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Fig. 1. Structure of CMSOEN,.

concentrations of CMSOEN; dissolved in sterile water were then added.
After a 2-h drug exposure, the medium was removed and the cells were
grown for an additional 10 to 14 days. The dishes were rinsed with
PBS, fixed with methanol, and stained with crystal violet. Colonies
(>50 cells) were counted. Surviving fraction was calculated as the ratio
of cloning efficiencies of treated and untreated cells. The plating effi-
ciencies of untreated cells were absent 70, 40, and 80% for M4 Beu,
M3 Dau, and B16 cells, respectively.

Radioactivity Cellular Uptake and Incorporation into Macromolecules.
Exponential growth phase cells were incubated at 37°C in 90-mm
plastic Petri dishes with culture medium containing 50 um ['*C]
CMSOEN,. At regular time intervals, the labeled drug-treated cells
were rinsed with ice-cold PBS, then gently scraped in buffer with a
rubber policeman. The cell suspension was counted (hemocytometer)
and centrifuged, and the pellets were suspended in 1 ml of PBS. Two
equal aliquots of the cell suspension were poured onto Whatman GFB
glass fiber filters, which were washed 3 times either with 5 ml of PBS
for cell radioactivity uptake determination or 5 ml of 15% trichloroa-
cetic acid for measurement of radioactivity incorporation into macro-
molecules. Filter radioactivity was counted after addition of 1 ml of
Soluene and 10 ml of Instafluor in a Tri-Carb 4530 liquid scintillation
spectrometer (Packard, Downers Grove, IL). Cell volumes were deter-
mined in a Coulter counter (Coulter Electronics, Hialeah, FL) accord-
ing to the manufacturer’s instructions. Radioactivity amounts, ex-
pressed as pmol drug equivalent per ul cell, were calculated from the
cell volume, the specific activity of the drug, and the radioactivity of
the filters.

Assay of DNA Damage by Alkaline Elution. Determination of DNA
interstrand cross-links and strand breaks was performed by alkaline
elution (20). Briefly after DNA labeling with ['*C]- or [*H]thymidine,
experimental '“C-labeled cells either remained without any treatment
or were exposed to drug for 2 h (25 to 100 um) followed by a 3-Gy
X-ray irradiation, or were directly X-ray-irradiated. The *H-labeled
internal standard cells were all 3 Gy X-ray irradiated to study DNA
lesion formation or removal kinetics. ['*“CJCMSOEN,-treated cells were
postincubated in drug-free medium from 0 to 24 h. For elution analysis,
cell suspension in PBS-EDTA solution, pH 7.4, were layered onto 0.8-
um pore-size polycarbonate filters (Nucleopore Corp., Pleasanton, CA);
lysed with a 0.02 M EDTA solution, pH 9.7, containing 2% sodium
dodecyl sulfate and 0.5 mg/ml proteinase K (Boehringer-Mannheim,
Meylan, France); and washed with a 0.02 m EDTA solution, pH 10.
DNA was eluted from filters at a flow rate of 35-40 ul/min with a 0.02
M EDTA solution containing 0.1% sodium dodecyl sulfate and adjusted
to pH 12.1 with tetrapropylammonium hydroxide. Fractions were
collected every 90 min. The radioactivity of fractions, filters, and
washings was determined and results expressed using the computation
model described by Ewig and Kohn (10).

Determination of O°%-Methylguanine-DNA Methylitransferase Activ-
ity. Cells were harvested by trypsinization, washed twice in PBS, and
then suspended (10® cells/ml) in a buffer containing 70 mm N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid (pH 7.6), 50 mm
NaCl, 1 mm EDTA, 1 mm dithiothreitol, and 10% glycerol. Protease
inhibitors were added to the cell suspension (20 ug/ml each of antipain,
leupeptin, and aprotinin), and the cells were disrupted by sonication at
0°C. Cell extracts were centrifuged at 12,000 X g for 10 min at 4°C,
and the transferase activity was measured by incubating aliquots of the
supernatant with [PHJ]MNU-treated DNA, prepared as already de-
scribed, and by measuring the disappearance of O°-methylguanine from
this substrate (21). Briefly, the incubation mixture contained (for a final
volume of 100 ul) 70 mm N-2-hydroxyethyl-piperazine-N’-2-ethanesul-
fonic acid, pH 7.6, 1 mm EDTA, 1 mm dithiothreitol, 5 ug of [*H]
MNU-treated DNA (100 nmol of O%-methylguanine), and increasing
amounts of cell extracts. Incubation was carried out for 20 min at 37°C,

the substrate was then acid hydrolyzed, and the remaining O®-methyl-
guanine was measured by high-pressure liquid chromatography (22).

RESULTS

The CMSOEN, sensitivity of the 3 cell lines was determined
by the colony-forming assay. Cell survival in a drug concentra-
tion range of 10 to 100 uM, was related to the origin of the cell
line used (Fig. 2). The B16 murine melanoma cells were much
more susceptible to the cytotoxic effect of CMSOEN, than its
2 human counterparts. The least sensitive were the human M4
Beu cells, while M3 Dau cells showed an intermediate sensitiv-
ity. By comparing equitoxic doses, M4 Beu cells and M3 Dau
cells appeared to be, respectively, about 9-fold and 5-fold more
resistant than B16 cells. These data led us to investigate whether
cytotoxicity could be dependent on a different cell drug and/or
metabolite uptake.

Using CMSOEN; labeled with '*C on the chloroethyl part
(50 uMm), a time course of cell uptake and incorporation of drug-
derived radioactivity into macromolecules was determined for
each cell line (Fig. 3). Total radioactivity uptake at 37°C was
rapid during the first 2 h of incubation, then increased slowly
for the next 6 h. Surprisingly the least sensitive M4 Beu cells
concentrated the radioactivity more readily than did the 2 other
lines. After a 2-h drug exposure, the mean cellular concentra-
tions expressed as drug equivalents/ul cell volume were 700,
260, and 150 pmol for M4 Beu, M3 Dau, and B16 cells,
respectively. The very susceptible murine B16 cell line in the
colony-forming assay showed the lowest uptake; once more the
human amelanotic melanoma M3 Dau cell line occupied an
intermediate position. After 6 h, the cell/medium distribution
ratios were about 26, 15, and 9 for M4 Beu, M3 Dau, and B16
cell lines, respectively. The kinetics of radioactivity incorpora-
tion into the acid-precipitable material perfectly mimicked that
of total drug-derived radioactivity uptake. It was noteworthy
that after 30 min as well as after 15 min almost all cellular
radioactivity was bound to acid-precipitable macromolecules,
the most resistant cells incorporating the highest amount of
drug equivalents (Fig. 3).

In order to correlate cell sensitivity to DNA repair damage,
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Fig. 2. Inhibition of the colony-forming ability of M4 Beu (@), M3 Dau (W),
and B16 (A) melanoma cells after exposure to varying concentrations of
CMSOEN,; for 2 h at 37°C. Mean * SD (bars) of 3 independent determinations.
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Fig. 3. A time course of the total radioactivity uptake (—) and macromolecule
incorporation (- - - -) by M4 Beu (@), M3 Dau (W), and B16 (A) melanoma cells

after a 2 h [ethyl-'*CJCMSOEN; exposure (50 uM). Mean + SD (bars) of 4
independent determinations.

we compared DNA alkaline elution rates of '*C-labeled cells,
which received only a 3-Gy irradiation or a 2-h drug treatment
(100 um) without postincubation in drug-free medium (¢ = 0 h)
plus a 3-Gy irradiation (Fig. 4). Treated M4 Beu and M3 Dau
cells did not show a significant decrease in their DNA elution
rate, which paralleled that of control cells. By contrast, DNA
of similarly treated B16 cells eluted from the filter at a slightly
lower rate. This phenomenon was more pronounced after a

12-h drug-free postincubation and at this time no evidence of
cross-link formation in DNA was obtained for M4 Beu cells,
but a reduction in the elution rate was noted for M3 Dau cells.
Compared with M4 Beu cells and, to a lesser extent, M3 Dau
cells, a marked decrease in DNA elution rate was observed in
murine B16 cells. Analysis of the curves confirmed the high
frequency of drug-induced cross-links in B16 cells that accu-
mulated during the 12 h postincubation in drug-free medium.
After a 12- to 24-h postincubation, there was an apparent
elimination of cross-links (Fig. 5). The DNA cross-link forma-
tion rate in M3 Dau cells, although much lower than that found
in murine cells, was also maximum after a 12-h postincubation.

In the case of M4 Beu cells, whatever the postincubation time,
DNA elution rate was similar to that of DNA control cells.

Using this assay, DNA cross-link frequency was in decreasing
order as follows: B16 > M3 Dau > M4 Beu. It was, however,

difficult to analyze and compare accurately the kinetics of DNA

strand break formation in each cell line. Indeed, the fact that

DNA cross-link frequency differed widely from one cell to

another could mask the exact number of drug-induced strand

breaks. Nevertheless, the plots (Fig. 4) of elution rate of treated

and unirradiated cells without postincubation period (¢t = 0 h)

showed an evident increase of DNA elution in the 3 cell lines.
At the time of drug removal from the medium, DNA B16 cell
elution rate was likely to be underestimated by the early ap-
pearance of DNA cross-links. It was clear through that
CMSOEN; induced DNA strand breaks in all 3 cell lines.
Despite that, the interpretation of the DNA strand break or
removal frequency was neither misleading nor critical for hu-
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Fig. 4. Alkaline elution assay for CMSOEN;-induced DNA damage in M4 Beu, M3 Dau, and B16 melanoma cells. Treatments as indicated.
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Fig. 5. Plots of DNA interstrand cross-link frequency versus time of drug-free
postincubation. M4 Beu (@), M3 Dau (M), and B16 (A) melanoma cells. Results
expressed as Gy equivalent.
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Fig. 6. Removal of O*-Me-Gua from [PHJMNU alkylated DNA by M4 Beu
(@), M3 Dau (W), and B16 (A) melanoma cell extracts.

man M4 Beu cells. Since they did not show significant cross-
link formation in the alkaline elution assay, changes in DNA
elution rate could be fully attributable to DNA strand break
lesions. When expressed in Gy equivalents, DNA strand break
frequency decreased from 0.47 just after drug removal to 0.08
after a 24-h postincubation time in drug-free medium, a value
near that of the control level. This provided good evidence for
a repair of this type of lesion by human M4 Beu cells. The
monoadduct formation first produced by a rapid reaction of the
choloroethyl carbocation *CH,CH,Cl with a nucleophilic site
of purine or pyrimidine DNA bases involved the O°®-methyl-
guanine-DNA methyltransferase activity. In an attempt to find
a correlation between cell killing effect and DNA cross-link
frequency in the 3 cell lines, the transferase activity was meas-
ured in exponentially growing M4 Beu, M3 Dau, and B16 cells.
Fig. 6 shows the number of O%-methylguanine residues removed
from the alkylated substrate by increasing amounts of extracts
of the 3 cell lines: M4 Beu cells and to a lesser extent M3 Dau
cells were able to remove the O°-methylguanine residues,
whereas no significant activity was detectable in B16 cells. The
number of transferase molecules per cell was calculated from
the linear part of the curves: 62,600 + 3,400, 32,100 + 920,
and <500 for M4 Beu, M3 Dau, and B16 cells, respectively.

DISCUSSION

Preclinical screening including several murine models
showed the good activity of CMSOEN;, a newly synthesized

2-chloroethylnitrosourea, against a variety of ascitic or solid
tumors implanted in mice (4, 5). The s.c. grafted B16 mela-
noma, in particular, proved to be very sensitive to the anticancer
properties of the drug. However, in the preliminary Phase I and
II clinical trials, a variability in the drug response rate for
patients suffering from advanced malignant melanoma was
observed.* In order to define more precisely the mechanism by
which CMSOEN, acted at the cellular level, we studied its
effect on several biological and biochemical parameters in mel-
anoma lines of different origin maintained in cell culture: the
murine B16 and 2 human melanoma M4 Beu and M3 Dau cell
lines. In the colony-forming assay, the murine B16 cells exhib-
ited the highest sensitivity to drug treatment with a surviving
fraction close to 0.1% at the 50 um dose. These data were
consistent with the excellent CMSOEN, activity observed with
experimental tumor model in vivo. The relative drug resistance
to treatment showed by the 2 human-derived cell lines, espe-
cially M4 Beu cells, could not be explained by a defect in cell
incorporation of drug and/or metabolites. Indeed, we found
that drug-derived radioactivity was taken up by cells and incor-
porated into macromolecules at a rate inversely proportional to
that expected from the survival curves obtained from the colony-
forming assay. Therefore, no correlation appeared between the
extent of cell killing and the drug or metabolite concentrations.
We do not intend to develop here the mechanism by which
2-chloroethylnitrosoureas are supposed to act at the DNA level.
Several well-documented reports have been published in this
field (8, 11, 13). Investigations on CMSOEN,-induced DNA
damage and repair using the alkaline elution method showed
that drug cell sensitivity was essentially related to DNA cross-
link frequency and thus confirmed the importance of this type
of DNA lesion in the manifestation of the cytotoxic effects
produced by chloroethyl agents. From our data, it was evident
that the 3 melanoma cell lines studied did not possess the same
ability to repair certain DNA lesions. To our knowledge, com-
parison of the extent of DNA damage and the repair mechanism
of murine and human malignant melanoma cells have not yet
been published. Using other murine or human cell line strains,
several authors have shown that O®-alkylguanine-DNA alkyl-
transferase activity was directly implicated in the repair of
DNA damage induced by different alkylating drugs, including
methylating agents (/N-methyl-NV’-nitroso-N-nitrosoguanidine,
MNU), 2-chloroethylnitrosoureas [1,3-bis(2-chloroethyl)-1-ni-
trosourea), and other chloroethylating compounds such as de-
rivatives of the 2-chloroethyltetrazinone series (May & Baker
Ltd., London 39565) (23-26). Of the cell lines studied, only
murine B16 melanoma presented an important defect in the
repair ability of DNA lesions produced by alkylating agents. As
stated by Lindahl (27, 28), human cells are more proficient at
repairing DNA damage than cells derived from mice or other
short-lived animals. A similar observation was also made by
Harris et al. (29) in a study that compared the extent of DNA
repair in normal murine (spleen, thymus, bone marrow) and
human lymphocytes treated with methylating carcinogens. Day
et al. (30) defined a classification between Mer~ and Mer*
phenotypes in human cell lines on the basis of their ability to
counteract the DNA biochemical lesions induced by this class
of anti-cancer agents. Although numerous published data exist
on the effect of alkylating drug DNA upon murine and human-
derived cell lines maintained in culture (31, 32), little informa-
tion is available regarding the O%-alkylguanine-DNA alkyltrans-

*K. Triana, P. Chollet, J-L. Misset, et al. Preliminary Phase 1/11 trials of a
new (2-chloroethyl) nitrosourea (CMSOEN;), manuscript in preparation.
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ferase activity in human normal and tumoral cell or tissue
extracts. Waldstein er al. (33), in a study dealing with the level
of this DNA repair protein in chronic lymphocytic leukemia
and its ability to remove O°®methylguanine, have found a 7-
fold greater activity in B lymphocytes of patients than in the
counterparts of normal individuals. Wiestler et al. (34) and
Myrnes et al. (35) compared the O®-alkylguanine-DNA alkyl-
transferase activity in human brain tumors and corresponding
peripheral normal tissue and did not find particular differences
between normal and pathological brain enzyme concentration.
Moreover, expression of the protein in other normal tissues
differed slightly from one patient to another. As an exception
to the above-described findings, significantly lower levels of
repair protein in some histological types of brain tumors
(gliomas) were described (one case of hepatocellular carcinoma
and one of hypernephroma). A recent review of D’Incalci et al.
(36) pointed out the discrepancies observed by several authors
between the Mer phenotype of human transformed or derived
cell lines, and those found in tumors removed after surgery.
According to them, about 30% of human cells maintained in
culture posses the Mer~ phenotype. These data suggest that
culture conditions could perhaps favor the selection or the
development of cell populations either overproducing O°®-alkyl-
guanine-DNA alkyltransferase or lacking this repair protein
(37). The murine B16 line was selected for its high drug sensi-
tivity in preclinical screening (5). M4 Beu and M3 Dau mela-
noma cells were included in this study as human models, the 2
cell lines showing different biological characteristics (18, 38).
Interestingly, among 10 patients suffering from advanced ma-
lignant melanoma and submitted to CMSOEN, treatment in
preliminary clinical trials, 2 of those having received heavy
prior chemotherapy, including alkylating agents such as
1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea, 5-(3,3-dimethyl-
1-triazeno)imidazole-4-carboxamide, and platinum derivatives,
demonstrated good drug sensitivity. According to the WHO
classification, one patient presented a partial response (brain
metastasis) and the other a complete response (skin, liver, and
bone metastasis). These results seem perhaps contrary to the
concept of an inductive mechanism of OS%-alkylguanine-DNA
alkyltransferase production by certain chemical agents (36), but
a survey of the recent literature concerning the tumor resistance
to a number of anticancer drugs shows that this problem is far
from being elucidated. The present data underline the difficulty
of correctly correlating the in vitro and in vivo situations and
also the great complexity of research in this field. However, the
Mer phenotype of a tumor is obviously one of the biochemical
parameters that could be responsible for resistance to 2-chlo-
roethylnitrosoureas. An early knowledge of the tumor pheno-
type responsible for 2-chloroethylnitrosourea resistance could
assist in the selection of the treatment having the best chance
of success in patients suffering from certain types of cancer
diseases (39, 40). Another promising topic of investigation
would be the design of specific inhibitors able to selectively
lower or suppress O°®-alkylguanine repair in Mer* tumoral
tissues.
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