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DNA damage and mutagenesis induced by procarbazine ihlacZ
transgenic mice: Evidence that bone marrow mutations do not
arise primarily through miscoding by O°-methylguanine
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8704 HE Zeist, The Netherlands icity (5,6), together with evidence from follow-up studies of
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The DNA damaging and mutagenic activities of procarbaz- May make a significant contribution to the mechanism of
ine, a methylating drug employed in cancer chemotherapy MOPP carcinogenesis. Procarbazine is mutagenic, clastogenic
and suspected of causing therapy-related leukaemia, were and teratogenic in a wide range of test systems of varying
investigated in the liver and bone marrow ofAlacZ trans- ~ complexity and a wide-spectrum carcinogen in rodents and
genic mice (Muta™™Mouse). The drug was administered monkeys, causing tumours of the haemopoietic system, the
using two different protocols, a ‘high-dose’ one involving mammary gland, the lung and the nervous system (8).
5 daily doses of 200 mg/kg, expected to cause depletion of Invivoprocarbazine undergoes a complex series of metabolic
the repair enzyme O8-alkylguanine—-DNA alkyltransferase  changes that result in the generation of a number of chemically
(AGT) and thus favour the selective accumulation of the reactive species, including methylating agents and free radicals
premutagenic lesion O8-methylguanine (Of-meG) relative  (9). The major circulating metabolite in the serum of animals
to other adducts, and a ‘low-dose’ one involving 10 daily or humans treated with procarbazine is methylazoxyprocar-
doses of 20 mg/kg procarbazine. Substantial accumulation bazine, a relatively stable intermediate that can spontaneously
of 05%-meG was observed in both tissues examined 6 h give rise to a methylating species, probably the methyl-
after the end of the ‘high-dose’ treatment, with the liver  diazonium ion [CHN,]*. The main type of macromolecular
accumulating somewhat higher levels than the bone marrow damage known to be produced by procarbazine is DNA
(28.0x= 1.8 fmoljug DNA and 18.5% 1.1 fmoljug DNA  methylation, with the liver accumulating the highest amounts
respectively). However, significant increases in mutant fre- of such damage, followed closely by the bone marrow and
guency 10 days after the end of treatment were observed lymph nodes, two tissues of interest as targets for the carcino-
only in the bone marrow, reaching a 16-fold increase genic and chemotherapeutic action of the drug (10,11). Pro-
over background following the 5x 200 mg/kg treatment.  carbazine produces in DN®®-methylguanine @®-meG) and
Sequence analysis of the mutations induced after this N7-methylguanine at a ratio of ~0.12, typical of aglSype
treatment revealed a mixed spectrum, in which G:C-A:T ~ methylating agent and similar to that caused by such powerful
transitions (characteristic of O°>-meG miscoding) were only  mutagens and carcinogens as methylnitrosourea and dimethyl-
a secondary feature: Among 20 mutants analysed, only six nitrosamine (10). It is therefore strongly suspected that DNA
such mutations were found, including three at CpG sites, methylation plays a major role in the mutagenic and carcino-
which might have arisen from deamination of 5-methylcyto-  genic activity of this drug. Of the various DNA lesions
sine. The other mutations observed included 1 A:T-G:C induced by methylating mutagens and carcinog@fsmeG
transition, five transversions (one G:C-T:A, one double  has particularly important biological activity. It is a directly
G:C-C:G, two AT - T:A, one AT - C:G), five deletions  miscoding lesion, causing G:CA:T mutations, and is believed
and three |nse|’!:|0rlls. The meChanlSth and clinical SlgnlflC' to be the cause of the frequent discovery of this type of
ance of these findings is discussed. mutation in activated oncogenes found in animal tumours
induced by methylating agents (12,13). In a study of mammary
_ carcinogenesis induced in rats by procarbazine and methylnitro-
Introduction sourea, Fon@t al. (14) found that the yield of tumours by the
Procarbazine N-isopropyle-(2-methylhydrazinop-toluam- ~ two carcinogens correlated approximately with the production
ide hydrochloride] is a cytostatic drug used in the treatment? mammary gland DNA 0f0°-meG. In a subsequent study
of a number of human cancers, including Hodgkin’s lymphoma15), & correlation was reported between accumulatiod®f
where, in the form of combination treatments such as MOPP (1€G and sensitivity to procarbazine-induced tumorigenesis in
combination of procarbazine and mechlorethamine, vincristindlifferent tissues, including the mammary gland, the lymph
and prednisone), it has made a particularly important contribunodes and the thymus. These results support the hypothesis
that O8-meG plays a significant role in the mechanism of
*Abbreviations: ANLL, acute non-lymphocytic leukaemia; AGT®-alkyl- procarbazing carcinpgenesis in eXperimental an-imals'
guanine-DNA élkyltraﬁsferasé}e-meG,Oe-methylguanine; NT, not tumorig- . Compara:uve studies of the.formatlon ©F-meG in rats and
enic; pfu, plaque forming units;0%-meG, OP-methylguanine; Mopp, N Hodgkin's lymphoma patients have shown that human
mechlorethamine-vincristine-prednisone-procarbazine. susceptibility to procarbazine-induceédf-meG accumulation
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is similar to that of the rat (16), suggesting that this lesionmice were treated i.p. with multiple doses of procarbazine<@@mg/kg or

may p|ay a similar mutagenic role in humans treated With5><200 mg/kg at 24-h |nter_vals) or with physiological saline only. One animal
bazine as it does in the rat. Evidence compatible Witr:}r]om each group was_kll_led 4h after the last treatment and u;e_d for

procqr a ! o . . g p easurement dd®-meG in liver and bone marrow DNA, while the remaining

an etiological role of0°>-meG in the induction of ANLL after three animals were killed 10 days after the last treatment for mutation analysis

MOPP chemotherapy was produced by Saghie. (17) who  in the same tissues. Tissues of interest were immediately placed in liquid

found that MOPP-treated individuals who went on to developnitrogen and stored at —70° C until analysis.

ANLL had lower lymphocyte levels oDS-alkylguanine—-DNA  Measurement of ®meG

alkyltransferase (AGT), the enzyme responsible for repair ofollowing DNA extraction from liver and bone marrow of individual animals

08-meG. than similarly treated individuals who did not deve|0pby a standard method involving multiple proteinase K treatments and phenol—

. . . . T . chloroform extractionsD®-meG was measured by the competitive repair assay
ANLL. This observation implied that individuals with low as previously described (22) usirgcoli AGT (ada protein). Each DNA

|eve!5 of AGT_ may be at highgr I‘iS[( of procarbazine-inducedsample was analysed in duplicate and duplicate measurements agreed to
carcinogenesis by accumulating higher amountsO&imeG  within 10% of each other.
(jUring MOPP c_:hemotherapy. Furth_er support for this suggesvutagenesis in thalacZ transgenic mouse
tion was obtained .thrOUgh the direct measurement Qf th@ligh molecular-weight genomic DNA was isolated from liver and bone
formation ofO8-meG in blood leukocyte DNA of procarbazine- marrow as previously described (23), dissolved in 10 mM Tris—HCI (pH 7.5)
treated patients (18) and the demonstration that individual’sm? 4|'mM E'fDTA LO t’;\ fr']”all:)lc\wce?tr?tlon of 1~5km9/m:j§;$ Sttr)]red at 4°C. A
: _ ; ul aliquot of each of the solutions was taken an ophages were
with éow pre-treatment A.GT levels accumulgte hlgh amountsrIS scuedn vitro using the Giga-Pack Il Gold packaging extract (Stratagene, La
Of_ O°-meG, an Obser\_/anon also ObserV?d In patients treategha, ca). Screening for lacZmutant phages was carried out by using the
with another methylating drug, dacarbazine (19,20). phenyl$-p-galactopyranoside (P-gal)-based positive selection system (24) and
Summarizing, data on the quantitative accumulatio®®f all mutants were confirmed on 5-bromo-4-chloro-3-ind@@yb-galactopyrano-

meG provide some evidence compatible with this lesiorfi%® (X ‘dg?") plates. Generally-3x10° plaque forming units (pfu) were
: - . L . . .analysed in each case.
being important in procarbazine-induced carcinogenesis i For the sequence-characterization of representative mutants, the location of

eXperimentaJ anima|5 a'f]d MOPP'induced. ANLL in human.sthe mutation in thex, B or w regions of the lacZ gene was determined using
However, this evidence is far from conclusive. A key event inap-galactosidase complementation assay as described by Daigiag25).

the initiation of chemical carcinogenesis is the conversion offhe relevant region was subsequently amplified by PCR and subjected to
pre-mutagenic DNA damage into a mutation in the targef!'deoXy sequencing.

tissues through the replication of damage-containing cells. The

advent of the technology of transgenic rodents with transgene&esults

which can serve as readily observable targets for chemicahs.pethylguanine accumulation in liver and bone marrow
mutagens, provides a new way for investigating the ability ofpna

carcinogens to induce mutations in tissues susceptible to the"h{nimals were treated with two dosing schedules of procarbaz-

carcinogenic effects. Furthermore, the examination of th'ne, one involving five daily doses of 200 mg/kg, anticipated

specific types of sequence changes caused by a MUtagel ) se s bstantial depletion of AGT and thus favour the
provides a powerful tool for the assessment of the role o referential accumulation aB®-meG, and one involving 10

specific DNA lesions in the induction of mutagenesis, whichyi. " qoces of 20 mg/kg, expected to generate relatively low
are under the full complexity of metabolic and repair pathwayqevels of Of-meG. In order to obtain an indication of the

that operate unden vivo conditions. Procarbazine has been , 4, jevels formed and their tissue distribution, from each
reported to induce a significant increase in mutant frequenc&roup of treated animals one was killed 4 h after the last

. . g
![?]éhgo?no;lgtirgg rgcf’v%lrgg{?r?ezn{n (I:%%g\élﬁfg (l)\q‘l I?i\% 7dgﬁ3)// Sdgl];tg; ofreatment an@®®-meG was measured in liver and bone marrow
200 mg/kg (21). However, no information on the reIationshipDNA' The_ results are shown in Table I,_ where it can be.seen
between mutagénesis and DNA adduct induction in any tissuthat the high-dose treatment resulted in the accumulation of
of such treated animals was given in this report. In the preser%rge amounts 0fO®meG in both the liver and the bone

) arrow, the latter tissue accumulating approximately two-

Ztsu?g eV\;r?ehﬁ\é?\ Cexznménted eﬂ;eo??ﬂt@t?é%téoiﬁrg(Tis/;efsa\rI]vdelLonthirds of the adducts of the liver. Although changes in AGT
4 y yp ere not measured, given the pre-treatment levels of AGT in

marrow of AlacZ transgenic mice treated with procarbazine. . ;
; : . .~"AlacZ transgenic mice [5.1 fmqigg DNA for the liver and 0.7
\2,\(/)60 :;nd/kthaibce;r%gztizgugtzrr]]eraeft\?vrerf<|avzlidr?tllly I;[)rv?/g{rn;?'r?éinvt\gtg mol/ug DNA for the bone marrow (V.L.Souliotisetal,
gikg p ! ghtly npublished results)] it is likely that substantial depletion of

6. i var:
O*-meG accumulated in the bone marrow than the liver. his enzyme occurred in both tissues. The death of one of the

strong mutagenic response was induced only in the formel ;- e ated with low doses of procarbazine prevented the
tissue, and the spectrum of induced mutations was not dom'r}ﬁeasurement of the resulting adducts in this case

ated by the characteristic fingerprint @-meG (G:C-A:T

transitions). Mutant frequency analysis

) The remaining animals per group were killed 10 days after
Materials and methods the last treatment and mutant frequency in the lacZ transgene
Chemicals was determined in the liver and bone marrow. As can be

Samples of procarbazine hydrochloride were obtained from Hoffman La Rocheseen in Table I, no statistically significant increase in mutant

Basle and from the Drug Synthesis and Chemistry Branch, Developmentaﬁequency was observed in the liver after either treatment
Therapeutics Program, National Cancer Institute, USA. The drug was store : : : P
desiccated in an amber bottle at —20°C and dissolved (protected from ligh Ithough one animal in each case gave a particularly high

in physiological saline just before use. utant frequency value. In the bone marrow, a 5-fold increase
Animal treatment was observed in both animals treated withxXBD mg/kg

Male AlacZ transgenic mice (Mut&'Mouse) (16), 9-10 weeks old, purchased procarbaz_ine R < 0.005), Wh"e_ a much greater increase
from Hazleton, were maintained on normal laboratory chow. Groups of fouroccurred in each of the three animals treated wi#280 mg/
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Table I. Of-meG and mutations in liver and bone marrowMdcZ transgenic mice after treatment with procarbaine

Tissue Procarbazine 0f-meG (mean+ SD) pfux10° Confirmed  Mutant frequency Mutant frequency
treatment counted mutants (per®itiu) (per 16 pfu) mean (SD)
fmol/pug DNA umol/molG
Liver None Not detected Not detected 5.50 30 54 46 (10)
6.05 30 49
13.95 49 35
10%x20 mg/kg Not don Not doné® 3.88 12 31 83 (66)
5.70 35 61
2.03 32 157
5x200 mg/kg 28.0- 1.8 448+ 2.8 - - < 103 (53)
2.95 15 50
1.34 21 156
Bone marrow None Not detected Not detected 3.70 20 54 41 (22)
3.00 16 53
16.26 24 15
10%x20 mg/kg not donk Not doné& - - e 203 (7)
3.60 75 210
2.22 44 196
5X200 mg/kg 185-1.1 29.6+ 2.5 4.99 350 700 650 (76)
3.50 240 686
1.90 107 562

aMeasured 6 h and 10 days, respectively, after completion of treatment.
PNot measured due to death of animal.
®Not measured because of poor quality of extracted DNA.

kg procarbazine. The 16-fold average increase from-41
mutants/16 pfu to 650+ 76 mutants/1® pfu (P < 0.0005)  Table Il. Bone marrow lacZ mutants in mice treated with procarbazine
agrees well with the report of Myhr (21) who found a mutant (5200 mg/kg) and killed 10 days after last treatment

frequency of 772 mutants/$®fu 7 days after completion of
a similar treatment.

Mutant no. lacZ region Mutation Position Sequence

Sequence characterization of procarbazine-induced mutationst a C:G-TA 127 CTGGCGTAA
i : . . a G:C-TA 229 GCCGGAAAG
In view of the relatively small increase in bone marrow mutant 3 B C:G AT 487 CGGGCGCTG
frequency observed after the low-dose treatment, sequence B Insertion C 507-508  CCAGCGACA
characterization of the resulting mutations was impractical. On5 B C:G-TA 619 TCAGGATAT
the other hand, the 16-fold increase observed after the high® B AT-C:G 621 AGGATATGT
d treatment meant that almost all of these mutants werg B Deletion T oal GGCATTTTC
ose ! ) _ 2] B Deleton C 777 ACTACCTAC
probably induced by procarbazine and that their sequencey B AT-TA 785 CGGGTAACA
analysis could provide useful information for the assessmertto B Deletion C 830 GGCACCGCG
of the DNA lesions responsible for their induction. Thereforelé E g{gﬁzﬁfﬁr 1%?1 f\gﬁf—gf\\ﬁg
20 mutants from this group were randomly selected anci3 B Insertion TG 1164-1165 AGAATGCAAC
sequenced (Tables Il and Ill). The DNA sequence changegy B AT_GC 1210 GCTGTGGTA
found were all different from each other, indicating that theis B CGI-GC 1217, 1218 TACACGCTGT
mutants were derived from independent mutation events. AlL6 B AT-TA 1242 TGTATGTGG
possible types of single base substitutions were observed, B Deletion G 1480 TGAAGGCGG
Il as base insertions and deletions. The most freque B Insertion C 16311632 AATACCGCC
Well @ )] - quen B CG-TA 1652 AACAGTCTT
mutations were transitions (7/20), dominated by G&T 20 ® Deleton G 2034 ATGTCGCTC

changes (six out of the seven transitions, including three
mutations at CpG dinucleotides). Five transversions were
observed (including a GECG double substitution), as well procarbazine, have shown that repeated daily treatments result

as five deletions (four of which involved G:C pairs) and threein a steady accumulation @°-meG, which is reflected in the

insertions. This mutation spectrum is in broad agreement witlgidduct levels present at the end of the treatment period
that reported by Myhet al following the analysis of a much (11,26,27). FurthermoreQf-meG appears to have similar

smaller number of mutants (21). lifetimes in the liver and the bone marrow of the rat following
AGT-depleting doses of procarbazine or MNU, suggesting that
the relative adduct levels observed at 4 h post-treatment are
In an effort to investigate the mechanism of procarbazingepresentative of the overall adduct load of the two tissues
mutagenesis and to obtain an indication of the rol®®&meG  (11). Finally, the above series of studies has demonstrated a
in it, we examined adduct and mutation induction in the liverrelatively small animal-to-animal variation in the observed
and bone marrow ohlacZ transgenic mice after treatment adduct levels, typically involving a standard deviatig20%.

with multiple doses of this agentO®-Methylguanine was Thus, although adduct measurements in the present study were
measured 6 h after the last of five or 10 daily treatmentsobtained at only one time-point and in single animals, and
Previous studies with a number of methylating agents, includingherefore do not provide a basis for quantitative adduct-
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the mutation spectrum observed (Table Ill), in which G:&:T
Table Ill. Summary and comparison of spontaneous and procarbazine-  transitions (the fingerprint 008-meG miscoding) constitute

induced lacZ mutation spectra in bone marrow only 30% of the total. For comparison, it is noted that AGT-
. . depleting doses of the methylating ageNtsitrosodimethyl-
Type of mutation Mi,%?”;?g??gi) Myirroecta;t)a(‘;'ln)e mduceT?“s work amine orN-methylN-nitrosourea gave rise to 80% and 95%
n=20 n=38 n=20 G:C- AT transitions in the liver and the spleen, respectively,
= of lacl transgenic mice (28,32). As three of the six G:&:T
Transitions 16 2 Y mutations induced by procarbazine were at CpG sites, it is
G:C-AT 15 (149 1 6 (P . : )
AT - GC 1 1 1 possible that some or all of these might have arisen by
Transversions 2 6 5 deamination of 5-methylcytosine, thus decreasing the propor-
G.C-TA 2 - 1 tion of mutations likely to have derived from dire@f-meG
Sf?*?_f - ; 21 (double) miscoding even further. On the other hand, two of the remaining
AT CG ~ 2 1 G:C- AT mutations were at the’35 of pu-G dinucleotides
Deletions 2 _ 5 (a site known to be favoured faP®-meG mutagenesis) and
Insertions - - 3 can probably be attributed to this lesion. Although-meG

was the only adduct measured in the present study, it is expected
that other DNA adducts (particularld7-methylguanine and
N3-methyladenine) were also produced in substantial amounts
mutagenesis comparisons, they provide an adequate indicatialuring the multiple treatments. Furthermore, procarbazine is
of the relative magnitude of DNA damage that occurred in theknown to undergo a complex pattern of metabolism, which in
two tissues examined. addition to the production of methylating intermediate(s), also

Despite the fact that the liver accumulated the highest levelkeads to the formation of free radical species (9). If genotoxic
of 08-meG (up to 28.0+ 1.8 fmolfag DNA, corresponding to  species other than a methylating agent are also formed during
~53 000 residues dd®-meG per 10lacZ transgenes, after the the metabolism of procarbazine, they might well undergo
high-dose treatment), no statistically significant increase irsubstantial reaction with guanine (the most nucleophilic base
liver mutagenesis could be detected with either dosing regimerin DNA) and give rise to some of the G-centred sequence
It has been suggested that the induction of toxicity-related¢hanges observed. If alternative pathways of procarbazine
liver cell proliferation may be a necessary prerequisite formetabolism result in the addition to DNA of the bulky side
mutagenesis (28). Although no specific information on thechain attached to the second hydrazine nitrogen, the resulting
hepatotoxicity of procarbazine is available, the liver does notesions might, for example, account for the frequent observation
appear to be among the main targets of the toxicity ofof frameshifts at or next to G (seven out of eight insertions or
this compound, which are the gonads, the lung and theleletions), including four instances of frameshifts at GG
haematopoietic system (8). It thus seems possible that the lodinucleotides, sites known to favour polymerase slippage (33).
rate of liver cell proliferation after procarbazine treatment did A mixed mutation spectrum with a high proportion of
not favour the efficient conversion of these adducts intdframeshifts, especially those associated with polymerase slip-
mutations. page, is characteristically observed in mutants derived from

In contrast to what was observed with the liver, a dose-cells deficient in mismatch repair (34,35). Methylating agents
related increase in bone marrow mutagenesis was induced Isyich asN-methyl-N-nitrosourea are well known to readily
both procarbazine treatments employed. Thus, despite thmause mutational inactivation of mismatch repair genes in
accumulation after the high dose treatment of 30% lowemammalian cells, giving rise to mutants that, in addition to
amounts of O®-meG in the bone marrow than the liver being hypermutable, are methylation tolerant and thus would
(18.5* 1.1 fmoljug DNA, corresponding to 35 000 adduct have a growth advantage in a background of toxic methylation
residues per fransgenes), a 16-fold increase of mutagenesiisult (36). The mixed mutation spectrum and the relatively
over background was observed in the former tissue. The mudhigh frequency of frameshifts observed in this study (Table I11)
greater susceptibility of the bone marrow to procarbazinevould thus be compatible with the possibility of an additional
mutagenesis is probably due in part to its greater basal rate plthway of procarbazine mutagenesis involving the inactivation
cell proliferation. In addition, the bone marrow is a major of mismatch repair and subsequent generation of procarbazine-
target for the acute toxicity of procarbazine (8,29,30), whichresistant cells prone to replication errors. While compatible
is expected to lead to restorative cell proliferation and favouwith our observations and in line with known mutagenic
mutation fixation, thus accounting for the susceptibility of theproperties of methylating agents, this hypothesis would need
bone marrow to procarbazine mutagenesis. A number of studide be tested by specially designed experiments. An alternative
(reviewed in reference 8) have shown that the haematopoietjgossibility to consider is that the repetitive cycles of abortive
system is also a major target of procarbazine carcinogenesiismatch repair that take place on the strand oppd3fe
in the mouse. Interestingly, the same appears to be true in theeG (36), believed to be the main basis of the cytotoxicity of
monkey (31), in contrast to the rat where induction of leukaemiahis lesion, may give rise to DNA rearrangements in cells that
was relatively rare (8). survive this process.

In addition to the rate of cell proliferation being an important Mutations in theras oncogene have been detected in blood
factor that determines the relative tissue susceptibility tdeukocytes of patients who had undergone cytotoxic therapy
procarbazine mutagenesis, it is also possible that the accumulfnr lymphoma, which probably included procarbazine (38). Of
tion of O5-meG is not a good measure of the critical pre-the nine mutations found, seven were transversions (five
mutagenic damage induced by procarbazine, i.e. that miscoding:C- T:A, one G:C- C:G, one A:T- C:G and two A:T- G:C
by this lesion is not the primary mechanism of mutagenesisransitions). Although the small number of mutations character-
by this agent. Such an explanation would be compatible withzed and the uncertain nature of the administered chemotherapy
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do not permit any definitive conclusions, it is evident that this ~ Prough,R.A. (edsMetabolism and Action of Anti-cancer Drugsaylor

; ; and Francis, London, New York, Philadelphia, pp. 29-47.
mutation spectrum does not resemble the one observed in tqg.Wiestler,O., Kleihues,P., Rice,J. and Imankovic,S. (1984) DNA methylation

present StUdy' _On the other hand, the_ absenceasfgene_ in maternal, fetal and neonatal rat tissues following perinatal administration
G:C- A:T mutations is in concordance with the low proportion  of procarbazinel. Cancer Res. Clin. Oncol108, 56-59.

of such mutations in the present study and supports thél. Valavanis,C., Souliotis,V.L. and Kyrtopoulos,S.A. (1994) Differential
suggestion that direct miscoding l®5-meG may not be the effects of procarbazine and methylnitrosourea on the accumulatiof-of

) L . - methylguanine and the depletion and recovenO8falkylguanine—-DNA
main source of procarbazine-induced mutations. If confirmed alkyltransferase in rat tissueSarcinogenesisis, 1681-1688.

_by f_Ufther StUdieS_, this SUgg_e.S_tion migl’_‘t. ha_-VE' important 2 Newcomb,E.W., Bayona,W. and Pisharody,S. (198)ethylnitrosourea-
implications regarding the possibility of modification of chemo-  induced Kiras codon 12 mutations: early events in mouse thymic
therapeutic protocols involving procarbazine with the aim of lymphomasMol. Carcinogenesis 13, 89-95.

; ; ; ; ; ; ; .Devereux,T.R., Belinsky,S.A., Maronpot,R.R., White,C.M., Hegi,M.E.,
enhancing their therapeutic efficacy. Since there is evidence thaf Patel AC.. FoleydF. GroenwellA. and  AndersonMW.  (1993)

0%-meG 'cont_rlbl_JteslsubstantlaIIy to t.he toxicity of procqrbazme Comparison of pulmonar@®-methylguanine—DNA adduct levels and Ki-
(39,40), in principle it would be possible to enhance this drug’s  rasactivation in lung tumours from resistant and susceptible mouse strains.
cytostatic efficacy through the depletion of AGT, along lines Mol. Carcinogenesis8, 177-185.

similar to those currently the subject of extensive experimental4-Fong.L.Y.Y., JensenD.E. and MageeP.N. (1990) DNA methyl-adduct

; s ; : : _ dosimetry and OFf-alkylguanine-DNA  alkyltransferase  activity
studies and clinical trials with nitrosourea-based drugs (41)' determinations in rat mammary carcinogenesis by procarbazine and

However., in contrast to tr_]e Ie}tter drugs that_bring about their  methyinitrosoureaCarcinogenesisil, 411-417.
mutagenic effects primarily via DNA cross-links, rather than15.Fong,L.Y.Y., Bevill,R.F., Thurmon,J.C. and Magee,P.N. (1992) DNA adduct
Of-alkylguanine-type lesions, any enhancement of procarbaz- dosimetry and DNA repair in rats and pigs given repeated doses of

ine-induced O%-meG accumulation would carry with it the procarbazine under conditions of carcinogenicity and human cancer
chemotherapy respectivel@arcinogenesisl3, 2153—2159.

undesirable risk of a substantial increase in mutagenicity;g souliotisv.L.. Valavanis,C., Boussiotis, VA, Pangalis,G.A.  and
If, on the other handOf-meG plays only a minor role in Kyrtopoulos,S.A. (1994) Comparative dosimetry 6P-methylguanine
procarbazine mutagenesis, as implied by the results reported in humans and rodents treated with procarbaziacinogenesis 15,
here, such risks may be smaller than until now anticipated,  1675-1680.

. e L. : 17.Sagher,D., Karrison,T., Schwartz,J.L., Larson,R., Meier,P. and Strauss,B.
This would open the way to protocol modifications that might (1988) Low OS-alkylguanine-DNA alkyltransferase activity in the

be particularly V?-luable _in the treatment of brain tumours,  peripheral blood lymphocytes of patients with therapy-related acute
where procarbazine-mediated chemotherapy has not met with nonlymphocytic leukemiaCancer Res 48, 3084—3089.
the success that it has in the case of Hodgkin's lymphoma. 18.Souliotis,V.L., ~ Kaila,S., ~ Boussiotis,V.A.,,  Pangalis,G.A. ~ and

In conclusion, the data reported here indicate that the mouse KYrtopoulos,S.A. (1990) Accumulation dbf-methylguanine in human
! blood leukocyte DNA during exposure to procarbazine and its relationships

bone marrow is highly susceptible to procarbazine mutagenesis i gose and repaiCancer Res 50, 2759-2764.
and that mutations induced may not be primarily derived fromig. Lee,S.M., O’Connor,P.J., Thatcher,N., Crowther,D., Margison,G.P. and
direct miscoding byO8-meG. The molecular mechanism of  Cooper,D.P. (1994) Relationships between the formation Gt

the observed mutagenesis, and whether the same mechanismnethyldeogguanosine by frearboxyl-33 dimethylphenyliriazene in
. . . . . . an -alkylguanine—| alkyltransferase in human periphera
determines mutagenesis in genes involved in procarbazine leukocytes Cancer Res 54, 4072—4046.

carcinogenesis in man, are important questions that remain & pnilip,p.A, Souliotis,V.L., Harris, AL, Salisbury,A,, Tates,A.D.,
be elucidated. Mitchell,K., van Delft,J.H.M., Ganesan,T. and Kyrtopoulos,S.A. (1996)
Methyl DNA adducts, DNA repair, and hypoxanthine—guanine
phosphoribosyl transferase mutations in peripheral white blood cells
Acknowledgements from patients with malignant melanoma treated with dacarbazine and
hydroxyureaClin. Cancer Res 2, 303-310.
Myhr,B.C. (1991) Validation studies with MutaTMMouse: A transgenic
mouse model for detecting mutatiomsvivo. Environ. Mol. Mutagenesijs
18, 308-315.
22.Souliotis,V.L. and Kyrtopoulos,S.A. (1989) A novel sensitive ff-
References methyl andO®-ethyl guanine in DNA, based on repair by the enzy@fe
alkylguanine—DNA alkyltransferase in competition with an oligonucleotide
1.DeVita,V.T. (1981) The consequences of the chemotherapy of Hodgkin’s containingO®f-methylguanineCancer Res 49, 6996—7001.
disease: the 10th David A. Karnofsky Memorial Lectu@ancer 47, 1-13. 23.Gossen,J.A., de Leeuw,W.J.F., Tan,C.H.T., Zwarthoff,E.C., Berends,F.,
2.Bonadonna,G., Balagussa,P. and Santoro,A. (1985) Prognosis of bulky Lohman,P.H.M., Knook,D.L. and Vijg,J.(1989) Efficient rescue of
Hodgkin’s disease treated with chemotherapy alone or combined with integrated shuttle vectors from transgenic mice: A model for studying

The technical assistance of Irene Kolonti is gratefully acknowledged. This21
work was supported by a grant by the European Commission (contract no.™"
EV5V-CT91-0012).

radiotherapyCancer Sury 4, 439-458. mutationsin vivo. Proc. Natl Acad. Sci. US/86, 7971-7975.
3.Kaldor,J.M., Day,N.E. and Hemminki,K. (1988) Quantifying the carcino- 24.Mientjes,E.J., van Delft,J.H.M., op't Hof,B.M., Gossen,J.A., Vijg,J.,
genicity of antineoplastic drug&ur. J. Cancer Clin. Onco] 24, 703-711. Lohman,P.H.M. and Baan,R.A. (1994) An improved selection method for

4.Levine,E.G. and Bloomfield,C.D. (1992) Leukemias and myelodysplastic =~ AlacZ—phages based on galactose sensitifitgnsgenic Res3, 67.
syndromes secondary to drug, radiation and environmental exposur@5.Douglas,G.R., Gingerich,J.D., Gossen,J.A. and Bartlett,S.A. (1994)

Semin. Onco] 19, 47-84. Sequence spectra of spontaneous lacZ gene mutations in transgenic mouse
5.Lee,l.P. and Dixon,R.L. (1978) Mutagenicity, carcinogenicity and  somatic and germline tissueglutagenesis9, 451-458.

teratogenicity of procarbazin®lutat. Res 55, 1-14. 26.Souliotis,V.L., Valavanis,C., Boussiotis,V.A.,, Pangalis,G.A. and
6.Waters,D. and Stack,H.F. (1988) The short-term test activity profile for  Kyrtopoulos,S.A. (1996) Comparative study of the formation and repair

procarbazine hydrochlorid®lutagenesis3, 89-94. of OP-methylguanine in humans and rodents treated with dacarbazine.

7.Pedersen-Bjergaard,J., Specht,L., Olesen-Larsen,S., Ersboll,J., Struck,J., Carcinogenesisl?7, 725-732.
Hansen,M.M., Hansen,H.H. and Hissen,N.l. (1987) Risk of therapy-relate®7. Souliotis,V.L., Chhabra,S., Anderson,L.M. and Kyrtopoulos,S.A. (1995)
leukaemia and preleukaemia after Hodgkin's disease: Relation to age, Dosimetry of O%-methylguanine in rat DNA after low-dose, chronic
cumulative dose of alkylating agents, and time from chemothetamcet exposure to N-nitrosodimethylamine (NDMA). Implications for the
ii, 83-88. mechanism of NDMA hepatocarcinogenesarcinogenesis16, 2381-
8.International Agency for Research on Cancer (1981) Procarbazine 2387.
hydrochlorideJARC Monographs on the Evaluation of Carcinogenic Risks 28. Mirsalis,J.C., Provost,G.S., Matthews,C.D., Hamner,R.T., Schindler,J.E.,
to Humansno. 26. IARC, Lyon, France. O’Loughlin,K.G., Macgregor,J.T. and Short,J.M. (1993) Induction of
9.Prough,R.A. and Tweedie,D.J. (1987) Procarbazine. In Powis,G. and hepatic mutations in lacl transgenic middutagenesis8, 265—-271.

2195



V.Pletsaet al.

29.Romagna,F., Matsumura,H., Watanabe,M., Kato,T., Shirasu,Y., Ohmori,K.,
Yamada,H. and Sasaki,Y.F. (1992) Micronucleus evaluation in peripheral
blood reticulocytes of mice treated with procarbazine hydrochloride or
mitomycin C.Mutat. Res 278 197-204.

30.Romagna,F. and Schneider,B.M. (1990) Comparison of single/multiple-
dose protocols using triethylenemelamine and procarbazine hydrochloride
for the mouse bone marrow micronucleus tésttat. Res 234 169-178.

31.Thorgeirsson,U.P., Dalgard,D.W., Reeves,J.and Adamson,R.H. (1994)
Tumor incidence in a chemical carcinogenesis study of nonhuman primates.
Regul. Toxicol. Pharmacgl19, 130-151.

32.Provost,G.S., Kretz,P.L., Hamner,R.T., Matthews,C.D., Rogers,B.J.,
Lundberg,K.S., Dycaico,M.J. and Short,J.M. (1993) Transgenic systems
for in vivo mutation analysisMutat. Res 288 133-149.

33. Streisinger,G. and Owen,J. (1985) Mechanisms of spontaneous and induced
frameshift mutation in bacteriophage T@enetics 109, 633-659.

34.Malkhosyan,S., McCarty,A., Sawai,H. and Perucho,M. (1996) Differences
in the spectrum of spontaneous mutations inhipet gene between tumor
cells of the microsatellite mutator phenotypéutat. Res 316, 249-259.

35.Hess,P., Aquilina,G., Dogliotti,E. and Bignami,M. (1994) Spontaneous
mutations ataprt locus in a mammalian cell line defective in mismatch
recognition.Somat. Cell Mol. Gengt20, 409-421.

36.Karran,P. and Bignami,M. (1994) DNA damage tolerance, mismatch repair
and genome instabilityBioassays16, 833—839.

37.Carter,G., Hughes,D.C., Clark,R.E., McCormick,F., Jacobs,A.,
Whittaker,J.A. and Padua,R.ARas mutations in patients following
cytotoxic therapy for lymphomadncogene5, 411-416, 1990.

38.Schold,S.C., Brent, T.P., Vonhofe,E., Friedman,H.S., Mitra,S., Bigner,D.D.,
Swenberg,J.A. and Kleihues,P. (198%-Alkylguanine-DNA alkyltrans-
ferase and sensitivity to procarbazine in human brain-tumour xenografts.
J. Neurosurg 70, 573-577.

39.Bobola,M.S., Blank,A., Berger,M.S. and Silber,J.R. (1995) Contribution of
Of-methylguanine—-DNA methyltransferase to monofunctional alkylating-
agent resistance in human brain tumor-derived cell lindol.
Carcinogenesisl3, 70-80.

40.Gerson,S.L. and Willson,J.K. (199%)-alkylguanine-DNA alkyltrans-
ferase. A target for the modulation of drug resistartdematol. Oncol.
Clin. N. Am, 9, 431-450.

41.Pegg,A.E., Dolan,M.E. and Moschel,R.C. (1995) Structure, function and
inhibition of Of-alkylguanine-DNA alkyltransferasé®rog. Nucl. Acid.
Res. Mol. Biol, 51, 167-223.

Received on June 3, 1997; revised on July 23, 1997; accepted on August 4, 1997

2196



