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Meeting Report

International Symposium on the Carcinogenicity of Alkylating Cytostatic Drugs1

Over the past 15 years, many of the major advances in cancer
therapy have been due to alkylating cytostatic drugs, which are
thought to kill tumor cells by direct reaction with their DNA.
Unfortunately, but perhaps unsurprisingly, many of these
agents have turned out to be carcinogenic to both animals and
humans.

This conference provided the opportunity to bring together
researchers from a number of different fields related to drug-

induced carcinogenesis. More than 20 papers were presented
on clinical, chemical, biochemical, pharmacological, and epi
demiolÃ³gica! aspects of the problem. After introductory re
marks by L. Tomatis (Director of the IARC,2 Lyon, France)

and Professor D. SchmÃ¤hl(DKFZ, Heidelberg, Federal Repub
lic of Germany), three papers were given which provided an
overview of the field, with particular emphasis on clinical issues.

I. Penn (University of Cincinnati, Cincinnati, OH) reviewed
the clinical and epidemiological studies which reported on
second cancer risk in relation to drug therapy. A large number
of papers have appeared on acute nonlymphocytic leukemia
following Hodgkin's disease, ovarian cancer, multiple myeloma,

and other malignancies. However, there is still a wide range of
uncertainty with regard to the magnitude of the risk in relation
to specific drugs and the combination of radiotherapy and
chemotherapy. Non-Hodgkin's lymphoma and carcinoma of

the bladder are the only other malignancies which have been
linked to cytostatic therapy in cancer patients. In addition to a
direct mutagenic effect, there are a number of other mechanisms
by which alkylating agents might be carcinogenic, including
stimulation of cellular proliferation, depression of host immu
nity, activation of oncogenic viruses, and an interaction with
genetic susceptibility.

D. SchmÃ¤hlcontinued the session with a description of his
experimental work on the carcinogenicity of cytostatic drugs.
He also provided summary information from a literature review
of over 400 case reports of second tumors following chemo
therapy. J. Obrecht (Basel University, Basel, Switzerland) re
viewed the survival improvements achieved by the introduction
of chemotherapy, for a number of different cancers, and sum
marized the late effects of chemotherapy. These include pneu-
mopathy, cardiopathy, and fertility disturbances, in addition to
second primary cancers.

Subsequent sessions were devoted to more specialized topics.

Macromolecular Interactions

K. Hemminki (Institute of Occupational Health, Helsinki,
Finland) discussed the mechanism of action by which nitrogen
mustard compounds covalently bind to DNA. The preferential
reaction in vitro is at the N-7 position of guanosine, and cross
links between two guanine molecules have also been identified.
It appeared that phosphoramide mustard was the primary al-
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kylating metabolite of cyclophosphamide. The need for com
parable in vivo studies was emphasized.

D. Ludlum (Albany Medical College, Albany, NY) described
his in vitro work on DNA modification by haloethylnitrosou-
reas. Both monoadducts (primarily at the O6 and N-7 positions
of guanosine) and cross-links, which are probably responsible
for the agents' cytotoxicity, were detected. The effect of DNA

repair enzymes on the modifications was also discussed.
A. Fichtinger-Schepman (TNO Institute, Rijswijk, The Neth

erlands) reported on the interaction between cisplatin, one of
the most promising new cytostatic drugs, and DNA. In vitro
studies have shown that both inter- and intrastrand cross-links
are formed, via binding of the platinum compound at various
sites on the DNA molecule. The direct methods used in vitro
are too insensitive for use in detecting cisplatin adducts in blood
cells in vivo, so immunological methods using polyclonal anti
bodies have been developed, with a sensitivity about 107-fold

higher than the in vitro methods. The antibodies have been used
to monitor adduct formation in cancer patients treated with
cisplatin. In discussion A. FÃ¶rsti (Institute of Occupational
Health, Helsinki, Finland) and Hemminki emphasized the over
whelming preference of cisplatin to form cross-links. Under the
assumption that cross-links are cytotoxic only, this would sug
gest that cisplatin might be less mutagenic and carcinogenic
than the monofunctional alkylating agents. This possibility
remains to be confirmed by animal experiments and observa
tions on humans. In fact, cisplatin has already been shown to
be a leukemogen and kidney carcinogen in rodent experiments,
and it may turn out that even cross-links can induce mutation
and cancer.

The work of G. Kolar (DKFZ, Heidelberg, Germany) has
been on the metabolism and carcinogenicity of triazene deriv
atives, of which the most widely used clinically has been dacar-
bazine. Although the complete metabolic pathway of dacarba-
zine is unknown, at least one metabolite, 5-(3-hydroxymethyl-
3-methyI)imidazole-4-carboxamide, with methylating capacity
has been identified. Animal experiments suggest that the car
cinogenicity of triazene derivatives is inversely related to the
degree of ring halogenation.

R. Santella (Columbia University, New York, NY) has been
developing monoclonal antibodies for quantifying DNA adduct
levels in various tissues. In particular, antibodies are available
to DNA which has been modified by methoxsalen and UVA
light and they are capable of detecting adduct levels as low as
1/108 bases. They have been used to measure adducts in the

lymphocytes of patients undergoing methoxsalen and UVA
light therapy for T-cell lymphoma. These methods are being
extended to other agents used in cancer therapy.

Biological Effects

T. Connors (MRC Toxicology Unit, Carshalton, United
Kingdom) provided a review of the mechanisms of cytotoxicity,
with particular reference to organ specificity.

B. Lambert (Karolinska Hospital, Stockholm, Sweden) re
ported on cytogenetic studies which have been carried out on
the peripheral lymphocytes of patients undergoing treatment
with melphalan. The frequency of sister chromatid exchanges
was elevated for about 4 weeks following therapy and then
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returned to normal levels. On the other hand, chromosomal
aberrations (predominantly translocations, marker chromo
somes, and multiple complex rearrangements) remain increased
for up to 10 years following melphalan treatment.

M. Berger (DKFZ, Heidelberg, Federal Republic of Ger
many) summarized experimental data on the carcinogenicity of
alkylating cytostatic drugs. Ethyleneimine, mustard, and tri-

azene derivatives and the nitrosoureas have all been found to
be carcinogenic in rodents, and all four classes of agent produce
tumors at a wide range of target sites. Among other alkylating
drugs, myleran, procarbazine, and cisplatin were also carcino
genic at a number of sites. It appears that the alkylating cyto
static drugs are generically carcinogenic, and the important
question is not whether they are carcinogenic, but how carci
nogenic they are.

M. Habs (Smith Kline Dauelsburg, Munich, Federal Republic
of Germany) has been investigating ways of reducing the car
cinogenicity of cytostatic drugs. One approach has been through
the alteration of molecular structure. In animal experiments,
prednimustine was the least carcinogenic among a group of
mustard derivatives, indicating that it would be a good replace
ment for chlorambucil if its therapeutic index is comparable.
In other experiments, a comparison of different dosing sched
ules suggested that longer treatment-free periods could reduce
the carcinogenic effect.

EpidemiolÃ³gica! Investigations

J. Kaldor (IARC, Lyon, France) described the epidemiolÃ³gi
ca! methods which can be used in the study of anticancer drug
carcinogenicity. While observational studies are always subject
to uncontrollable biases, they have the advantage of large num
bers and long follow-up and provide information on long-term
risks of therapy which is usually unavailable from randomized
trials.

W. Mehnert (National Cancer Registry, Berlin, German
Democratic Republic) presented the results of a case-control
study of leukemia in relation to the therapy of ovarian and
breast cancer. Among those treated with chemotherapy for
ovarian cancer, there was a 10-fold increase in the risk of
leukemia, and the relative risk among the breast cancer patients
was 2.7. The chemotherapy used was almost exclusively cyclo-
phosphamide, and the study provides the first clear evidence of
the leukemogenicity of this agent.

R. Preussmann (DKFZ, Heidelberg, Federal Republic of
Germany) reviewed human data on the carcinogenicity of nitro
soureas. While there are case reports concerning leukemia
following therapy with bischloroethylnitrosourea and lomus-
tine, only semustine has been confirmed as a leukemogen in a
full epidemiological study.

M. Hawkins (Childhood Cancer Research Group, Oxford,
United Kingdom) reported on a study of second primary tumors
in survivors of childhood cancer. Over 10,000 first cancer cases
were identified, among whom 77 second malignancies other
than nonmelanoma skin cancer were recorded at least 3 years
after the first cancer. There were clear effects of radiotherapy
on the risk of developing a second cancer and a possible
association with cyclophosphamide.

A possible long-term effect of cytostatic therapy which has
received relatively little attention is germ cell mutagenesis.
However, it has become increasingly relevant with the successful
treatment of tumors such as Hodgkin's disease and testicular

cancer, which occur predominantly in young adults. M. Skol-
nick (University of Utah, Salt Lake City, UT) proposed an

approach for directly monitoring mutation rates by restriction
fragment length polymorphisms, taking advantage of recent
developments in recombinant DNA technology. Another alter
native would be to study the offspring of cancer survivors,
comparing the rate of malformations with background rates.

Prospects for the Future

The final session of the symposium was devoted to new
strategies for improving the therapeutic efficacy while reducing
the carcinogenicity of alkylating cytostatic drugs. N. Brock
(Asta-Werke AG, Degussa Pharma Gruppe, Bielefeld, Federal

Republic of Germany) spoke on the development and use of
mesna (sodium-2-mercaptoethanesulfonate) in counteracting
the urotoxicity of oxaphosphorine derivatives, including cyclo
phosphamide, the most widely used cytostatic drug. The ther
apeutic use of the drugs had been limited by the development
of hemorrhagic cystitis. Mesna reacts with the urotoxic metab
olites of oxaphosphorine compounds, without affecting their
alkylating and hence therapeutic potential at other compart
ments of the body. It does not, therefore, eliminate their leu
kemogenicity, and it remains to be seen whether it can also
prevent the long-term complication of bladder cancer in hu
mans, as it does in animals.

G. Eisenbrand (University of Kaiserslautern, Kaiserslautern,
Federal Republic of Germany) described the search for more
effective and less toxic nitrosourea compounds. The major
problem with the nitrosoureas in current use is the lasting
myelosuppression which they induce. Recently synthesized ni
trosoureas, including l-(2-chloroethyl)-l-nitroso-3-(2-hydroxy-
ethyl)urea and l-(2-chloroethyl)-l-nitroso-3-(methylenecarbox-

amido)urea, have a much higher potential for forming cross
links and should therefore be more toxic and less carcinogenic.
Another approach has involved the synthesis of drugs contain
ing hormones linked to the alkylating function, to enable more
precise targeting into hormone-dependent tumors.

As noted above, cisplatin has the potential to be less carcin
ogenic than other alkylating agents, because of its preference
for cross-linking DNA. J. Engel (Asta-Werke AG, Degussa
Pharma Gruppe, Bielefeld, Federal Republic of Germany) re
ported on the development of new organometallic anticancer
drugs. Techniques included the introduction of estrophilic li
gands into platinum compounds, in order to make them selec
tive against hormone-dependent tumors, and the use of struc
ture-activity relationships and molecular modeling in drug de
sign to optimize antitumor activity and minimize carcinogen
icity.

H. Busch (Baylor College of Medicine, Houston, TX) con
tributed a paper on new approaches to cancer chemotherapy,
which would obviate the need for carcinogenic alkylating
agents. A promising strategy is to design agents which could
bind to, and thus inhibit, the activity of proteins which play an
important role in the regulation and growth of malignant tu
mors.

The meeting concluded with a general discussion, which
emphasized the areas of uncertainty remaining in our under
standing of alkylating drug carcinogenesis. These include the
in vivo metabolism and reactions with cellular DNA of many
of the drugs, often still poorly understood; quantitation of the
risk associated with specific drug combinations and modes of
administration; and determination of whether there is an in
creased risk of solid tumors following alkylating agent therapy.
The need for collaboration among clinicians, chemists, labora
tory researchers, and epidemiologists in answering these ques-
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lions was stressed, as well as the desirability of interinstitute
cooperation in accumulating sufficient cases for study.

Too often, studies of drug-induced malignancies have been
based on a small number of cases, and the conclusions that one
can draw are consequently weak. It is simply not possible to
provide quantitative information on drug carcinogenicity with
out a large number of cases to evaluate.

There is also a need for systematic studies in which short-
term measures of DNA damage are related to the long-term
risk of carcinogenicity. It is known that the cytostatic drugs are
capable of inducing chromosomal changes in peripheral lym
phocytes, but the extent to which these outcomes can predict
long-term effects at an individual level is still unknown. A
useful approach to studying this question would be to routinely
store lymphocytes from patients before and after cytostatic
therapy, and carry out cytogenetic analyses only on the samples
from individuals who ultimately develop second malignancies,
and a suitably chosen control group of patients.

For some primary cancers, cytostatic drugs have a benefit
which clearly outweighs any long-term risks, while for others,
insufficient data have accumulated for a final assessment to be
made. Undeniably, an increasing number of people are being

exposed to these agents, and drug-induced cancer could repre
sent a future public health concern of a magnitude at least as
great as occupational carcinogenesis. It will take a multidisci
plinar} effort of the kind expressed by this meeting to success
fully elucidate and ultimately eliminate the problem.

John Kaldor3

Unit of Biostatistics and Field Studies

Helmut Bartsch
Unit of Environmental Carcinogens and

Host Factors

International Agency for Research on Cancer
150 cours Albert Thomas
69372 Lyon Cedex 08, France

Dietrich SchmÃ¤ht
German Cancer Research Center
Im Neuenheimer Feld 280
6900 Heidelberg I
Federal Republic of Germany

3To whom requests for reprints should be addressed.
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