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1,4,6,8-Tetramethyl-2H-furo[2,3-h]quinolin-2-one less genotoxic. Using alkaline elution we have in-
(FQ) is an angelicin isoster characterized by a vestigated the ability of FQ to damage DNA. The
strong photosensitizing activity. FQ shows a sig- formation of equivalent amounts of single-strand
nificant antiproliferative activity also in the dark, breaks (SSB) and DNA-protein cross-links (DPC)
i.e., without UVA activation. The cytotoxic activity was observed; in addition, these lesions appeared
of FQ in the dark was detected in HeLa cells and to be located at the same sites in DNA. Experiments
in normal human lymphocytes; FQ showed notable carried out with neutral elution demonstrated the for-
antiproliferative effects, barely lower in comparison mation of double-strand breaks (DSB). All these data
with ellipticine, used as a reference. Similar results are consistent with an inhibition of topoisomerase II;
were obtained studying the FQ’s capacity for form- this hypothesis was confirmed performing an enzy-
ing chromosome aberrations. For both FQ and ellip- matic test in vitro using topoisomerase II from Drosoph-
ticine, the chromosomal damage correlated closely ila melanogaster embryos. Environ. Mol. Mutagen.
with cell killing; when compared with ellipticine at 29:256–264, 1997. q 1997 Wiley-Liss, Inc.
the same levels of survival, FQ appeared to be much
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INTRODUCTION is characterised by a strong photosensitizing activity [Bor-
din et al., 1996]. Now we have also observed that this

Furocoumarins are active photosensitizing drugs widely compound is capable of inducing a significant antiprolif-
employed in photochemotherapy (psoralens plus UVA erative activity in mammalian cells without UVA activa-
[PUVA]) [Parrish et al., 1982], in research on the structure tion. This behaviour is very similar to that observed with
of various biological macromolecules [Cimino et al., some benzopsoralen derivatives having a fourth ring con-
1985] and on DNA repair [Van Houten, 1990]. Their densed at the furan side, which were prepared with the
activity is because of the damage induced by UVA-acti- aim to obtain photoactive monofunctional drugs [Bordin
vated drug in different molecules inside cells, but the et al., 1992]. In fact, some of these benzopsoralens
main interaction seems to take place with DNA [Ben-Hur showed a marked antiproliferative activity also in the
and Song, 1984; Averbeck, 1984]. After UVA irradiation, dark. We were able to demonstrate that this activity was
furocoumarins interact with pyrimidine bases of DNA, related to the inhibition of topoisomerase II [Pani et al.,
forming monofunctional and bifunctional adducts. The 1994]. In this paper we describe some cytotoxic and geno-
bifunctional lesions (interstrand cross-links [ISC]) seem toxic features of FQ; in particular, we evaluated the rela-
to be related to the severe biological effects of furocoum- tionship between the antiproliferative activity, the produc-
arins, such as cytotoxicity and mutagenicity and increased tion of chromosomal aberrations, and the damage induced
risk for cancer [Rodighiero, 1978]. To reduce these unde- in DNA by incubation in the dark in normal human lym-
sired biological effects, various monofunctional furo- phocytes and HeLa cells. As determined by alkaline and
coumarins have been synthesized and studied [Bordin et
al., 1991, 1992].

Following this research line, we have studied some
Contract grant sponsor: MURST; Contract grant sponsor: AIRC (Milan,angular furoquinolinones, which could be regarded as an-
Italy).gelicin isosteres [Rodighiero et al., 1996]; it is known

that, for geometrical reasons, angelicins can hardly form *Correspondence to: Franco Bordin, Dip. Scienze Farmaceutiche, Via
Marzolo 5, 35131, Padova, Italy.ISCs [Bordin et al., 1991]. One of these derivatives,

1,4,6,8-tetramethyl-2H-furo[2,3-h]quinolin-2-one (FQ), Received 9 August 1996; Revised and accepted 17 November 1996.

q 1997 Wiley-Liss, Inc.

EM-477D/ 8i14$$477D 04-09-97 17:15:18 wlema W Liss: EM



Tetramethylfuroquinolinone Cytotoxicity 257

after seeding. Compounds to be studied were added to the cells for 3
hr in prewarmed complete growth medium; drugs were removed by
washing the cells twice with 10 mL of PBS. For human lymphocytes,
the treatment with tested compounds was made at the 48th hr after
seeding. Cells were then incubated for 24 hr at 377C. Colchicine (0.4 mg/
mL; Merck, Darmstadt, Germany) was added before fixing preparations
during the last 4 hr for HeLa cells, and during the last 2 hr for lympho-
cytes. Metaphase cells were dislodged by gently pipetting the overlaying
medium and collected by centrifuging the suspensions at 1,000 rpm for
8 min. The cell pellet was suspended in 5 mL hypotonic buffer (0.075
M KCl) at 377C for 12 min for lymphocytes, and for 20 min for HeLa
cells; cells were then fixed in cold methanol-acetic acid (3:1). SlidesFig. 1. Molecular structure of the compounds studied. FQ: 1,4,6,8-
were stained in 5% Giemsa.tetramethyl-2H-furo[2,3-h]quinolin-2-one; Ellipticine (5,11-dimethyl-

6H-pyrido[4,3-b]carbazole) was used as a reference.

Clonogenic Survival

Trypsinized HeLa cells were grown at a density of 200 cells into a
neutral elution, FQ was able to provoke DNA damage 60-mm dish. Triplicate cultures were established for each treatment.
that was consistent with topoisomerase II inhibition. In After 24 hr, the medium was removed and replaced with fresh medium

containing the compound to be studied at the appropriate concentrations;addition, we evaluated the ability of FQ to inhibit the
cells were incubated for 3 hr at 377C in the dark in a 5% carbon dioxideactivity of mammalian topoisomerase II in vitro.
atmosphere. The dishes were then washed with PBS and then 200 cells
from each treated and untreated culture were seeded in complete growth

MATERIALS AND METHODS medium. After 7 days of incubation, colonies were stained and counted,
discarding colonies with less than 50 cells. The efficiency of the clonalChemicals
growth, that is, the ratio between the number of colonies formed and
the number of cells seeded, was then calculated and used to normalizeFQ [Rodighiero et al., 1996] was prepared by chemical synthesis.
the cytotoxicity induced by the drugs.Ellipticine, used as a reference, was obtained from Sigma Chemical Co.

(St Louis, MO). The molecular structures of these compounds are re-
ported in Fig. 1.

Nonclonogenic AssayCompounds were dissolved in dimethyl sulfoxide (DMSO) (4.5 mM)
and the solutions were stored frozen in plastic tubes. Just before the

Cytotoxicity was studied in human lymphocytes using the trypan blue
experiments, a calculated amount of the drug solution was added to

dye exclusion test [Durkin et al., 1979]. Cells at a concentration of 2 1
phosphate-buffered saline (PBS) or to the growth medium to a final

105/mL were incubated for 3 hr in the presence of different concentra-
solvent concentration of 0.5%. 3H-thymidine (4.77 Tbq/mM) and 14C-

tions of the compounds to be tested. Cells were then incubated for 4
thymidine (2.2 GBq/mM) were obtained from Amersham International,

min with 0.25% trypan blue (Sigma Chemical Co.) and 5% fetal calf
Inc. (Amersham, U.K.). Proteinase K was obtained from Boehringer Mann-

serum. Viable cells were identified by their ability to exclude dye,
heim GmBH (Mannheim, Germany). Tetrapropylammonium hydroxide,

whereas the dye diffuses into nonviable cells. At least 100 cells were
1 M aqueous solution, was purchased from Sigma Chemical Co.

counted for each experimental point recorded.

Cell Culture Detection of DNA Damage
HeLa cells (kindly provided by Prof. F. Majone, Dept. of Biology of

DNA damage was detected by alkaline and neutral elution. AlkalinePadua University, Italy) were grown as monolayers in Nutrient Mixture
elution was carried out according to Kohn [1991]; each experiment wasF12 Ham medium (Sigma Chemical Co.) supplemented with 10% fetal
carried out using an internal standard, i.e., untreated cells labelled withcalf serum (Biological Industries, Kibbutz Beth Haemek, Israel) and the
3H-thymidine, while treated cells were labelled with 14C-thymidine.antibiotics penicillin (50 units/mL) and streptomycin (50 mg/mL). Tryp-

HeLa cells in exponential growth were labelled by overnight incuba-sin (0.25%, Boehringer Mannheim) was routinely used for subculture.
tion in the presence of 3H-thymidine (7.4 KBq/mL) or 14C-thymidineWhole blood (0.5 mL), collected from healthy adult female donors
(3.7 KBq/mL). The radioactive medium was removed and replaced byusing standard venipuncture methods, was incubated in RPMI 1640
fresh growth medium containing the compound to be studied for 14C-medium (Sigma Chemical Co.; 4.5 mL), supplemented with 10% fetal
cells and containing 0.5% DMSO for 3H-cells; in both cases, the cellscalf serum, 50 units/mL penicillin, and 50 mg/mL streptomycin. Cell
were incubated for 3 hr in the dark. The cells were then washeddivision was promoted by the addition of 1% phytohemagglutinin
with PBS.(GIBCO BRL, Paris). The cultures were set up in duplicate and incu-

In the determination of single-strand breaks (SSB), about 0.5–1.0 1bated for 72 hr in a humidified 5% CO2 atmosphere at 377C. All experi-
106 treated 14C-cells were mixed with equal amounts of 3H-cells thatments were carried out under controlled red light.
had been exposed to 6 Gy of gamma rays; the mixture was deposited
on a polycarbonate filter (pores 2 mm in diameter, Nucleopore Corp.,
Pleasanton, CA) in a Swinnex-25 filter holder (Millipore Corp., Bedford,Chromosome Preparations
MA) and immediately lysed with 2% sodium dodecylsulfate (SDS), 0.1
M glycine, 0.025 M Na2 ethylenediaminetetraacetic acid (EDTA), pHThe method used to assay chromosome aberrations has been reported

previously [Scott et al., 1990]. Briefly, suspensions of 2 1 106 HeLa 10, (5 mL); thereafter, the solution was allowed to flow through by
gravity. Then 2 mL of the same solution containing 0.5 mg/mL ofcells/mL in log-phase cultures were diluted with growth medium in

100-mm Petri dishes (Falcon Labware, Oxnard, CA). Each dish received proteinase K was gently poured on the filter, followed by 40 mL of the
eluting solution (tetrapropylammonium hydroxide-EDTA-0.1% SDS,about 8 1 105 cells in 10 mL of medium, which was changed 24 hr
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pH 12.1). The elution was carried out by a Gilson Minipulse peristaltic di Fotochimica e Radiazioni d’Alta Energia, FRAE, C.N.R., with a
dose-rate of 1.7 Gy/min, as determined by Fricke solution.pump, at a flow of 0.03–0.04 mL/min. The fractions were collected

with a Gilson fraction collector (approximately 3.5 mL/fraction) and
the radioactivity of both isotopes in each fraction was then determined.

Radiochemical DeterminationsTo detect DNA-protein cross-links (DPC), about 0.5–1.0 1 106

treated 14C-cells were mixed with an equal amount of standard 3H-cells,
The radioactivity measurements were performed using Instagel (Pack-the cell suspension was cooled in ice, and exposed to 30 Gy of gamma

ard Instruments, Meriden, CT) as a scintillation fluid. All determinationsrays. Elutions were then performed as described above for SSB determi-
were carried out by a Packard A 300 CD spectrometer. Double-isotopenations, but polyvinyl chloride filters (pores 5 mm in diameter) (Nucleop-
counting was accomplished automatically on the bases of quenchingore Corp.), instead of polycarbonate ones, were employed, and the treat-
curves obtained using 3H-and 14C-radioactivity standards.ment with proteinase K was omitted.

Protein-associated strand breaks (PASB) were detected in conditions
similar to those used for DPC assays, but the samples were not subjected Inhibition of Topoisomerase II Activity
to gamma irradiation. Thus, if SSB and DPC were distributed indepen-
dently of each other, some of the single-strand pieces of DNA generated The inhibition of topoisomerase II activity was studied using a puri-
by SSB induction could have a chance to be free of linked protein and fied enzyme from Drosophila melanogaster embryos (USB, from Amer-
should elute at an increased rate compared with the no-drug controls. sham Italia S.r.l.) [Tao-Shih Hsieh, 1983]. PM2 DNA, 0.125 mg (from
On the contrary, if there is no detectable increase in the elution rate Böhringer Mannheim), was incubated for 15 min at 307C in the presence
in the drug-treated cells, we can conclude DPC must be associated of 2 units topoisomerase II (1 unit is defined as the activity capable of
with SSB. relaxing 0.3 mg of super-coiled DNA) in the presence of reaction buffer

Double-strand breaks (DSB) were detected by neutral elution, which (10 mM Tris-HCl, pH 7.9; 50 mM NaCl; 50 mM KCl; 5 mM MgCl2;
differs from the alkaline elution by the pH of the eluting solution (9.5 0.1 mM EDTA); 15 mg/mL bovine serum albumin [BSA]; 1 mM adeno-
instead of 12.1). In addition, the internal standard was omitted. In fact, sine 5*-triphosphate [ATP]). Aliquots of 2 mL of an FQ solution in
in alkaline elution, DNA elutes as single-stranded molecules, whereas DMSO (4.5 mM) were added to reach the following final concentrations:
the elution of double-stranded DNA strongly depends upon the number 1, 10, 20, 40, 160 mM. A suitable amount of reaction buffer was then
of the cells lysed on the filter [Kohn 1991], so that the cell number added to every sample to reach the final volume of 20 mL. The reaction
must be carefully controlled. All the experimental conditions were the was blocked by adding 7 mM EDTA (3 mL) containing 0.77% of SDS.
same as described above for SSB. Two microliters of bromophenol blue containing 15% glycerol was

added to the samples and the electrophoresis was carried out on 0.7%
agarose gel containing 40 mM Tris-acetate, pH 8.2, 1 mM EDTA (TAE)

Calculations for 90 min. The gel was stained for 1 hr in aqueous ethidium bromide
(0.5 mg/mL) and then photographed by a Polaroid camera.

Calculations were performed according to Kohn [1991]; SSB were
determined according to the following equation:

RESULTS

Detection of Cytotoxicityp 0 p0 Å
K 0 K0

K1 0 K0

rpbR

The dye exclusion test was used to evaluate the cyto-
toxicity induced in normal human lymphocytes after 3 hrwhere p and p0 are the SSB frequencies observed with the drug and in

the untreated control, K, K0, and K1 are the slopes of the elution profiles of incubation in the presence of different concentrations
obtained with the drug, the gamma rays, and observed in the untreated of FQ. Figure 2A shows the data thus obtained; FQ in-
cells, respectively. The pbR is the SSB frequency generated by the duced an evident cytotoxic effect, even if it appeared to
gamma rays (6 Gy).

be lower in comparison with ellipticine, which was usedThe DPC number was calculated using the PASB method;
as a reference.

The clonogenic assay was used to determine survival of
p Å pbRrF 1

1 0 r
0 1

1 0 r0
G HeLa cells after treatment (3 hr) with increasing concentra-

tions of FQ (Fig. 2B), with ellipticine used as a reference.
The results seem to be similar to those obtained with lym-

pbR is the SSB frequency induced by the gamma rays (30 Gy), p is the phocytes; actually, both compounds induced an evident inhi-
DPC frequency induced by the drug, and r and r0 are the fractions of

bition of the colony-forming ability of HeLa cells.DNA retained on the filter in the treated and untreated cells, respectively.
Analysis of metaphase cells showed that FQ was ableThe results obtained with the neutral elution assay were expressed as

K values according to the formula [Noviello et al., 1994]: to induce chromosomal aberrations in HeLa cells (Fig.
2C). Even in these experiments, ellipticine appeared to
be more active. However, in this case the difference be-

K Å V

0 ln(r) tween the activity of the two compounds is more pro-
nounced. In fact, contrary to ellipticine, the chromosomal

where K is the average elution rate constant (ln/mL) of DNA, r is the aberrations induced by FQ rapidly formed a plateau with
fraction of DNA retained on filter, and V is the eluted volume. The a small increase even when the drug concentration was
formula reflects the assumption of first-order kinetics for DNA elution,

doubled.as a first approximation [Kohn, 1991].
A detailed analysis of chromosomal damage carriedGamma ray exposures were always performed on ice using a 60Co

source working at the Reparto Applicazioni, Legnaro, Padova, Istituto out in HeLa cells and in normal human lymphocytes
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Detection of DNA Damage

Strand Breaks

The induction of SSB in DNA of HeLa cells was stud-
ied by alkaline elution after incubation (3 hr) in growth
medium in the presence of FQ (20 mM). The results are
shown in Fig. 3A. DNA from treated cells eluted faster
than that from untreated controls, suggesting that FQ is
capable of inducing SSB in DNA.

Figure 3B shows the data obtained studying the forma-
tion of DSB by neutral elution. In these experimental
conditions DNA from treated cells eluted faster; therefore,
it is clear that FQ can induce DSB into DNA. The damage
is particularly evident when the FQ concentration is in-
creased to 40 mM. Ellipticine, used as a reference, was
able to induce DNA DSB in a drug concentration-depen-
dent manner, but clearly it appeared to be much more
effective than FQ.

DPC

In Fig. 4A, the data related to DPC detection in HeLa
cells are reported. Three hours of incubation in the pres-
ence of FQ (20 mM) lead to a marked retention of DNA
on the filter, suggesting the formation of a remarkable
amount of DPC. Figure 4B shows the data obtained study-
ing the formation of PASB; these experiments were car-
ried out using the usual method for DPC detection, but
omitting the irradiation with gamma rays. The elution
profile of DNA from cells exposed to FQ was superimpos-
able to that obtained in untreated cells; this means that
there are no DNA fragments free of DPC, a classical
picture of the formation of PASB by topoisomerases.
Nevertheless, the induction of SSB can always be de-
tected by exposure to gamma rays, as demonstrated by
exposing an untreated sample to 5 Gy of gamma rays.
Hence, the SSB produced during incubation with FQ were
specifically hidden by the DPC, because these two lesions

Fig. 2. Cytotoxic effects of FQ. A: Cell viability was determined by
are associated, while SSB randomly induced by gammatrypan blue dye exclusion in normal human lymphocytes (1 1 106/mL)
rays were not masked.after 24 hr of incubation in the presence of increasing concentrations

of FQ (s) and of ellipticine (j). B: Clonal growth capacity of HeLa The relative frequencies of DPC and SSB induced by
cells cultivated in vitro after 3 hr of incubation in the presence of treatment with FQ are summarized in Table II. From these
different concentrations of FQ (s) and of ellipticine (j). C: Chromo- data, it appeared that they are very similar. In fact, the
somal aberrations induced by FQ (s) and ellipticine (j) in HeLa cells

frequency of DPC was within a factor of 2 with respectafter 3 hr of incubation in the presence of different concentrations of
to the frequency of SSB, a ratio that, according to Kohnthe compounds. Ellipticine was used as a reference. The bars represent

the standard errors for at least three independent determinations. [1991], can be considered within the experimental error.
Therefore, we can conclude that all the single-strand DNA
breaks induced by FQ are protein associated.

showed that FQ induced chromatid breaks, interchanges, Inhibition of Topoisomerase II Activity
and gaps; dicentric chromosomes, isochromatid breaks,
chromosome, and chromatid rings were also present (Ta- The FQ ability to inhibit the topoisomerase II activity
ble I). No significant differences in the types of aberra- was studied by means of relaxation assay of supercoiled
tions induced by FQ and ellitpicine were observed. FQ DNA of PM2 phage by electrophoresis on agarose gel;
also produced a high percentage of polyploid cells (data the data obtained at different FQ concentrations, from 1

to 160 mM, are reported in Fig. 5. Lane 1 shows thenot shown).
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TABLE I. Chromosomal Aberrations Induced in Human Lymphocytes and HeLa Cells Exposed to the Tested
Compounds

Chromosome
aberrations Chromatid aberrations Total

Conc. Aberrant Isoc. aberrations
Cells tested (mM) metaphases Dic. Rings Gaps Breaks Rings Interchanges breaks (%)

Lymphocytes
Controls 0 4 — — — — 1 2 1 4
FQ 5 24 4 2 4 6 1 7 1 25
Ellipticine 5 53 8 2 12 19 2 23 6 72

HeLa cells
Controls 0 6 1 2 1 1 — — 1 6
FQ 5 21 3 3 4 4 1 9 1 25

10 26 4 1 5 9 1 8 2 30
20 34 5 2 5 11 2 12 2 39

Ellipticine 5 54 14 4 9 16 2 32 3 80

Fig. 3. Detection of strand breaks in DNA of HeLa cells by alkaline (3 hr) in the presence of FQ or ellipticine detected by neutral elution.
and neutral elution. A: SSB formation after incubation (3 hr) in the The symbols are untreated control cells (s); cells incubated with FQ,
presence of FQ (20 mM) detected by alkaline elution. The symbols are 20 mM (j) and 40 mM (,); cells incubated with ellipticine, 5 mM (h)
untreated control cells (s), cells submitted to 6 Gy of gamma rays only and 10 mM (n).
(,), cells incubated with FQ (j). B: DSB formation after incubation

electrophoretic pattern of PM2 DNA, where the two by the drug. Lane ‘‘e’’ shows the electrophoretic pattern
obtained in an analogous experiment with ellipticine, usedbands correspond to the respectively relaxed (slower) and

supercoiled (faster) forms. Lane 2 shows the effect of as a reference; its behaviour is very similar to that shown
by FQ.the topoisomerase II activity, where the supercoiled form

completely disappeared. Lanes 3–7 show the inhibition
of topoisomerase II induced by FQ: at the highest concen- DISCUSSION
tration of the drug (lane 3) the band corresponding to the
supercoiled form of PM2 DNA is comparable to that of FQ is a photosensitizer capable of inducing strong mod-

ifications into mammalian cell DNA and, as a conse-the control sample (lane 1), decreasing (lanes 4–7) with
the FQ concentration, thus demonstrating a concentration- quence, marked antiproliferative effects [Bordin et al.,

1996]. Because of these features, it was proposed as adependent inhibition of topoisomerase II activity induced
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Fig. 4. Detection of DPC in HeLa cells by alkaline elution. A: Forma- B: Formation of DPC associated with SSB by incubation (3 hr) in the
tion of DPC by incubation (3 hr) in the presence of FQ (20 mM); after presence of FQ (20 mM); the cells were then submitted to alkaline
the treatment, the cells were submitted to alkaline elution on PVC filters elution on PVC filters in the absence of proteinase K. The symbols are
and in the presence of proteinase K. The symbols are untreated control untreated control cells (s), cells submitted to 5 Gy of gamma rays (,),
cells (s), cells submitted to 30 Gy of gamma rays only (,), and cells and cells incubated in the presence of FQ (20 mM) (j).
submitted to 30 Gy of gamma rays and incubated with FQ (j).

TABLE II. DNA Damage Determined by Alkaline Elution different slopes. FQ induces a lower number of chromo-
some aberrations in comparison with ellipticine, even ifLesions induced per million nucleotidesFQ concentration no remarkable qualitative differences can be observed in

(mM) SSB { D.S. DPC { D.S. Ratio
the types of aberrations induced both in lymphocytes and

20 0.489 { 0.06 0.907 { 0.15 1.8 in HeLa cells.
40 0.995 { 0.043 1.23 { 0.113 1.23 These results suggest that the two compounds induce

antiproliferative effects by similar mechanisms, whereas
there are some differences in the mechanism of formation
of chromosome damage by the two drugs.new drug for PUVA photochemotherapy and photoferesis

This difference is more evident if we consider the data[Rodighiero et al., 1996; Bordin et al., 1996]. In this
reported in Fig. 6, in which we have plotted the aberrationpaper the activity of FQ in the dark, i.e., without UVA
frequency against the surviving fraction in HeLa cells. Itactivation, in mammalian cells was investigated. This as-
is evident that, at the same level of survival, FQ andpect is very important in view of its possible use in PUVA
ellipticine induce very different amounts of chromosometherapy. We have investigated this problem using HeLa
aberrations. The same picture was obtained by plottingcells and normal human peripheral lymphocytes. We
the aberration frequency against the cytotoxic index ob-chose ellipticine as a reference compound [Auclair, 1987;
served in human lymphocytes (see again Fig. 6). On theLiu, 1989].
basis of these data, we can suppose that FQ induces anti-In the studies on the vital trypan blue exclusion and
proliferative effects that are associated with a reducedon the cloning efficiency, FQ appeared to be capable of
genotoxicity in comparison with ellipticine. At presentinducing clear cytotoxic effects, even if barely lower in
we cannot explain this different behaviour, which requirescomparison with ellipticine. Using probit analysis, we
it to be further investigated. In fact, as described before,calculated the lethal doses at 50% for the clonogenic
both compounds induce practically the same lesions; weassay; they are 7.4 and 3.1 mM for FQ and ellipticine,
could suppose there are some differences in their repair,respectively. Performing a comparison by probit analysis
as already observed for the lesions induced into DNA bybetween the two data sets, we obtained two parallel
ellipticine itself, and N-2-(diethylaminoethyl)-9-hydroxy-straight lines, as confirmed by the x2 test (data not shown).
ellipticinium chloride [Djuric et al., 1992].Similar results were obtained comparing the data related

The hypothesis concerning an analogous mechanismto the dye exclusion. However, submitting to the same
of action for FQ and ellipticine was supported by the dataanalysis the data related to the induction of chromosome

aberrations, we obtained two straight lines having very obtained studying the damage induced in DNA in vivo.
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Fig. 5. Inhibition of topoisomerase II activity studied by the relaxation
assay. PM2 DNA was incubated in the presence of topoisomerase II
and of different FQ concentrations. Agarose gel electrophoresis of the Fig. 6. Relationship between aberration frequency and clonogenic sur-
samples is shown. Lane 1: PM2 DNA alone, which migrates as two vival in HeLa cells (dotted lines, Y axis on the left). Relationship be-
bands. Lane 2: PM2 DNA incubated in the presence of topoisomerase tween aberration frequency and cytotoxic index in normal human lym-
II, showing only the relaxed form (the slower band). Lanes 3–7: PM2 phocytes (solid lines, Y axis on the right). The symbols are for clono-
DNA incubated in the presence of topoisomerase II and of decreasing genic survival: FQ (h), ellipticine (s); for cytotoxic index: FQ (j),
FQ concentrations: 160, 40, 20, 10, 1 mM, respectively. Lane ‘‘e’’: ellipticine (l). The values are taken from the data reported in Fig. 2.
PM2 DNA incubated in the presence of topoisomerase II and ellipticine
(160 mM) assayed in an analogous experiment.

In fact, using alkaline elution, we observed that FQ is
able to form SSB and covalent DPC to an equivalent
extent. It is known that this picture is characteristic for
the inhibitors of topoisomerase activity. The ratio between
SSB and DPC was within the factor of 2, which, according
to Kohn [1991], is consistent with an equivalence between
these two lesions. This picture is typical for inhibitors of
both topoisomerase I and topoisomerase II; as it is known,
we can distinguish between these two classes of inhibi-
tors, simply observing if the compound induces SSB or
DSB, which are formed by topoisomerase I and topoisom-
erase II, respectively [Kohn, 1991]. Using the neutral
elution, we observed that FQ induces DSB into DNA.
Moreover, using a modified method of alkaline elution,
we were able to demonstrate that SSB and DPC induced

Fig. 7. Relationship between the formation of DSB (expressed as elu-by FQ are located at the same site, thus confirming PASB
tion rate) and clonogenic survival in HeLa cells (dotted lines, Y axisare formed.
on the left). Relationship between elution rate and aberration frequencyTherefore, these results are consistent with the hypothe-
in HeLa cells (solid lines, Y axis on the right). The symbols are for

sis that FQ inhibits topoisomerase II. In fact, performing clonogenic survival: FQ (h), ellipticine (n); for aberration frequency:
some experiments in vitro with topoisomerase II from FQ (j), ellipticine (m). The values are taken from the data reported in

Figs. 2 and 3.embryos of Drosophila melanogaster, we observed that
FQ inhibits the activity of this enzyme even at very low
concentrations. We have already observed that FQ forms
a molecular complex with DNA by intercalation into base In Fig. 7 we plotted the elution rate observed in DSB

detection against the survival obtained in the clonogenicpairs [Rodighiero et al., 1996]; we can therefore suppose
that it forms a ternary complex with the enzyme and assay. We can observe an evident relationship between

the damage induced in DNA and the inhibition of theDNA, thus stabilizing strand breaks and covalent binding
of DNA to protein (cleavable complex). clonal growth: FQ and ellipticine generated two superim-
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posable regression lines. Therefore, we can think that the to its ability to inhibit topoisomerase II activity. There-
fore, this property must be taken into account for its possi-lesions induced by the two compounds have the same

cytotoxicity. The picture appears very different when the ble use in PUVA photochemotherapy.
number of DSB is plotted against the frequency of chro-
mosomal aberrations (see again Fig. 7). In this case, the ACKNOWLEDGMENTS
lesions induced by ellipticine seem to be more effective
in producing chromosomal damage than those induced Part of this work has been supported by MURST. C.
by FQ. At present, it is impossible to explain adequately Marzano is the recipient of a fellowship (1995) awarded
this result. As we have seen, the trapping of the ‘‘cleav- by AIRC, Milan, Italy. The authors thank Dr. Silvano
able complex’’ by topoisomerase inhibitors produces both Lora for the excellent assistance with gamma irradiations.
SSB and DSB; DSB are usually regarded as the ultimate
lesions leading to chromosomal damage [Palitti, 1993],

REFERENCESwhich must be considered the main cause of cell death.
Ellipticine is a very good intercalator [Kohn at al., Auclair C (1987): Multimodal action of antitumor agents on DNA: the

ellipticine series. Arch Biochem Biophys 259:1–14.1975], capable of binding strongly to DNA. This interac-
Averbeck D (1984): Photochemistry and photobiology of psoralens.tion was classified as a pure intercalative process, with a

Proc Jpn Soc Invest Dermatol 8:52–73.unique class of intercalative site [Schawaller et al., 1990].
Ben-Hur E, Song PS (1984): The photochemistry and photobiology of

FQ forms a weaker molecular complex with DNA, with furocoumarins (psoralens). Adv Rad Biol 11:131–171.
an association constant about two orders of magnitude Bordin F, Dall’Acqua F, Guiotto A (1991): Angelicins, angular analogs

of psoralens: Chemistry, photochemical, photobiological andlower in comparison with ellipticine [Rodighiero et al.,
photochemotherapeutic properties. Pharmacol Ther 52:331–363.1996]. Thus, we have evidence that FQ forms an interca-

Bordin F, Carlassare F, Conconi MT, Capozzi A, Majone F, Guiottolative complex, but at present we cannot exclude that
A, Baccichetti F. (1992): Biological properties of some benzo-

other types of interaction between FQ and DNA have psoralen derivatives. Photochem Photobiol 55:221–229.
taken place at the same time, e.g., by an outside binding, Bordin F, Marzano C, Carlassare F, Rodighiero P, Guiotto A, Caffieri

S, Baccichetti F (1996): Photobiological properties of a newas described for some ellipticine derivatives having weak
tetramethylfuroquinolinine. J Photochem Photobiol B: Biologyintercalative properties [Monnot et al., 1991]. These pos-
34:159–168.sible differences in the interaction modes with DNA

Cimino G, Gamper H, Isaacs S, Hearst J (1985): Psoralens as photoac-
might be taken into account to explain the biological ef- tive probes of nucleic acid structure and function: Organic chem-
fects induced by FQ and ellipticine, in particular, their istry, photochemistry and biochemistry, Annu Rev Biochem

54:1151–1193.different ability to induce chromosomal aberrations. An-
Djuric Z, Everett CK, Valeriote FA (1992): DNA damage and cytotoxic-other possible explanation for their behaviour could be a

ity in L1210 cells by ellipticine and N-2-(diethylamionoethyl)-different ability of these two drugs to act at different steps
9-hydroxyellipticinium chloride. Cancer Res 52:1515–1519.

of the cell cycle, a property observed with ellipticine by Durkin WJ, Ghanta VK, Balch CM, Davis DW, Hiramoto RN (1979):
Sakamoto-Hojo et al. [1988] and Sakamoto-Hojo and Ta- A methodological approach to the prediction of anticancer drug

effect in humans. Cancer Res 39:402–407.kahashi [1991] using human lymphocytes. At present we
Kohn KW, Waring MJ, Glaubiger D, Friedman CA (1975): Intercalativehave insufficient data for FQ; therefore, this point requires

binding of ellipticine to DNA. Cancer Res 35:71–76.further investigations in order to be clarified.
Kohn KW (1991): Principles and practice of DNA filter elution. Pharma-

All the data concerning FQ’s activity are very similar col Ther 49:55–77.
to that already obtained from studying the activity of Liu LF (1989): DNA topoisomerase poisons as antitumor drugs. Annu

Rev Biochem 58:351–375.benzopsoralens in mammalian cells. These derivatives are
Monnot M, Mauffret O, Simon V, Lescot E, Psaume B, Sacier J-M,active photosensitizing compounds but are also capable of

Charra M, Belehradek Jr., Fermandjian S (1991): DNA-Druginducing antiproliferative and genotoxic effects by simple
recongnition and effects on topoisomerase II-mediated cytotoxic-

incubation in the dark [Bordin et al., 1992; Pani et al., ity. J Biol Chem 266:1820–1829.
1994]; they produce chromosomal aberrations together Noviello E, Aluigi MG, Cimoli G, Rovini E, Mazzoni A, Parodi S, De

Sessa F, Russo P (1994): SCE, chromosomal aberrations andwith a marked delay in the progression of the mitotic
cytotoxicity produced by topoisomerase II-targeted drugs in sen-cycle. Studying the damage induced in DNA by benzo-
sitive (A2780) and resistant (A2780-DX3) human ovarian cancerpsoralens and their effect on topoisomerase II in vitro,
cells: Correlations with the formation of DNA double strand

we concluded that they inhibit this enzyme. Thus, with breaks. Mutat Res 311:21–29.
the present study we add further evidence on the capacity Palitti F (1993): Mechanism of induction of chromosomal aberrations

by inhibitors of DNA topoisomerases. Environ Mol Mutagenof furocoumarin derivatives to inhibit topoisomerases and
22:275–277.to induce antiproliferative effects by simple incubation in

Pani B, Barbisin M, Russo E, Tamaro M, Baccichetti F, Carlassare F,the dark. In fact, we demonstrated that FQ, in addition to
Marzano C, Rodighiero P, Bordin F (1994): DNA damage and

its strong photosensitizing activity, is capable of inducing topoisomerase II inhibition induced by a benzopsoralen deriva-
evident cytotoxic and genotoxic effects even without tive. Mutat Res 311:277–285.

Parrish JA, Stern RS, Pathak MA, Fitzpatrick TB (1982): Photochemo-UVA activation, and both these activities could be related

EM-477D/ 8i14$$477D 04-09-97 17:15:18 wlema W Liss: EM



264 Marzano et al.

therapy of skin diseases, In Regan JD, Parrish JA (eds): ‘‘The Schawaller MA, Auberd J, Dodin G (1990): Kinetics and thermody-
namic studies on drug-DNA interaction in the ellipticine series.Science of Photomedicine.’’ New York: Plenum Press, pp. 595–

624. Anti-Cancer Drug Des 5:77–87.
Scott D, Dean BJ, Danford ND, Kirkland DJ (1990): Metaphase chromo-Rodighiero G (1978): The problem of carcinogenesis by furocoumarins.

Prog Biochem Pharmacol 14:94–103. some aberration assays in vitro. In Kirkland DJ (ed): UKEMS
Sub-Committee on Guidelines for Mutagenicity Testing. Report.Rodighiero P, Guiotto A, Chilin A, Bordin F, Baccichetti F, Carlassare

F, Vedaldi D, Caffieri S, Pozzan A, Dall’Acqua F (1996): Angu- Part 1 Revised: ‘‘Basic Mutagenicity Tests: UKEMS Recom-
mended Procedures.’’ Cambridge: U.K. Environmental Mutagenlar furoquinolinones, psoralen analogues: Novel antiproliferative

agents for skin-diseases. Synthesis, biological activity, mecha- Society, Cambridge University Press, pp 62–86.
Tao-Shih Hsieh (1983): Purification and properties of type II DNAnism of action and computer-aided studies. J Med Chem

39:1293–1302. topoisomerase from embryos of Drosophila melanogaster. In:
Wu R, Grossman L, Moldave K (eds): ‘‘Recombinant DNA; partSakamoto-Hojo ET, Takahashi CS, Ferrari I, Motidome M (1988): Clas-

togenic effect of the plant alkaloid ellipticine on bone marrow B; Methods in Enzymology.’’ Vol. 100, Academic Press Inc.,
New York, pp 161–170.cells of Wistar rats and on human peripheral blood lymphocytes.

Mutat Res 199:11–19. Van Houten B (1990): Nucleotide excision repair in Escherichia coli.
Microbiol Rev 54:18–51.Sakamoto-Hojo ET, Takahashi CS (1991): Clastogenic action of ellip-

ticine over the cell cycle of human lymphocytes and influence
Accepted by—of posttreatments with caffeine and ara-C at G2. Mutat Res

248:195–202. D. Matheson

EM-477D/ 8i14$$477D 04-09-97 17:15:18 wlema W Liss: EM


