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SUMMARY

The two anthracycline antitumor antibiotics, admiamycmn
and daunomycmn, have been tested for tumorigenic activity,
and the results confirm previous findings that they can
induce mammary tumors in female rats receiving single i.v.
doses. Both substances are highly potent in producing
malignant transformation and mutation in mammalian cell
systems in vitro. Their transforming activity is comparable
to that of the potent carcinogen, N-methyl-N'-nitro-N-nitro
soguanidine. Actinomycin D, although similar to the anthra
cyclmnes in having high binding affinity for DNA, is only
minimally effective in the same in vitro systems and its direct
carcinogenic activity in vivo is moot. These results suggest
that satisfactory correlations may be obtainable between
tests for tumorigenicity in vivo and assays for transformation
and mutagenesis in vitro, and that adriamycin and dauno
mycin may have carcinogenic potential in man.

INTRODUCTION

The long-term toxicity of antitumor agents, i.e. , their
oncogenicity, mutagenicity, and teratogenicity, is a subject
of growing concern because of the increased survival of can
cempatients which modern chemotherapy has made possible
and because of the use of antitumor agents as immuno
suppressants in organ transplantation, as well as in the
therapy of certain nonmalignant diseases (28). It has been
one of the intriguing results of cancer research that active
cancer chemotherapeutic agents have been found to be car
cinogenic. Haddow was the first to show that carcinogens
can be effective against animal tumors (12) and, conversely,
that antitumor agents can be carcinogenic (13). Many anti
tumor agents are now known to be carcinogenic in
laboratory animals (31). From observations of patients who
have been treated with such substances for nonmalignant
diseases or for transplantation surgery, and from the
occurrence of 2nd neoplasms after chemotherapy of primary
neoplasms, it can be suspected that antitumor agents may
also be carcinogenic in man (28).
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Recently, the anthracycline antibiotics, daunomycin and
adriamycin, which are known to be useful in the therapy of
leukemia and some solid tumors, have been shown to induce
mammary and renal tumors in rats after single i.v. doses (2,
(21 , 29). The mammary tumorigenic activity compares well

with that of irradiation (26, 27). We now describe (a) a further
study of in vivo tumorigenesis by these agents; and (b) their
high capacity to induce malignant transformation and
mutation in mammalian cells in vitro. We also show that the
antitumom antibiotic, actinomycmn D, is by contrast relatively
ineffective in the same in vitro assays. As we shall discuss
later, the last mentioned result suggests that the transform
ing and mutagenic actions of the anthracyclmnesare probably
highly specific properties of these agents and not merely the

consequence of high binding affinity for DNA.

MATERIALS AND METHODS

Chemicals. Daunomycin and adriamycin were kindly pro
vided by Dr. F. Arcamone (Farmitalia, Milano, Italy); actin
omycmnD was provided by Merck Sharpe and Dohme, Rah
way, N. J. The antibiotics were dissolved in either (in vivo
studies) 0.9% NaCI solution or (in vitro studies) phosphate
buffered saline (Grand Island Biological Co., Grand Island,
N.Y.) containing, in mg/liter: KCI, 200; KH2PO4,200; NaCI,
8000; and Na2HPO4.21-120, 1150). N-Methyl-N'-nitro-N-ni
trosoguanidmne was purchased from Aldrich Chemical Co.,
Inc. , Milwaukee, Wis. ; 8-azaguanmne was from Sigma
Chemical Co., St. Louis, Mo. Tissue culture media (Eagle's
basal medium supplemented with 10% fetal calf serum and
penicillmn-streptomycmn) were obtained from Grand Island
Biological Laboratories.

Tumor Induction in Rats. As in the previouswork (29), we
used 6- to 7-week-old Sprague-Dawley virginfemale rats
(CD line; Charles River Breeding Laboratories, Brookline,
Mass.). Groups of 20 to 25 rats received a single injection
into the femoral vein of 10 or 5 mg of daunomycmn per kg, 5
mg of admiamycin per kg, or 0.9% NaCl solution. Thereafter,
they were maintained and observed as previously described
(29). Animals were killed when debilitated, when they had
externally apparent tumors, or at 1 year. Rats found dead
were not included in the results. The animals were killed
under ether anesthesia by exsanguination from the abdomi
nal aorta. All tissues were examined grossly except for the
central nervous system. All tumors or masses and all vis
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cera that appeared abnormal were examined microscopi
cally.

In Vitro Studies. The M2 clone of mouse fibroblasts was
used to determine malignant transformation. It was origi
nally obtained from C3H mouse prostate and was estab
lished as a line by procedures described by Chen and Hei
debberger (4). This clone has been found to be susceptible
to chemical transformation (16, 18). In this work, cells were
used between the 11th and 24th passages. The transforma
tion assay was performed as previously reported (18). For
assay of transformation and for estimation of plating effi
ciency, 10@and 10@cells, respectively, were plated into
60-mm dishes and treated with test compounds 24 hr later.
One day later, 24 hr after the addition of the test com
pounds to the nutrient medium, the compounds were re
moved by change of medium; thereafter, the medium was
changed twice weekly. After 7 to 14 days, dishes plated with
102 cells were fixed and stained, and colonies were counted

for the determination of plating efficiency. After 56 days
dishes plated with 10â€•'cells were fixed, stained, and scored
for transformed, piled foci. Piled-up foci of morphologically
transformed cells, normal-appearing areas of the same
dish, and areas from control dishes were ring-isolated. The
isolated cells were passaged twice and inoculated s.c. into
inbred male C3H/HeJ mice (The Jackson Laboratory, Bar
Harbor, Maine). Each mouse received 10â€•cells and was
observed for 6 months.

V79 Chinese hamster cells were used to determine chem
ically induced mutation. These cells provide a model sys
tem for assay of mutagenesis that was developed by Chu
and MaIling (6). The model uses change from 8-azaguanine
susceptibility to resistance as a marker for mutagenesis.
The cells were kindly provided by Dr. E. H. Y. Chu, Depart
ment of Human Genetics, University of Michigan, Ann
Arbor, Mich. Before use, these cells were cloned by ring
isolation in a medium containing thymidmne, hypoxanthine,
aminopterin, and glycine, which eliminates spontaneous
8-azaguanine-resistant mutants (14). The mutagenesis
assay was performed as previously reported (14). Cytotox
icity was measured by plating 102 cells into 60-mm dishes
containing 8-azaguanmne-freemedium. The test compounds
were added 18 hr later; 3 hr thereafter, the contents of the
dishes were replaced with fresh 8-azaguanine-free medium.
After incubation for 6 to 8 days, the culture dishes were
fixed and stained, and colonies were counted. Cytotoxicity
was expressed as the percentage of colonies in the treated
dishes as compared to the controls. The average plating
efficiency of control dishes was 88%. Mutagenicity was
measured by plating 2.5 x 10@cells into 60-mm dishes con
taming 8-azaguanmne-free medium. The cell number was
determined 18 hr later using 2 dishes (usually 5 x 10@cells),
and the remaining dishes were treated for 3 hr with test
compounds. The medium was then replaced with fresh 8-
azaguanine-free medium without test compounds, and the
cells were incubated for an additional 48 hr. Thereafter, the
dishes were refed every 2 days with medium containing 8-
azaguanine (20 @g/ml).At 10 to 14 days after the initial ad
dition of 8-azaguanine, the dishes were fixed and stained,
and the number of resistant colonies was determined. The
mutation frequency was calculated per 10@survivors; the

background spontaneous mutation rate in controls was 10
colonies/bâ€• survivors.

RESULTS

Tumor Induction In Rats. Both daunomycin and adria
mycin were active in inducing rat mammary tumors after
single i.v. doses (Table 1). By the end of 1 year, there were
18 fibroadenomas and 7 adenocarcinomas in 34 dauno
mycin-treated rats, and 16 fibroadenomas and 3 adeno
carcinomas in 17 admiamycmn-treated rats. Although this
finding confirms, in principle, the observations made by
Bertazolbi et a!. (2), the distribution between fibmoadenomas
and adenocarcinomas in the 2 studies is different. We are
unable at present to explain the discrepancy. We also failed
to confirm our earlier observation that daunomycin is active
in inducing rat kidney tumors (29). In the previous study,
kidney tumors developed rather bate after treatment with
daunomycin (>300 days). It seems likely that early develop
ment of mammary tumors in this work, which we did not
observe with daunomycmn in our previous study, resulted in
decreased numbers of animals available for observation at
300 or more days.

In Vitro Studies. Assays of malignant transformation by
daunomycin, adriamycin, oractinomycin D are presented in
Table 2 and Chart 1. The results show that both adriamycmn
and daunomycmn are powerful transforming agents. This is
in contrast to the minimal activity of actinomycin D. Expo
sure to concentrations of adriamycin or daunomycin as low
as 0.001 to 0.01 @g/mlcaused transformation of M2 cells
with frequencies equivalent to that of the potent carcinogen
N-methyl-N'-nitro-N-nitrosoguanidine (18). Price et a!. (23)
found adriamycin similarly potent as a transforming agent
in rat embryo cells. Cells morphobogically transformed by
adriamycmn and daunomycin were tested for their capacity
to induce tumors in isobogous nonirradiated micÃ§.At 4 to 8
weeks after the s.c. inoculation of cells obtained from 2
daunomycin-transformed clones and from 2 adriamycin
transformed clones, sarcomas were found in all the treated
mice (3 to 4 mice/clone). Sixteen mice, receiving cells
either from normal-appearing areas of treated cultures or
from control cultures did not give rise to any tumors. Such
results are in agreement with previous findings showing
that momphobogically transformed foci of mouse prostate
fibroblasts, whenever isolated and tested, uniformly give
rise to tumors in isobogous mice (5, 18).

The difference between actinomycin D and the anthra
cyclmnes in transforming activity is closely paralleled by a
major difference in capacity to induce mutation. As shown
in Chart 2, the mutagenic activity of actmnomycmnD was
negligible. Only at the concentration of 0.01 @g/mldid the
mutation frequency exceed the control rate of 10 per 10@
surviving cells. By contrast, both daunomycin and adri
amycin induced major changes in mutation rate in a dose
dependent manner in the concentration mange between
0.01 and 0.1 pg/mI. From the data shown in Chart 2, it may
also be seen that the absolute number of mutants was
significantly greater than control in dishes treated with adri
amycin, 0.1 p.g/ml, and with daunomycin, 0.01 and 0.05
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0.0001221/50.0005213/70.001179/150.0051513/110.01105/30.10Daunomycin

0.0012111/130.002186/120.0051615/110.0194/5

Oncogenicity of Adriamycin and Daunomycin

Table 1
Tumors in rats given single iv. doses of daunomycin, adriamycin, or 0.9% NaCI solution

The 2 daunomycin groups and the controls each consisted initially of 20 rats; the adriamycin
group, of 25 rats. Another group of 20 rats received adriamycin in the dose of 10 mg/kg. All died
without tumors within the 1st 15 weeks.

a Numbers in parentheses, days on which animals were killed.

Table 2

a Each datum is the composite of 2 or 3 separate experiments with, initially, 4 culture

dishes for the determination of plating efficiency and 6 culture dishes for the determina
tion of transformation per experiment. For brevity, the S.D. values of the plating efficien
cies were omitted from the table; they ranged between 2.3 and 4.1% of the means.

@g/ml.Chart 2 also shows that the positive control, N-
methyb-N'-nitro-N-nitrosoguanidmne, was active in the pres
ent experiments, as previously reported (14). A close com
parison of the relative mutagenicity of the anthracyclines
with that of N-methyl-N'-nitro-N-nitrosoguanidmne is not
justified at this time, since we have not explored whether
the 48-hr â€œexpression-timeâ€•(1) for the induction of mutant
colonies that we have used herein is the optimum for each
of these compounds and since we have not yet determined
whether parent and mutant cells are equably susceptible
to the lethal effects of these agents.
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DISCUSSION

The present results demonstrate the high oncogenic
potential of daunomycin and adriamycin, and the data ob
tamed in in vitro assays suggest that they may be directly
acting carcinogens. Their transforming and mutagenic ac
tivity compares well with that of the potent carcinogen,
N-methyl-N'-nitro-N-nitrosoguanidine . Such data suggest
that patients treated with the substances should be closely
monitored in anticipation of the possible appearance of
newly induced tumors, and that the drugs should be me
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evidence for such covalent interaction with DNA (8). How
ever, Di Marco et a!. (9) have succeeded in generating firm
linkage between daunomycin and DNA by photoirradiating
daunomycin-DNA complexes. This observation and the ob
served oncogenicity of the anthracyclines indicate the need
for more thorough investigation of the possibility of their
metabolic activation.

In considering the mode of carcinogenic action of the
anthracyclines, it may be instructive to compare their ef
fects with those of actinomycin D. The 3 substances have
high affinity for DNA. Association constants for their
â€œstrong-bindingâ€•interactions are similar in magnitude, and
there is substantial evidence that the interactions involve
intercalation of chromophoric regions between base pairs
of the DNA double helix (8, 11). Presumably as a conse
quence of the binding, the template functions of DNA are
disturbed. In the case of actinomycin D, DNA-directed RNA
synthesis is selectively more sensitive than is DNA synthesis
(24), but no such clear difference in sensitivity has been
established in studies with the anthracyclines (8).

Despite the similar affinity of the anthracyclines and ac
tinomycin D for binding to the DNA double helix, there are
significant differences in the basic biological effects of the
agents. Admiamycin and daunomycin cause chromosomal
disintegration (28), and break DNA strands in vivo (25), but
actinomycin D has little or no such effects (25, 28). Previous
work has already shown that actinomycin D is only weakly
mutagenic (7); this is in keeping with our present results
and is in contrast with the high mutagenic activity of the
anthracyclines in Sa!monella typhimurium (20) and in V79
cells (see Chart 2). Tumors have been induced by treatment
with actinomycin D, but only at injection sites. Pemitoneal
mesotheliomas appear after repeated i.p. injections, but
not when the agent is given by other routes (30). Sarcomas
occur at s.c. injection sites (10, 15). We have not seen
tumors in rats receiving maximally tolerated doses by me
peated intragastric intubation (22). It is conceivable that the
tumors caused by actinomycin D are in nonspecific me
sponse to prolonged local injury and regenerative hyper
plasia. If the substance is a direct carcinogen, its tumori
genic activity in vivo is limited and its capacity for malignant
transformation in vitro is minimal.

These data demonstrate a satisfactory correlation be
tween in vivo tumorigenicity and in vitro assays for mabig
nant transformation and mutagenesis. On the one hand, the
limited capacity for tumor induction by actinomycin D is
matched by minimal effects in vitro; on the other hand,
adriamycin and daunomycin induce a significant number of
tumors after injection of single doses and the agents have
high transforming and mutagenic activity. The correlation
supports the use of the in vitro tests as rapid screening as
says for carcinogenic potential. The need for such metho
dobogies becomes increasingly evident as we become more
conscious of the warnings given by Boyband (3) and others
that 60 to 90% of all human cancer may be caused by
environmental chemicals. With regard to the specific prob
lem posed by the carcinogenicity of the anthracyclines, in
vitro assays could be used advantageously in developing
derivatives with effective cytotoxic, i.e. , antiturnor, activity
with reduced oncogenic potential.
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Chart 1. Malignant transformation in vitro of mouse M2 fibroblasts in
duced by daunomycin, adriamycin, or actinomycin D. The data were calcu
lated by using the mean plating efficiency values and the number of trans
formed foci per dishes treated, as shown in Table 2. For comparison, the
transforming activity of N-methyl-N'-nitro-N-nitrosoguanidine is also pre
sented (0).

Chart 2. Cytoxicity (percentage of survivors) and mutagenicity (induction
of resistance to 8-azaguanine) induced in V79 Chinese hamster cells by treat
ment with daunomycin, adriamycin, or actinomycin D. Each datum is the
composite of 3 separate experiments with 2 culture dishes for the deter
mination of plating efficiency (survivors) and 8 culture dishes for the deter
mination of 8-azaguanine-resistant colonies per experiment. For brevity, the
S.D. values were omitted from the chart; they ranged between 3.2 and 5.6%
(percentage of survivors), and 8.2 and 15.7% (8-azaguanine-resistant cob
nies) of the means. For comparison, the data for N-methyl-N'-nitro-N-nitro
soguanidine are also presented (0). The background spontaneous mutation
rate is 10 8-azaguanine-resistant colonies per 10@survivors.

stricted to the therapy of diseases with poor prognosis.
The mechanism of action by which daunomycin and adri

amycin elicit their oncogenic effects is unknown. It is gen
erally believed that, in their ultimate state, carcinogens or
their metabolically activated derivatives are chemically me
active, electrophilic substances that react covalently with
nucleophilic macromolecules, especially DNA (19). In me
gard to the anthracycline antibiotics, there is as yet no
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