not shown). 

u- O I* . . 1 
0 01 02 05 1.0 

DRUG CONCENTRATION (PM) 

Fig. 2. Fluorescence assay for DNA unwinding after treatment of 
logarithmic phase L1210 cells (2 X IO5 cells/ml) with drugs. L1210 
cells were diluted with fresh growth medium before drug exjwsure.’ F is the 
fraction of DNA still in the duplex form after an alkaline unwinding time 
of 30 min. Values given are means from three independent experiments. 
Acridinecarboxamide (v-v); mAMSA (@-.); oAMSA 
(A-A); U-921 (B-¤); 6bisacridine (A-A); 9-aminoacridine 

(0-O); quinactine (C-0). 

Inhibition of topoisomerase II 
To test the effect ofthe compounds on topoisomer- 

ase II activity, drugs were incubated with nuclear 
extract in a P4 unknotting assay and analysed by 
gel electrophoresis (Fig. 4). The minimal concen- 
trations of drug inhibiting topoisomerase II P4 
unknotting activity were: acridinecarboxamide, 
50 PM; mAMSA, 20 PM; CI-921, 20 PM; 
oAMSA, 100 ELM; CG-bisacridine, 20 pM; 9- 
aminoacridine, 20 PM; quinacrine, 50 ~.LM. 
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DISCUSSION 
The effects of acridinecarboxamide on DNA 

breakage (Fig. 2) and on the formation 
of protein-DNA complexes (Fig. 3), together with 
the cross-resistance of acridinecarboxamide to 
P/AMSA (Table l), a cell line with altered topoiso- 

merase II activity [9], support the proposal that 
topoisomerase II is the likely cytotoxic target of 
acridinecarboxamide. A clear relationship is appar- 
ent for the acridine derivatives in Fig. 1 between 
the degree of cross-resistance to the P/AMSA cell 
lint (as shown by the ratio of ICY,) values) and the 
induction of DNA breakage as measured by the 
FADU assay. Acridinecarboxamide, mAMSA and 
CI-921 show good activity and oAMSA shows a 
small effect while CG-bisacridine, 9-aminoacridine 
and quinacrine are inactive. In contrast to the 
PIAMSA results, acridinccarboxamide shows no 
cross-resistance to P/ACTD which is cross-resistant 
to vincristine and has the characteristics of a multi- 
drug resistant line [20]. It is possibie this property, 
in addition to factors such as drug distribution [lo], 
explains the high activity of acridinecarboxaml’dc 
against solid tumours. 

There is an obvious difference between acridine- 
carboxamidc and mAMSA in the dose dependence 
of formation of DNA-protein complexes (Fig. 3). 
The ago concentration (0.85 PM) of acridinecar- 
boxamidc induces an 1 l-fold increase in complex 
formation, while cquitoxic concentrations of 
mAMSA (0.046 FM) or CI-921 have no significant 
cffcct. In contrast, these concentrations cause simi- 
lar DNA4 breakage (30-40% reduction in fluores- 
cence) for all three drugs. The reason for the in- 
hibition of drug-stimulated formation of 
protein-DNA complexes by high concentrations of 
acridinecarboxamide (Fig. 3), which is similar to 
that reported for 2-methyl-9-hydroxyellipticine 
[2 11, has not been elucidated. 

Our results extend those of Rowe et al. [ 161 who 
showed that the capacity of mAMSA and other 
acridine-derived topoisomerase II directed antican- 
ccr drugs to cause DNA breakage was related to 
cytotoxicity as measured by IC,,, assays. It is clear 
that the correlation between cytotoxicity and the 
capacity to introduce DNA breaks is not a universal 
fcaturc of acridine derivatives, since C-6 bisacridinc 
has bern reported to have biological activity 181. 

Markovits et al. [22] have suggested a different 
mechanism of action for the anticancer agent diter- 

calinium, which is also a bifunctional intercalator, 
and this mechanism may also apply to C-6 bis- 

acridine. 
In agreement with others [6] WC find no corre- 

lation between the drug concentrations needed to 
inhibit DNA strand-passing activity (Fig. 4) and 
lcso or nsO values. For instance, 9-aminoacridine 
has a much lower cytotoxic activity but shows the 

same inhibition of topoisomerase II as mAMSA in 
the phage P4 unknotting assay. A qualitatively 
similar result has also been obtained using a cate- 
nation assay for the measurement of topoisomerase 
II activity (A.M. Hutchins and R.K. Ralph, unpub- 
lished). Formation and stabilization of the cleavable 
complex by topoisomerase II, rather than inhibition 
of its formation, appears to be related to DNA 
strand breakage and cell death. 

In conclusion, although acridinecarboxamide has 
been demonstrated to target the enzyme topoiso- 
merase II, it differs from 9-anilinoacridine dcriva- 
tives typified by CI-921 and mAMSA in being less 
potent both in vitro (Table 1) and in uivo [ 11. This is 
surprising since acridinecarboxamidc has a similar 
DNA binding constant to that of CI-92 1 [ 1, 31 and 
slightly higher potency than CI-921 or mAMS4 in 
stimulating the formation of protein-DNA com- 
plexes (Fig. 3). It is notable that acridinecarboxam- 
idc, like its 9-amino derivative [4], lacks the presence 
of easily and reversibly oxidizable functions such as 
the phcnolic or anilino groups which arc found 
in mAMSA, CI-921 [23, 241, the anthracyclines, 
ellipticincs, epipodophyllotoxins and anthracene- 
diones. It is possible that the chemical reactivity 

of these topoisomcrase II-directed yytotoxic drugs 
contributes an additional mechanism of toxicity, 
not shown by acridinccarboxamidc, by which DNA 
breakage is induced at drug concentrations which 
cause only low amounts of protein-DNA complex 
formation. If this is the cast, then acridinc carbox- 
amide, by not having this second mechanism, may 
belong to a distinct class of topoisomcrasc II- 
dircctcd cytotoxic agent. 
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