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ABSTRACT

Benzisoquinolinedione (nafidimide; NSC 308847) is an investigational
drug currently in phase I clinical testing. We have studied the antileu-
kemic activity in vitro, the cellular drug transport, and the molecular
mechanism of action with DNA of this new compound. By agarose gel
electrophoresis, we verified that nafidimide is an intercalating agent,
through its alteration of the electrophoretic migration of DNA products
produced by the relaxing action of DNA topoisomerase I. Concentrations
of up to 100 /IM of nafidimide did not produce topoisomerase I-mediated
DNA cleavage. Nafidimide produced DNA single-strand breaks (SSB),
double-strand breaks, and DNA-protein cross-links in human myeloid
leukemia cells (measured with filter elution). The ratio of SSB/DNA-
protein cross-links was 1.32 Â±0.36, a value similar to that produced by
4'-<9-acridinylamino)methanesulfon-in-anisidide (m-AMSA), suggesting
that nafidimide, like m-AMSA, produced protein-associated DNA-strand
breaks through a topoisomerase II-mediated reaction. The production of
double-strand breaks by nafidimide also suggests the involvement of
topoisomerase II in the drug-induced DNA cleavage. The cytotoxic
activity of nafidimide was quantified in human myeloid leukemia cell
lines differing by a factor of 70 in their cytotoxic sensitivity to m-AMSA.
The m-AMSA-resistant line was less than 2-fold resistant to nafidimide.
Cellular drug uptake was rapid and reached a steady state level in 30
min at 37Â°C.At the end of exposure, drug egress was rapid, as was the

disappearance of the DNA SSB. Rapid cellular uptake of nafidimide,
with low retention at the end of exposure and rapid rejoining of DNA
SSB suggest that prolonged cellular exposure may be necessary for
optimal antitumor effect. In vitro cloning data suggest that nafidimide
may be a therapeutic option for patients with leukemia resistant to m-
AMSA.

INTRODUCTION

In spite of recent advances in the treatment of metastatic
cancer, tumors that are primarily resistant or that initially
respond to chemotherapy but later recur, remain one of the
most frustrating yet challenging concerns for the clinical on
cologist. In the search for new effective chemotherapeutic
agents, benzisoquinolinedione (nafidimide; NSC 308847) was
synthesized as one in a series of imide derivatives of 3-nitro-
1,8-naphthalic acid. It has shown considerable activity in a
series of animal tumors in vitro as well as in vivo (1, 2). Early
i/i vitro data on its capacity to change the melting point and the
absorption spectra of DNA suggested intercalation was its mode
of action (3). The pronounced in vivo antitumor effect of nafi
dimide in animal models served as a basis for the entry of the
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drug into clinical phase I trials. Knowledge of the preclinical
pharmacology of nafidimide was extremely limited and our
investigation was undertaken to (a) study the efficacy of this
novel antineoplastic agent in human leukemic cell lines (its
antileukemic activity was evaluated in cell lines with naturally
occurring differences in their sensitivity to various anticancer
agents as well as in an m-AMSA4-resistant cell line); (Â¿>)to

compare further the possible antileukemic effect of nafidimide
to that of the intercalating agents, m-AMSA and adriamycin;
(c) to study cellular drug transpon after in vitro exposure; and
(d) to investigate further the previous observation that nafidi
mide acts as a DNA intercalator and to determine whether
nafidimide produces DNA effects comparable to those pro
duced by other antileukemic intercalating agents.

MATERIALS AND METHODS

Cell Lines. The human myeloid leukemic cell line KBM-3 was
established in 1983 from a patient with acute myeloid leukemia type
M-5 in the French-American-British study group classification (4)
treated at The University of Texas M. D. Anderson Hospital and
Tumor Institute at Houston. The in vitro growth pattern and other
characteristics of KBM-3 are reported in detail elsewhere.5 The human
myeloid HL-60 cell line was originally obtained from the laboratory of
Dr. R. Gallo at the National Cancer Institute, (Bethesda, MD) (S). It
has been maintained in our laboratory over the last S years with twice
weekly passages in fresh medium with 10% fetal calf serum (PCS).

The HL-60/AMSA subline of HL-60 was derived through intermit
tent exposure of HL-60 cells to gradually increasing concentrations of
m-AMSA. The in vitro growth characteristics of HL-60/AMSA as well
as its resistance and cross-resistance patterns have been described (6).
The currently used passages of this subline exhibit approximately 70-
fold more resistance to m-AMSA than does the parent line, assessed
with colony formation after a 1-h dose or continuous exposure for 8
days to m-AMSA. The resistance to m-AMSA has been stable for more
than 50 passages, corresponding to more than 120 cell doublings (6).'

All cell lines were maintained in the laboratory in IMDM (GIBCO
Labs Inc., Grand Island, NY), supplemented with L-glutamine and 10%
FCS.

Drugs. NafÃ¬dirnideand m-AMSA were gifts from the Investigational
Drug Branch, Division of Cancer Treatment, National Cancer Institute,
Bethesda, MD. Nafidimide was supplied as a freeze-dried powder and
diluted with double-distilled water to 3.53 mM(stock solution) that was
kept frozen in 1 ml aliquots at â€”80*Cand thawed immediately prior

to each experiment. m-AMSA was dissolved in anhydrous dimethyla-
cetamide to 127 DIM(stock solution) and was diluted prior to each
experiment to 12.7 HIMin 35.3 nm i -lactic acid and then in double-
distilled water.

4The abbreviations used are: m-AMSA, 4'-(9-acridinylamino)methanesulfon-
/n-anisidide; PBS, phosphate buffered saline; HBSS, Hanks' balanced salt solu
tion; IMDM, Iscove's modification of Dulbecco's minimum essential medium;
GM-CFC, granulocyte-macrophage colony forming cell; SSB, single-strand
breaks or cleavage; DPC, DNA-protein cross-link; RI, resistance index; PCS,
fetal calf serum.

5 B. S. Andersson, M. Beran, K. Arden, S. Pathak, M. Siciliano, and K. B.
McCredie. KBM-3: In vitro growth characteristics of a new human myeloid
leukemia cell line, submitted for publication.

6 B. S. Andersson, and M. Beran. Establishment and characterization of a
human myelogenous leukemia cell line resistant to 4'-(4 aoridinylaminul-mcth
anesulfon-m-anisidide, submitted for publication.
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Adriamycin was obtained from Adria Laboratories (Columbus, OH)
and was dissolved in 154 mM NaCl to 1.72 HIM (stock solution).
Aliquots (1 ml) were kept at â€”80Â°C,thawed, and diluted to a desired

final concentration in PBS, pH 7.2 (GIBCO), immediately prior to
each experiment. Ficoll was obtained from Pharmacia Fine Chemicals
(Piscataway, NJ), and diatrizoate sodium (Hypaque) was obtained as a
50% solution from Winthrop Laboratories (New York, NY).

Drug Exposure Survival Assays. AH cell lines were resuspended to 5
x 10* cells/ml in fresh IMDM with 10% PCS 24-48 h prior to each

experiment. Mononuclear cells from normal bone marrow were sepa
rated on a Ficoll-Hypaque gradient (density 1.08 g/cm3) and washed

twice in HBSS, pH 7.2 (Irvine Scientific, Santa Ana, CA), immediately
prior to drug exposure.

In experiments measuring survival following 1-h drug treatments, 2
x IO6cells were resuspended in 2 ml warm (37Â°C)HBSS with 5% PCS;

the appropriate drug level was attained with the addition of less than
50 iti. Cells were incubated for 60 min at 37Â°Cafter which 10 ml ice-

cold PBS was added. The cells were then centrifuged at 200 x g for 10
min at 4Â°C.The wash was repeated once and the cells were resuspended

in HBSS with 5% PCS and added to the agar-medium mixture for
assessment of surviving clonogenic cells.

In experiments measuring cell survival following prolonged drug
exposure, the drugs were added directly to the cell agar-medium sus
pension in the clonogenic assay.

Colony-formation Assays. A modification of the technique of Pike
and Robinson was used to quantify drug effects on normal bone marrow
GM-CFC (7). Briefly, a 1-ml mixture of normal mononuclear bone
marrow cells in IMDM with 20% PCS and 0.3% agar was plated on a
1-ml feeder layer of 20% PCS, 10% human placenta-conditioned me
dium, and 0.5% agar in IMDM in 35-mm Petri dishes in triplicate.
After incubation for 8 days at 37Â°Cin a fully humidified atmosphere

of 5% CO2 and 12% O2 balanced with N2, colonies (aggregates of more
than 50 cells) were counted at a magnification of 40 using an inverted
phase-contrast microscope. The surviving fraction of colonies at each
drug concentration was calculated by comparison with the control
cultures (8), and the drug concentrations needed to decrease the number
of colony-forming cells in a survival assay to 50% that of control
cultures incubated in parallel without the drug (K 'Â«,)were determined.

To measure leukemic colony-forming cell survival, a single-layer agar
system was used. Cells (5-10 x 10'/ml) from the human myeloid

leukemic cell lines were suspended in a mixture of IMDM with 20%
PCS and 0.3% agar and plated in triplicate in 35-mm Petri dishes. The
cultures were incubated for 8 days and evaluated as described above.
The cellular RI to nafidimide was defined as:

RI =
ICso HL-60/AMSA

HL-60 (A)

DNA Filter Elution. DNA cleavage was quantified with the filter
elution assays of KÃ¼hnet al. (9). Cellular DNA was labeled with 0.03
/iCi/ml of [l4C]thymidine (New England Nuclear, Boston, MA) for 48

h. The cells were then incubated in medium without radiolabeled
thymidine for 24 h. Nafidimide was diluted in medium from a stock
solution of 10 mM; KBM-3 cells were treated for 60 min at 37Â°Cand

then washed in ice-cold PBS. Mathematical analysis of elution data
was performed as previously described (10). The nafidimide-induced
DNA break frequencies were expressed as rad-equivalents, i.e., the
amount of irradiation that would produce the same DNA break fre
quency. 1,1210 murine leukemia cells labeled with [3H]thymidine (New

England Nuclear, Boston, MA) served as internal standard cells (9,10).
The DNA breaks produced by nafidimide were protein-concealed and
not detectable if proteinase digestion of cell lysates was omitted. DNA
protein cross-linking and DNA double-strand cleavage were quantified
along with DNA cleavage in some assays (9, 10).

Agarose Gel Electrophoresis. The effects of nafidimide on the con
formation of covalently closed circular DNA were monitored using
agarose gel electrophoresis. SV-40 DNA (0.23 Mg; BRL, Bethesda,
MD) was incubated for 60 min with various concentrations of nafidi
mide or the DNA intercalator ethidium bromide in the absence or
presence of calf thymus topoisomerase I (0.3 U; BRL) in a buffer
containing 10 mM Tris-HCl (pH 7.4), 50 mM KC1, 50 mM NaCl, 5 HIM

MgCl2, and 0.1 mM EDTA. Reactions were stopped with 1% sodium
dodecyl sulfate and 100 Mg/ml of proteinase-K. Following the addition
of 1/10 volume of 0.25% bromophenol blue, 25% Ficoll (type 400),
each sample was loaded on a 1% agarose gel using a Tris-borate-EDTA
(pH 8) buffer system. The gel was run at a constant voltage of 100 V
for 4-5 h. The DNA was visualized by staining the gel with ethidium
bromide, and then destaining with 1 mM MgSO4.

In Vitro Uptake and Retention of Nafidimide in KBM-3 Cells. After
being washed once in PBS, KBM-3 cells in logarithmic growth phase
(99% viable) were resuspended to 4 x lOVml in HBSS with 5% PCS
at 37'C. Nafidimide was added until its final concentration was 88 v\\.

Periodically for the first 60 min, 0.5-ml samples were withdrawn in
duplicate, layered on top of a double-sucrose gradient (0.5 ml each of
0.3 M and 0.15 M sucrose in double-distilled water) in 2-ml microcen
trifuge tubes, and pelleted at 13,000 x g for 20 s on a Fisher model
235B Microcentrifuge. The supernatant was discarded and the cellular
drug concentration determined. At 60 min, the remaining cells were
washed in 10 volumes of ice-cold PBS for 5 min at 300 x g to remove
the extracellular drug, and then the pellet was resuspended in warm
(37'C) HBSS with 5% PCS and the amount of cell-associated nafidi

mide quantified.
Cellular Nafidimide Determinations. After its exposure to nafidimide

as described above, the cell pellet was resuspended in 500 /jl 0.02 M
sodium acetate buffer (pH 4.0) (11) and sonicated for 5 s. The samples
were then centrifuged for 1 min at 13,000 x g, and 200 M' of the
supernatant was injected into the liquid Chromatograph. The high-
performance liquid chromatography system used has been described in
detail elsewhere (12). Briefly, separation of nafidimide was achieved on
a reversed-phase /Â¿BondapakC',8column (4 x 300 mm; particle size, 10

ÃÂ¿m;Waters Associates, Milford, MA) using 0.02 M sodium acetate
buffer (pH 4.0) in 15% acci on itrile as eluent with a flow rate of 2 ml/
min. Nafidimide was detected with excitation at 350 nm and emission
was detected at 550 nm using a Schoeffel model SI-' 970 fluorescence

detector (Kratos Analytical Company, Westwood, NJ). These values
were compared with a standard curve derived from a series of dilutions
of nafidimide in 0.02 M sodium acetate buffer made up prior to each
assay.

RESULTS

Nafidimide reduced the colony-forming ability of the leu
kemic cell lines in a dose-dependent way (Fig. 1, a and b).
Although HL-60/AMSA cells were less sensitive than the par
ent HL-60 cells (RI, approximately 1.5; see "Materials and
Methods"), this reduction in sensitivity was minimal compared

with that of HL-60/AMSA to /w-AMSA (RI, approximately
70) (6). The KBM-3 cell line was approximately as sensitive to

10Â°

io-'

a

4 8 12 16 20 24

Nafidimide Concentration M x IO7)
12 16 20 24
antration (M x 10&I

Fig. 1. The effect of nafidimide on the clonogenic capacity of the myeloid
leukemic cell lines HL-60 (O) and HL-60/AMSA (il). Data are presented as
mean Â±SD of three separate experiments (see "Materials and Methods" for

details), a, continuous exposure of the cells to nafidimide for 8 days; b, exposure
of cells to nafidimide for 60 min at 37'C.
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nafidimide as HL-60 (Fig. 2). Both /n-AMSA and Adriamycin
were more potent than nafidimide against KBM-3. Nafidimide
also reduced the colony-forming ability of normal human bone
marrow GM-CFC to a similar degree as it did the leukemic cell
lines (Fig. 3).

Nafidimide has previously been demonstrated to intercalate
into DNA as revealed by its ability to alter the sedimentation
rate of closed, supercoiled PM2 DNA (3). We have confirmed
this using agarose gel electrophoresis of covalently closed cir
cular SV-40 DNA (Fig. 4). In this assay, topoisomerase I was

10Â°
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Nafidimide Concentration (M)
Fig. 2. The toxicity of nafidimide (A) on KBM-3 myeloid cell line after 60-

min exposure in vitro in relation to the toxicity of Adriamycin (O) and m-AMSA
Ã¼.). Data are presented as mean * SD of data from three separate experiments.

100

10-

10-2

0 4 8 12 16

Nafidimide Concentration
(M x IO7)

Fig. 3. The effect of nafidimide on the clonogeneic capacity of normal human
bone marrow following continuous exposure for 8 days to the drug. The symbols
(O, D, A) show the surviving clones of three separate bone marrows. Each point
shows the mean Â±SD of data from three separate determinations at each
concentration.

used to relax the supercoiled DNA (lane 3). Supercoiling can
also be removed by intercalation because intercalation decreases
the angle between adjacent DNA base pairs (decreased twist)
until all negative supercoils are gone. If topoisomerase I is
added to a DNA molecule already fully relaxed by intercalation
no enzymatically-mediated strand breaking-rejoining cycles oc
cur. When the reaction is stopped, the drug leaves the helix and
the DNA returns to its supercoiled state because even though
enzymatically mediated relaxation is not reversible, intercala-
tor-mediated relaxation is. Thus, once the reaction of DNA
with an intercalator such as ethidium bromide (lane 4) in the
presence of topoisomerase I is stopped, it results in a DNA
migration pattern similar to that exhibited by untreated DNA
(lane 1). Nafidimide also reduces DNA twist, which is further
evidence that it is an intercalator (lanes 15 and 16).

Nafidimide itself produced some DNA smearing at high
concentrations (lanes 6-10), probably indicating significant
alteration in DNA charge and subsequent electrophoretic mi
gration owing to drug-DNA binding.

Topoisomerase I reactions in the presence of nafidimide
(lanes 14-21) produced an altered DNA migration character
istic of an intercalator. Under the described conditions, topoi
somerase I did not cleave DNA in the presence of nafidimide.

The ability of nafidimide to produce protein-associated DNA
cleavage was quantified using DNA filter elution (Fig. 5). SSB
and DPC were both produced. The mean of the ratios of SSB/
DPC from 14 determinations was 1.32 Â±0.36 (Â±1SE) with a
median of 1.34. (Fig. 6). This is characteristic of the protein-
associated DNA cleavage produced by other intercalating
agents. Quantitatively similar SSB and DPC frequencies are
characteristically produced by drugs that interfere with topoi
somerase II (13, 14). Similar to m-AMSA, nafidimide also
produced DNA double-strand cleavage (Table 1).

Like the DNA cleavage produced by m-AMSA (10), cleavage
produced by nafidimide disappears rapidly following the re
moval of cells from the drug (Fig. 7). This disappearance was
so rapid at 37Â°Cthat we were unable to obtain accurate meas
urements of the process. However, at 23Â°Cthe cleavage disap

peared with a t<hof 2.8 min. The cellular transport kinetics of
nafidimide are shown in Fig. 8. The uptake of nafidimide at
37Â°Cwas rapid with apparent intracellular saturation achieved

at 30 min and more than 75% of the agent had left the cells
within 10 min after the end of drug exposure.

DISCUSSION

Nafidimide was found to reduce the survival of human mye
loid leukemia cells in vitro (Figs. 1 and 2). Although nafidimide
is less active than wi-AMSA and Adriamycin (Fig. 2), clinically
achievable concentrations of nafidimide can significantly reduce
leukemic cell survival. Nafidimide also reduced the survival of
normal human bone marrow GM-CFCs in a dose-dependent

Form II
Form III
Form I

1 23456789 16 17 18 19 20 21 22 23
Fig. 4. Various concentrations of nafidimide were incubated with closed, circular SV-40 DNA (0.23 fig) for 60 min at 37'C in the absence (lanes 6-13) or presence

(lanes 14-21) of topoisomerase I (0.3 units/lane). Concentrations of nafidimide were: 0 ,i.\i (lanes 6 and 14); 100 Â¿tM(lanes 7 and 15); 50 /JM(lanes 8 and 16); 20 pM
(lunes 9 and /"): 10 >i.\i(lanes 10 and IH}: 5 n\i (lanes Â¡1and 19); 2 /IM (lanes 12 and 20); and 1 /Â¿M(lanes 13 and 21). Control lanes were lanes J and 22. fcoRI
treated SV-40 to produce Form HI (linear) DNA (lanes 2 and 23). Lane 3 is topoisomerase I alone; lanes 4 and 5 have SV-40 DNA plus 1 JIMethidium bromide (a
typical DNA intercalating agent) without (lane 4) or with (lane 5) topoisomerase I.
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Fig. 5. DNA Strand cleavage and DNA-protein cross-linking produced by
nafÃ¬dimidein human leukemia KBM-3 cells. Cell treatments were for 60 min at
37'C. DNA cleavage and protein cross-linking were quantified by filter elution
and expressed as rad-equivalents (see "Material and Methods"). Points are mean

Â±SD of at least three independent determinations. If fewer than three determi
nations were performed, individual points are shown.

6 8 10 12
DNA-Protein Crosslink Frequency

(Rad-equivalents x 10~2)

Fig. 6. Relationship between DNA single-strand cleavage and DNA-protein
cross-linking produced by nafidimide in human leukemia KBM-3 cells. Cells were
treated with various concentrations of nafidimide for 60 min at 37*C. DNA
cleavage and DNA-protein cross-linking were quantified using aliquots of cells
from a single treatment. Each point represents one experiment. The median value
of the ratio of cleavage to cross-linking was 1.34; the mean value (line) was 1.32
Â±0.36 (SD).

Table 1 Relationship between DNA single- and double-strand cleavage produced
by nafidimide' in human myeloid leukemia cells (KBM-3)

Nafidimide DNA single-strand
concentra- cleavage frequency

tion (M) (Rad-equivalents)

DNA double-strand
cleavage frequency
(Rad-equivalents) DSB/SSB* s/dc

10
5

1108
676

3388
2203

3.0
3.2

5.5
5.0

" Nafidimide treatments were for 60 min at 37Â°C.
* Ratio of measured double- to single-strand cleavage [after Wozniak and Ross

(17)]. DSB, double-strand breaks or cleavage.
' Estimated ratio of actual single- to double-strand cleavage [after Zwelling et

al., (IO) and Pommier et al., (13)].

fashion (Fig. 3). The heterogeneity in response among different
GM-CFC populations suggests that there may be considerable

variation in response in vivo to the myelotoxicity of the drug
among individuals.

The m-AMSA-resistant HL-60/AMSA cells showed minimal
cross-resistance to nafÃ¬dimide(Fig. 1, a and h). This finding is

in contrast with that reported for the P388 murine leukemia
cell line resistant to m-AMSA (15) that showed cross-resistance

Time (mini

Fig. 7. The rate of disappearance of nafidimide-induced DNA cleavage in
human leukemia KBM-3 cells. Cells were treated with 10 MMnafidimide for 60
min and the cells were rinsed free of drug in medium at 23'C. The DNA cleavage

was quantified at various times thereafter by niter elution. The line is a linear
regression plot. The half-time of cleavage disappearance was 2.8 min.

] 5=Ã® ,

-s-e- B

0 20 40 60 20 40 60

Time (Min)
Fig. 8. Uptake and retention of nafidimide in KBM-3 myeloid leukemic cell

line during and after 60 min incubation at 37'C at 88 Â¿Ã•M.At indicated times, 2
x IO6cells were withdrawn and the cellular nafidimide concentration was deter
mined as described in "Materials and Methods". At 60 min, the remaining cells
were washed in ice-cold PBS for 3 min and then resuspended in HBSS with 5%
FCS at 37'C. The egress of the drug was then followed over 60 more min. Line,

mean of two separate determinations; points (O, D), refer to two separate experi-

to nafÃ¬dimide.7The difference between the sensitivity of HL-
60/AMSA to m-AMSA as opposed to nafidimide is in contra
distinction to the similarities between the biochemical and
cellular pharmacological actions of m-AMSA and nafidimide.
Both drugs are intercalators (Fig. 4), and both produce protein-
associated DNA cleavage and single- and double-strand cleav
age (Figs. 5 and 6, Table I) (10) characteristic of drugs that
interact with topoisomerase II. The nafÃdimide-induced DNA
cleavage disappeared rapidly upon removal of the drug (Figs. 7
and 8), and points at a necessity for continuous presence of
nafÃ¬dimideat the critical subcellular target structure to obtain
DNA damage.

The minimal cross-resistance between m-AMSA and nafidi
mide in HL-60/AMSA suggests drug specificity for this cell
line's resistance to m-AMSA. Possibly m-AMSA and nafidi

mide have different binding sites on topoisomerase II. Probably
the binding site for m-AMSA was altered in HL-60/AMSA,
whereas that for nafidimide was not. If the drugs have the same
binding site, this site has been altered in a way that affects its
affinity for m-AMSA but not for nafidimide.

HL-60/AMSA is much less resistant to the topoisomerase
H-reactive epipodophyllotoxin (VP-16) than to m-AMSA (16).
VP-16-mediated DNA cleavage can be affected by nuclear ex-

7Summary of the preclinical antitumor activity of I H-benz[de]-isoquinoline-
I3(2H)-dione, 5-amino-2-[2-(dimethyIamine)ethyl], NSC 308847. Drug Data
Sheet obtained from the National Cancer Institute, Bethesda, MD.
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tracts of topoisomerase II from HL-60/AMSA almost as well
as it can by that from HL-60, whereas m-AMSA-mediated
DNA cleavage is greatly reduced in the presence of nuclear
extracts from HL-60/AMSA as compared to that from HL-
60.8 This suggests that the topoisomerase II of HL-60/AMSA
is not globally insensitive to drug effects but is specifically
resistant to the actions of Â»j-AMSA.

Although m-AMSA and nafidimide act similarly as assessed
with biochemical methodology, cells that are resistant to one
agent may not be resistant to the other (Fig. 1). Nafidimide
may have clinical activity against leukemia resistant to m-
AMSA-based regimens. The cellular pharmacology of both
agents suggests that continuous tumor cell exposure to nafidi
mide through frequent administration or continuous infusion
may be the preferable modes of administration for optimal
antileukemic activity.
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