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SUMWRY: By using a new mild procedure for detecting DNA croaa- 
linksit has been shown that adriamycin and daunomycin are able 
to form interstrand DNA croaalinks in HeLa cells. This effect 
seema to be preceded by transformation of the parent antibiotics 
in the cell to active forms. In addition, interstrand DNA 
crosslinks formed by adriamycin and daunomycin were found to be 
temperature- and alkali-labile. 

The antitumor and cytotoxic properties of adriamycin and 

daunomycin have been associated with intercalation of these 

antibiotics to DNA and subsequent blocking of nucleic acid 

l-4 synt heais , though importance of intercalative binding to DNA, 

for biological activity of these antibiotics has not been 

unequivocally established. Resent studies have shown that inter- 

calation is not responsible for the high cytotoxic and antitumor 

properties of aome acridine derivatives which otherwise belong 

to a group of classical DNA-intercalating agents 5-7 . Furthermore 

l-nitroacridine derivatives were shown to form crosslinks in 

cellular DNA and that this effect played an important role in 

their mode of action 8.9 . These findings suggest that some other 

highly cytotoxic and antitumor compounds believed to act by 

intercalation to DNA, could form interstrand DNA crosslinks. 

Abbreviations:RF, renaturable fraction of DNA, n RF increase 
in renaturable fraction of DNA. 
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MATERIAL:, AND PitiTtiODs : 
in 20 cm 

HeLa a3 cells (0.7 x lo61 were plated 
L Leighton tube containing 10 ml tltf,i with 5% foetal calf 

serum and cultivated for 48 hrs in 5% 02, at 370c, Tissue 
culture supplies were Gibco-Biocult, ticotland. The medium was 
replaced with a fresh bne with lpCi/ml 13H-methyl] thymidine 
(23 Ci/mmol, &JVK, Czechoslovakia) for further 16 hrs. Then the 
cells (5 x 10 /tube) were treated for 3 hrs with drugs at concen- 
trations specified in the tables (duplicate tubes for each 
concent rat ion). After incubation, the cells were trypsinized 
and immediately suspended in a medium containing serum, to 
terminate the act ion of t rypsin, and were combined with the 
the cells recovered from the incubation medium. The cells were 
washed with cold saline and delipidated by subsequent washings 
with 96% ethanol, eth 1 ether and 96% ethanol. The cells were 
suspended in ethanol Y 0.3 ml) and lysed by addition of 3.5 ml 
6 M sodium thiocyanate. After 3 hrs at room teyBerature sodium 
thiocyanate was removed by thin layer dialysis 
O’C) against 2 ml”1 Tris-HCl, 

(3 x 0.5 hr at 

(4 liters per 4 samples). 
~ti 7.0 buffer containing 1 rnbi EOTA 

The samples were then digested with 
proteinase K (200 pg/ml, Merck, Cutest Germany) in 10 mM Tris-HCl, 
pH 8.0 buffer csntaining 0.2% SDS, 10 RIM EUTA and 10 ml*1 NaCl, 
for 2 hrs at 40 C. Unless specified otherwise the ONA in the 
digests was denatured by, &hi.” layer 
(300 ml/sample, 3 hrs, 40 C) 

dialysis against formamide 
and then renatured by dilution of 

the sample (2:1) with 0.02 t-1 acetate buffer, pli 6.0, and thin 
layer dialysis against 0.0021~1 acetate buffer, pH 5.5 (3 x 0.5 hr, 
1 liter/sample). After addit ion of nuclease sl b@f er ( final 
concentrationr3.9 mM acetate, O.lM NaCl, 5 ml.1 Zn 
samples were so-nicated ( 10 set, 100 \lr) and heated 

pH 4.4) 
;5 min at 55 C. 

thg 

bix aliquots of each sampbe were taken. Half of them was next 
incubated for 1 hr. at 40 C with 100 U/1.5 ml of sigma, iJsA or 
Boehringer kiannheim, ieest Germany nucleasa ~1, while the other 
half was incubated in the same way without nucleese ~1 (for total 
radioactivity of the sample). Then the tubes were chilled on ice 
and DNA was pregipitated by addition of cold TCA up to 7.5%. After 
30 min at 0 - 4 C the precipitates were collected onto nitro- 
cellulose filters. After washing with 10% TCA, methanol-chloro- 
form (1:l) , the filters were dried and their radioactivity was 
determined in a standard toluene scintillation fluid. Renatu- 
rable fraction of DNA (RF) was calculated as radioactivity of 
nuclease sl digested sample, divided by .total radioactivity of 
nondigested sample, expressed in per cent. Henaturable fraction 
of DNA for control cells (average from 40 determinations) 
amounted to 15.5+0.8%. Increase of renaturable fraction of DNA 
bKF) was calculated by subtracting RF for cant rol from the 
values of ttF for drug - treated samples. 

HEsULT:, ANU DIbCUSbION: The ability of adriamycin and daunomycin 

to form interstrand DNA crosslinks in tumor cells was studied by 

a new, mild procedure based on increased renaturability of 

crosslinked tint, where nuclease slloD1l was used for estimation 

of the renaturabla fraction of DNA. 

4,12 Adriamycin and daunomycin induce breaks in DNA , which 

could markedly decrease the sensivity of DNA crosslinks detection 
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TABLE 1. Increase of renaturable fraction of DNA ( ARF) of 
HeLa 53 cells incuba:t’ed with adriamycin, daunomycin 

and mitomycin C. 

compound concent rat ion 
. 

A RF f  SEM n 

adriamycin 10 )J’M 11.0 f 2.0% 8 

50 )JM 24.8 jl 2.5% 25 

150 pl 41.7 f 5.0% B 

daunomycin 10 pi 15.3 f  1.3% 4 

20 PM 16.2 f 1.4% 4 

50 ~JM 20.8 f 3.3% 8 

Ledakrln 2.5:pt 22.0 f 4.0% 4 

mitomycin C 20 ~JM 10.9 f 0.74; 4 

. 
n - number of experiment 8. 

based on increased renaturability o,f crosslinked DNA. Therefore, 

these studies required a highly sensitive method. The employed 

procedure was carried out in cell lysates, without isolation of 

DNA, in order to minimize further DNA degradation and thereby 

to increase the sensivity of DNA crosslink detection, Cells 

13 were lysed with 6M sodium thiocyanate , and the cell lysates 

were digested with proteinase K to remove cellular protein that 

prevents the adequate denaturation of DNA. Furthermore, denatu- 

ration of DNA carried out in formamide provided milder conditions 

than thermal and alkaline denaturation, increasing therefore the 

chances for the detection of unstable DNA crosslinks. 

Employing this procesure, it was found that adriamycin and 

daunomycin considerable increase, in a dose dependent manner, 

the renaturable fraction of DNA ( RF) from HeLa S3 cells incu- 

bated 3 hours with the antibiotics (Table 1). Ledakrin, and 

mitomycin C, already known as DNA-crosslinking agents U,9 were 

used as positive cont’rols. The latter also produced an increase 
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TABLE 2. Increase of renaturable fraction (ARF) of DNA 

of HaLa 93 cells lyaatea expoaed to adriamycin 
and daunomycin, 

compound equivalent 
. 

to cont. 
ARFASEM n 

adrianycin 

daunomycin 

50 ~JM -0.5 * 2.0% 12 

150 jM -1.4 f  8.5% 3 

50 pM -3.7 f  2.5% 6 

The drugs were added to the lyaataa of HaLa 83 calla (5x10’ call/ 
sample) after removal of aoaiua thiocyanata and ad uating pH to 

il 7.0 and incubated i hr at 4 C in dark. Than the un oundad 
antibiotics ware raroved by thin layer dialysis to 2 aM Tria-HCl 
buffer, pH 7.0 containing i mM RDTA. The eaeplaa wara further 
processed as described in Matarlala and Methods. 

’ The concentrations specified in this table would be obtained 
if the amount of the drug actually added to the lyeatea would 
be given to the calls in tha experimenta shown in Tabla 1. 

n - number of experiments. 

of the renaturable fraction of DNA bRF) in HeLa S3 cells 

(Table 1). 

It is interesting to note that anthracycline antibiotics 

that are around 10 times less cytotoxic than ledakrin,produce 

an increase of the renaturable fraction of DNA that is comparable 

to that for ledakrin but at 10 times lower concentration. 

One could consider the increaoed renaturable fraction of ONA 

in the cells incubated with adriamycin to be a result of interca- 

lation of these antibiotics to DNA. To rule out this possibility 

I assayed the effect of the antibiotics edded to the lysates 

from the HeLa b3 cells (after removal of sodium thiocyanate) . 

The amount of anthracyclines with regard to the number of cells 

prior to lysis was the same as in previous experiments. Except 

for one additional thin layer dialysis, to remove the unbound 

antibiotics, the further procedure wea the same as previously. 

As shown on Table 2, the addition of the drugs to the lysete 

caused no increase of the renaturable fraction of DNA. This 
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means that intercalative complexes of anthracycline antibiotics 

formed with ONA in HeLa 53 lysates, were disrupted by formamide 

during denaturation processes. Hence, the observed increase of 

renaturable fraction of DNA from antibiotic treated cells, is 

not due to the intercalation of anthracycline to DNA and could 

be interpreted as the formation of interstrand DNA crosslinks 

by adriamycin and daunomycin. In addition, these data show that 

adriamycin and daunomycin given to the whole cell undergo meta- 

bolic transformation that is not possible under the conditions 

of the lysates. This metabolic transformation changes the parent 

antibiotics into an active form, able to crosslinks DNA. In this 

respect, anthracycline antibiotics thus resemble ledakrin, mito- 

mycin C and cyclophosphamide, in that they require to be activa- 

ted to be able to form interstrand DNA crosslinks. 

Thermal denaturation of ONA in lysates from HeLa 63 cells 

incubated with adriamycin and daunomycin, in contrast to milder 

formamide denaturation, prevents increase of the renaturable 

fraction of DNA. The same was observed when crosslinked DNA 

after formamide denaturation and renaturation, was subjected to 

an additional thermal denaturation prior to final renaturation 

(Table 3). 

In the case of ledakrin, shown previously to form tem- 

perature-stabile crosslinks”‘, the increase in the renaturable 

fraction of ONA after denaturation, is similar to that after 

formamide denaturation (Table% 1 and 2). 

Alkaline denaturation of DNA in the procedure with cell 

lysates could not be used, because it results in a too high 

renaturable fraction of control DNA, as shown by preliminary 

experiments. This arises in all probability from the very high 

molecular weight of cellular DNA. Introduction of additional 

breaks to ONA by X-ray irradiation 14,15 , could overcome this 
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TABLE 3. The influence of thermal and alkaline methods of DNA 

denaturation on the increase of rensturable fraction 

of DNA (ARF) of tieLa 53 cells incubated with 

anthracycline antibiotics and ledakrin. 

compound cont. 
denaturation of 
DNA 

ARF~SEM n* 

adriamycin 50 /ul’l thermal -0.5 f 2.0% 4 

daunomycin so /WI thermal 0.3 f 0.5h 3 

Ledakrin 2.5 p thermal 25.3 + 5.3% 4 

adriamyc.in 50 p1 formamide followed 0.3 * 0.2% 3 
by thermal 

adriamycin 50 ).‘M formamide followed -1.4 f 1.5% 3 
by alkaline 

The procedure was essentially the same as in Table 1, except 
for denaturation/renaturation of DNA, that was carried out as 
specified in the table. For the thermal dsnaturation tbe pli 
was adjusted to 7.0 and the samples were heated at 100 C for 
15 min. followed by rapid cooling. For alkaline denaturation 
IN t\laOlt was added to give 0.03 N final concent ration. After 
15 min at room temperature (in the dark) the samples were 
neutralized with acetic acid. 

. 
n - number of experiments. 

difficulty, but also would decrease the sensivity of detecting 

DNA crosslinks. On the other hand additional alkaline denatura- 

tion of DNA, after formamide denaturation and renaturation, gave 

a low renaturing fraction for the control IJNA and no increase 

(ARF=o) for adriamycin (Table 3) and daunomycin (data not shown). 

Ilence the interstand DNA crosslinks formed by adriamycin and 

daunomycin are sensitive to alkali. 

Though this conclusion should be confirmed in a more direct 

way, it explains why interstrand DNA crosslinking by anthracyc- 

line antibiotics was not detected by alkaline elution niethod, 

employed for studies of adriamycin and,daunomycin interaction 

with cellular DNA by several authors 16,17 . 

Reported in this paper ability of adriamycin and daunomycin 

to form interstrand crosslinks in ONA of cultured WeLa cells, 

was found using only one technique, and one method of DNA 
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denat urat ion ( by f  ormamide) . Confirmation of this finding in 

another way seems very important but may not be easy to achieve 

because of the observed instability of the anthracycline formed 

crosslinks. 

The formation of interstrand DNA crosslinks by adriamycin 

and deunomycin might be essential for their biological activity, 

though this remains to be established in the furtiler studies. 

On the other hand, the results reported in this paper, as 

well as our previous studies with I-nitroacridines 6,8,9 . support 

the suggestion that some other highly cytotoxic and antitumor 

intercalating agents could also form interstrand DNA crosslinks. 
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