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ABSTRACT
The majority of human tumor cell lines are proficient in the repair of
guanine 0'-alkylations (designated Mer*) and are thus capable of pre

lines to the cytotoxic effects of mitozolomide. These results indicate that
a combination of Streptozotocin pretreatment followed by mitozolomide
may be useful in the treatment of human cancer.

INTRODUCTION
Chloroethylating agents such as the chloroethylnitrosoureas
are thought to exert their antitumor activity by an initial chloroethylaiion at position ()'' of guanine which is followed by a
series of reactions that leads to a DNA interstrand cross-link
with a cytosine on the opposite strand (1). Cells that are
proficient in the repair of guanine 06-alkylations (Mer*) do not
allow DNA interstrand cross-links to form and are resistant to
the cytotoxic effects of CLETNU2 (2). In contrast, cells that
are deficient in the repair of guanine 06-alkylation (Mer~) allow
DNA interstrand cross-links to form and are sensitive to the
cytotoxic effects of CLETNU (2,3). We have previously shown
that Mer" cells are also sensitive to the effects of 8carbamoyl-3-(2-chloroethyl)-imidazo[5,1
-d]-1,2,3,5-tetrazin4(3//)-one (mitozolomide), whereas Mer* cells are resistant (4,
5), and this again correlates with the presence of DNA inter
strand cross-links in Mer~ cells and their absence in Mer* cells
(4, 5). Hence, although the route of production of chloroeth
ylating species is different for each of these agents their mech
anism of action is thought to be similar (4,6,7). Mitozolomide,
however, has been shown to produce a 4-fold higher peak
plasma level that the CLETNU (in terms of area under the
curve) in both mice and humans (8). Furthermore, mitozolom
ide was found to have marked antitumor activity against human
melanomas, sarcomas, and lung and colon cancers in both the
6-day subrenal capsule assay in immunocompetent mice and
on S.C.growing tumors in athymic nude mice (9). Additionally,
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tried to circumvent the natural resistance of such
cells by saturating out this repair activity. We
reported that pretreating Mer* cells with the

methylating agent MNNG sensitizes them to the effects of
chloroethylating agents (13) and in particular mitozolomide
(5), but not to other alkylating agents that react primarily at
position JV7 of guanine (14). In addition, this pretreatment
allowed DNA interstrand cross-links to form in Mer* cells
where previously they had been undetected (5, 13). Because of
its high carcinogenic potential, the utilization of MNNG in the
clinic is not likely, so we have thus searched for clinically useful
alternatives which may sensitize resistant cells to the effect of
mitozolomide.
STZ appears an ideal alternative to MNNG; it has antitumor
activity in its own right (15), and is capable of methylating
position O6 of guanine in rat tissue DNA (16). Repair of
guanine O6-methylations is thought to be important in saturat
ing out O6-alkylguanine DNA alkyltransferase in human cells
(13). In this study we would like to report that pretreatment of
Mer* cells with the methylating agent STZ sensitizes these cells
to the cytotoxic effects of mitozolomide. The possible use of a
methylating agent pretreatment followed by a chloroethylating
agent in the clinic will be discussed in light of our results.
MATERIALS

AND METHODS

Cell Culture. HT-29, a human colon carcinoma cell line, was origi
nally isolated by J. Fogh (17). IMR-90, a normal human fibroblast cell
line derived from embryonic lung, was obtained from W. Nichols,
Institute of Medical Research, Camden, NJ. A2182, a human lung
carcinoma, and A37S, a human melanoma, were obtained from R. Day,
Laboratory of Molecular Carcinogenesis, National Cancer Institute,
Bethesda, MD. All cells were cultured for alkaline elution studies, and
colony formation assays, in a similar manner to that described previ
ously (3-5).
For alkaline elution studies the DNA of all cells was labeled by
growing the cells in 0.02 jiCi [l4C]thymidine/ml (New England Nuclear;
specific activity, 52 mCi/mmol). L1210 mouse leukemia cells, which
were used as internal standards in the alkaline elution assays, were
grown in suspension culture in RPMI 1630 supplemented with 15%
heat inactivated (60Â°C,45 min) fetal bovine serum. The DNA of LI 210
cells was labeled by growing 3 x 10s cells/ml for 20 h in RPMI 1630
supplemented with 0.05 uCi [3H]thymidine/ml (New England Nuclear,
specific activity, 20 Ci/mmol) and 10"' M unlabeled thymidine.
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venting the cytotoxic effects of chloroethylating agents. It has been
proposed that in these cells guanine 0*-chloroethylations are rapidly
removed by the enzyme 06-alkylguanine DNA alkyltransferase before
the formation of DNA interstrand cross-links can occur. In this study
pretreatment of four Mer* human cells (A2182 lung carcinoma, A375
melanoma, HT-29 colon carcinoma, and IMR-90 normal lung fibroblasts)
with the DNA methylating agent Streptozotocin apparently saturates the
monoadduct repair system and allows mitozolomide to form interstrand
cross-links in these cells. The inhibition of the alkyltransferase results
in the continued presence of guanine O'-chloroethylations which then
undergo a series of reactions that lead to DNA interstrand cross-link
formation. As observed by colony forming assays, Streptozotocin pretreatim-iit causes a dramatic increase in the sensitivity of these four Mer* cell

mitozolomide retains antitumor activity when administered by
the p.o. route (10). These results suggested that mitozolomide
may have distinct advantages over the CLETNU currently used
in the clinic.
In contrast to their activity in animal tumors, CLETNU have
proved somewhat disappointing in the clinic with a general
overall response rate of around 20-30% (11). It appears that a
major reason for this failure may be due to the finding that the
majority of human tumor cells, as well as normal human cells,
have guanine O6-alkyIguanine DNA alkyltransferase activity.
In fact, 70-80% of all human cells tested for this repair activity
are Mer* (12). This repair protein is known to react in a
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Drug Treatment. Mitozolomide was a gift of Professor M. F. G.
Stevens, Department of Pharmacy, University of Aston, Birmingham,
England. Streptozotocin (NSC 805998) was obtained from the Drug
Developmental Branch, Developmental Therapeutics Program, Na
tional Cancer Institute, Bethesda, MD. In all cases a I-h Streptozotocin
drug exposure and a 2-h mitozolomide drug exposure were used. The
pretreatment protocol has previously been described in detail (5, 13).
Alkaline Elution. The alkaline elution procedure used in these exper
iments has been described in detail, and recently reviewed (18). Two
modifications of the procedure were used.
In summary, DNA interstrand cross-links were detected by the
following procedure. Cells were irradiated at O'C with 300 rads yirradiation from a l37Cssource (J. L. Shepherd Co., Glendale, CA; dose
rate, 314 R/min). 3H-L1210 internal standard cells which had received
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Fig. 1. Inhibition of colony forming ability of A2182, A37S, IMR-90, and
HT-29 cells by Streptozotocin. Points, average of 2 independent experiments of
18 or more replicate plates; bars, SD of the STZ pretreatment concentration of
3 independent experiments.

concentrations of STZ may reflect the different levels of guanine 06-aIkylguanine DNA alkyltransferase activity that is

where r is the retention of the DNA that was pretreated with a
methylating agent, followed by mitozolomide treatment, and irradiated,
and r0 is the retention of the DNA that was treated with a methylating
agent only and irradiated (13, 19). To express cross-linking frequency
in rad equivalents, the following equation was used:
Cross-link frequency (rad equivalents)

1.0

- 1 x 300 rads

(plus equivalents of methylating agent induced single strand breaks). In
this manner, the single strand breaks introduced by the pretreatment
dose of methylating agent are being taken into account (19).
Colony Forming Assays. IMR-90 cells and A375 were seeded in 25cm2 plastic flasks (Corning Glass Works, Corning, NY), and HT-29
and A2182 were seeded in 25-cm2 plastic flasks (Costar, Cambridge,
MA). The details of the colony formation assays have been described
previously (3-5).

RESULTS
In the following experiments, our working hypothesis was
that STZ pretreatment of Mer* cells would increase the cytotoxocity of mitozolomide by inhibiting a DNA repair process
in resistant cells and concurrently allowing mitozolomide to
induce DNA interstrand cross-links in these cell lines. We have
previously shown that 1 HIM STZ only slightly increased the
cell kill produced by CLETNU in HT-29 (Mer+) cells with no
apparent increase in DNA interstrand cross-linking. In this
study we have found that the choice of STZ concentration used
in pretreating \U-r ' cells is critical for the observed increase in
cell kill and detection of DNA interstrand cross-links.
The inhibition of the colony forming ability of four Mer+ cell
lines by STZ is shown in Fig. 1. We have found that each cell
line has a different sensitivity to STZ. For example, the con
centrations required to produce a 50% inhibition in the colony
forming ability of A2182, A375, IMR-90, and HT-29 cells are
1.2, 2.3, 2.6, and 4.2 HIM, respectively. Based on these results
we have used the following pretreatment concentrations; 1.25
HIMfor A2182 cells, 2 HIMfor A375 cells, and 2.5 HIMfor both
IMR-90 and HT-29 cells. The need for the use of different

thought to exist in Mer cell lines
are in agreement with the levels
alkyltransferase found in the A2182
Fig. 2 shows the cytotoxicity of
human MIT' cell lines and compares

(20). Indeed, these results
of 06-alkylguanine DNA
and HT-29 cells (21).
mitozolomide to the four
them with the cytotoxicity

of mitozolomide after STZ pretreatment. In all cases there was
at least a I-log synergistic increase in the toxicity of mitozolom
ide following STZ pretreatment. These survival curves have
been normalized for any cytotoxicity produced by STZ alone.
To test the ability of STZ to inhibit the O6-alkylguanine DNA
alkyltransferase repair system, the following experiments were
carried out: all four cell lines were treated for l h with the
indicated concentration of STZ, drug was then removed, and
each cell line was exposed to mitozolomide for 2 h. Cells were
then incubated in drug-free medium for 6 h to allow formation
of mitozolomide induced cross-links. The formation of DNA
interstrand cross-links directly reflects the continued presence
of guanine 06-chloroethylations due to the inhibition of the
repair activity. As can be seen from Fig. 3, STZ pretreatment
allowed mitozolomide to induce DNA interstrand cross-links
in each cell line where previously none had been observed.
These data can be seen more clearly in Table 1, which shows
the cross-link index in rad equivalents induced by mitozolomide
in each of the four cell lines, either with or without STZ.
DISCUSSION
Mitozolomide is a new chloroethylating agent which is cur
rently undergoing clinical trials in Europe. Its mechanism of
action appears to involve chloroethylation of DNA, since cell
lines which are deficient in the repair of guanine 06-alkylations
are sensitive to mitozolomide, whereas cell lines which are
proficient in the repair are resistant (4, 5). Mitozolomide and
CLETNU thus appear similar in that they require a chloroeth
ylation at position O6 of guanine to elicit their cytotoxic effect
(22). The presence of a O6-alkylguanine DNA alkyltransferase
repair activity in human tumor cells may make these cells
resistant to the effects of chloroethylating agents (2, 3). Rufus
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300 rads on ice were added to the cell suspension. Elution conditions
were as follows. Cells were layered onto 0.8 urn pore size polycarbonate
filters (Nucleopore, Pleasanton, CA), lysed with 2% sodium lauryl
sulfate containing 0.1 M glycine, 0.02 M EDTA, pH 10.0, and digested
with 2 ml of 0.5 mg proteinase k/ml in lysis solution (EM Laboratories,
Darmstadt, Federal Republic of Germany); and the DNA was eluted
from the filters by pumping a 0.02 M EDTA solution, adjusted to pH
12.1 with tetrapropylammonium hydroxide (RSA Corp., Elmsford,
NY) and containing 0.1% sodium lauryl sulfate, through the filters at
approximately 6 ml/h. Five 1-h fractions were collected and DNA
interstrand cross-linking indices were calculated using the equation:
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against the survival of cells exposed to STZ alone. Points, mean of 3 independent experiments and of at least 27 or more replicate plates; bars, SD.
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Fig. 3. Alkaline elution assays to test for the formation of DNA inters! rand cross-links after mitozolomide treatment with or without STZ pretreatment. Panels
and concentrations are as indicated. These profiles are taken from one experiment and are representative of at least three independent experiments.

Day and colleagues at the National Cancer Institute have now
tested approximately 90 human cell lines and found that 7080% of all cell lines tested are of the Mer+ phenotype.3 Fur

is the fact that the CLETNU have a general response rate of
around 20-30% (11). Recent work has shown that pretreatment
of the resistant Mer+ cells with methylating agents can sensitize

thermore, Myrnes et al. (23) have recently shown that only 5
of 24 tumors isolated have low O6-alkylguanine DNA alkyl-

these cells to the effects of chloroethylating agents (5, 13). In
this study we have reported that pretreatment of Mer+ cells
with STZ, an agent that can methylate position O6 of guanine
(16), thereby depleting the O6-alkylguanine DNA alkyltransfer-

transferase levels. From these data, it would be expected that
in the clinical situation 70-80% of all human tumors would be
resistant to the effects of chloroethylating agents such as the
CLETNU and mitozolomide. Consistent with this hypothesis
3 R. Day, personal communication.

ase repair activity, can be used to sensitize tumor cells to
mitozolomide. This confirms previous work in which Mer+
cells were sensitized to the effects of mitozolomide (5) and
CLETNU (13, 19) by pretreatment with MNNG.
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Fig. 2. Inhibition of colony forming ability of each cell line exposed to various concentrations of mitozolomide (O
O) for 2 h at 37Â°C.Pretreatment of each cell
line with indicated concentration of STZ for l h followed by mitozolomide (â€¢ â€¢)for 2 h at 37Â°C.The data of STZ plus mitozolomide have been normalized
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Table 1 Â¡nlerstrandcross-link index (rod equivalents) of four Mer* cell lines
treated with mitozotomide, with or without STZ pretreatment

3.

No STZ
(.u\D
pretreatment50
lineA2I82A375IMR-90HT-29Concentration
Cell
1.65 Â±2.14"

pretreatment14.25

4.12 Â±2.37
6.60

Â±1.65
23.50 Â±1.65
39.10
6.9712.Â±

4.

100
15050

Â±1.21
.40 Â±1.26
.40 Â±
1.20.99

10 Â±2.40
20.30 Â±6.00
29.30
5.808.61
Â±

5.

100
1.76100
150.40

Â±3.45
.34 Â±2.32
.84 Â±

Â±5.10
16.42Â± 11.60
24.02
13.513.30
Â±

100
200
Â±2.3150

3.90 Â±7.80
200
-2.70 Â±5.00
300
-2.20 Â±3.10STZ
* Mean - SD of at least three independent experiments.

6.

Â±7.50
2 1.00 Â±7.36
34.40 Â±8.50

7.
8.

sourea, chloroethylnitrosourea, and chlorozotocin (24). In ad
dition, another distinct advantage of STZ is that it has ant Â¡tu
mor activity in its own right and that its toxicology has already
been studied in the clinic in detail (15). The work presented
here confirms that in vitro STZ can sensitize human tumor cells
to the cytotoxic effects of mitozolomide to which they had
previously been resistant. One problem associated with a meth
ylating agent pretreatment followed by a chloroethylating agent
is that you may increase nonselective toxicities such as nivelosuppression (11, 15).
There are two possible mechanisms by which STZ may
inactivate the repair of O6-alkylguanine lesions: (a) STZ may
directly react with the repair protein itself, thus inactivating it
directly, or (b) STZ may act by alkylating the DNA at position
06 of guanine and then the protein which reacts with the
alkylated guanine in a stoichiometric fashion is simply depleted.
In addition, a combination of the two pathways is possible.
Pretreatment with STZ, which increased the cytotoxicity of
mitozolomide, also led to the formation of DNA interstrand
cross-links in the four Mer*1'cell lines where previously none
had been detected. It is worth noting that the lack of removal
of 06-chloroethyl monoadducts after STZ pretreatment is the
reason for the formation of DNA interstrand cross-links, and
thus is may be inferred that either the quanine 06-chloroethylation or the result of DNA interstrand cross-link be respon
sible for the increase in cytotoxicity.
In summary it would appear that the combination of STZ
with the chloroethylating agent mitozolomide is worthy of
consideration for use in the clinical situation.

9.

10.

11.
12.

13.

14.

15.

16.
17.
18.

19.
20.
21.

22.
23.

REFERENCES
1. Ku hn. K. W. Interstrand crosslinks of DNA by l,3-bis(2-chloroethyl)-lnitrosourea and other l-(2-haloethyl)-l-nitrosoureas.
Cancer Res., 37:14501454, 1977.
2. Erickson, L. C, Laurent, G., Sharkey, N. A., and Kohn, K. W. DNA

24.

4998

crosslinking and monoadduct repair in nitrosourea-treated human tumor
cells. Nature (Lond.), 288: 727-729, 1980.
Erickson, L. C., Bradley, M. O., Ducore, J. M., Ewig, R. A., and Kohn, K.W.
DNA crosslinking and cytotoxicity in normal and transformed human fibroblasts treated with antitumor nitrosoureas. Proc. Nati. Acad. Sci. USA, 77:
467-471, 1980.
Gibson, N. W., Hickman, J. A., and Erickson, L. C. DNA cross-linking and
cytotoxicity in normal and transformed human cells treated in vitro with 8carbamoyl-3-(2-chloroethyl)imidazo[5, l -d\- \ ,2,3,5-tetrazin-4(3fl)-one. Can
cer Res., 44:1772-1775,1984.
Gibson, N. W., and Erickson, L. C. The effects of MNNG pretreatment of
human tumour cells with MNNG on the DNA crosslinking and cytotoxicity
of mitozolomide. Br. J. Cancer, 52:251-258, 1985.
Stevens, M. F. G., Hickman, J. A., Stone, R., Gibson, N. W., Baig, G., Lunt,
E., and Newton, C. G. Antitumor imidazotetrazinones. 1. Synthesis and
chemistry of 8-carbamoyl-3-(2-chloroethyl)imidazo[5,l-rf]-l,2,3,5-tetrazin4(3W)-one, a novel broad-spectrum antitumor agent. J. Med. Chem., 27:
196-201, 1984.
Weinkam, R. J., and Lin, H. S. Reactions of l,3-bis(2-chloroethyl)-l-nitrosourea and l-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea
in aqueous solution.
J. Med. Chem., 22:1193-1198,1979.
Goddard, C. G., Slack, J. A., and Stevens, M. F. G. Antitumor imidazotetrazines, Part IX. The pharmacokinetics of mitozolomide in mice. Br. J. Cancer,
52:37-42, 1985.
Fodstad, O., Aamdal, S., Pihl, A., and Boyd, M. R. Activity of mitozolomide
(NSC 353451), a new imidazotetrazine, against xenografts from human
melanomas, sarcomas, and lung and colon carcinomas. Cancer Res., 45:
1778-1786, 1985.
Hickman, J. A., Stevens, M. F. G., Gibson, N. W., Langdon, S. P., Fizames,
C., Lavelle, F., Atassi, G., Lunt, E., and Tilson, R. M. Experimental antitu
mor activity against murine tumor model systems of 8-carbamoyl-3-(2chloroethyl)imidazo[5,l-d]-l,2,3,5-tetrazin-4(3//)-one
(mitozolomide),
a
novel broad-spectrum agent. Cancer Res., 45:3008-3013,1985.
Wasserman, T. H., Slavik, M., and Carter, S. k Clinical comparison of the
nitrosoureas. Cancer (Phila.), 36:1258-1268,1975.
Scudiere, D. A., Meyer, S. A., Clatterbuck, B. E., Martern, M. R., Ziolkowski,
C. H. J., and Day, R. S. Relationship of DNA repair phenotypes of human
fibroblast and tumor strains to killing by iV-methyl-iY'-nitrosoguanidine.
Cancer Res., 44:961 -969, 1984.
Zlotogorski, C., and Erickson, L. C. Pretreatment of normal human fibroblasts and human colon carcinoma cells with MNNG allows chloroethylni
trosourea to produce DNA interstrand crosslinks not observed in cells treated
with chloroethylnitrosourea alone. Carcinogenesis (Lond.), 4: 759-763,
1983.
Gibson, N. W., Zlotogorski, C., and Erickson, L. C. Specific DNA repair
mechanisms may protect some human tumor cells from DNA interstrand
crosslinking by chloroethylnitrosoureas but not from crosslinking by other
antitumor alkylating agents. Carcinogenesis (Lond.), 6:445-450, 1985.
Schein, P. S., O'Connell, M. J., Blom, J., Hubbard, S., Magrath, I. T.,
Bergevin, P., Wiernik, P. H., Ziegler, J. L., and DeVita, V. T. Clinical
antitumor activity and toxicity of streptozotocin (NSC 85998). Cancer
(Phila.), 34:993-1000, 1974.
Bennett, R. A., and Pegg, A. E. Alkylation of DNA in rat tissues following
administration of streptozotocin. Cancer Res., 41: 2786-2790, 1981.
Fogh, J., and Trempe, G. New human tumor cell lines. In: }. Fogh (ed.),
Human Tumor Cells in Vitro, pp. 115-154. New York: Plenum Press, 1985.
Kohn, K. W., Ewig, R. A. G., Erickson, L. C., and Zwelling, L. A. Measure
ment of strand breaks and crosslinks in DNA by alkaline elution. In: E. C.
Friedberg and P. C. Hanawalt MS.), DNA Repair: A Laboratory Manual of
Research Techniques, pp. 379-401. New York: Marcel Dekker, 1981.
Zlotogorski, C., and Erickson, L. C. Pretreatment of human colon tumor
cells with DNA methylating agents inhibits their ability to repair chloroethyl
monoadducts. Carcinogenesis (Lond.), 5:83-87, 1984.
Yarosh, D. B., Rice, M., and Day, R. F. O'-Methylguanine-DNA methyltransferase in human cells. MutÃ¢t.Res., 131: 27-36, 1984.
Yarosh, D. B., Rice, M., Ziolkowski, C. H. J , Day, R. F., Scudiere, D. A.,
Foote, R. S., and Mitra, S. 06-Methylguanine-DNA methyltransferase in
human tumor cells. In: E. G. Friedberg and B. A. Bridges (eds), Cellular
Responses to DNA Damage, pp. 261-270. New York: Alan R. Liss, 1983.
Gibson, N. W., Erickson, L. C., and Hickman, J. A. Effects of the antitumor
agent 8-carbamoyl-3-(2-chloroethyl)imidazo[5,l-Â¿]-l,2,3,5-tetrazin-4(3//)one on the DNA of mouse LI 210 cells. Cancer Res., 44: 1767-1771, 1984.
Myrnes, B., Nardstrand, K., Giercksky, K., Sjunneshog, C., and Krokan, H.
A simplified assay for 0-6-methyltransferase and its application to human
neoplastic and non-neoplastic tissues. Carcinogenesis (Lond.), 5:1061-1064,
1984.
Erickson, L. C., and Barnes, D. Inhibition of DNA monoadduct repair by
pretreatment of human colon tumor cells with streptozotocin (Stz) sensitizes
resistant cells to killing by chloroethylnitrosoureas (CNU). Proc. Am. Assoc.
Cancer Res., 26: 216, 1985.

Downloaded from http://aacrjournals.org/cancerres/article-pdf/2424113/cr0460104995.pdf by guest on 24 September 2022

The high carcinogenic potential of MNNG exposure made
this protocol unsuitable for clinical use. STZ, however, would
appear more suitable as a methylating agent with potential
clinical use. STZ has been shown to sensitize human tumor cell
lines of the Mer+ phenotype to AVV-bis(2-chloroethyl)-JV-nitro-
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