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ABSTRACT

We investigated the cytotoxic and cytogenetic effects of 3-(4-amino-2-
methyl-5-pyrimidinyI)methyl-l-(2-chloroethyl)-l-nitrosourea and 1,3-
his( 2-chloroi-i livi )-1 -niinisoiirca on five cell lines established from human
glioma biopsy specimens. Compared to the sensitive cell line SI -126,
SF-188 cells are 3- to 6.5-fold more resistant to the cytotoxic effects and
8- to 14-fold more resistant to the induction of sister chromatid ex

changes. Cytotoxic effects and induction of sister chromatid exchanges
are intermediate for SF-210 and SF-295 cell lines compared with SF-
126 and SF-188. There is a good correlation between susceptibility to
the cytotoxic effects and formation of DNA interstrand cross-links for
cells treated with 3-(4-amino-2-methyl-5-pyrimidinyl)methyl-l-(2-chlo-
roethyl)-l-nitrosourea. We quantitated the extent of repair of O'-meth-
ylguanine after treatment of these cell lines with |3H|methylnitrosourea.
SF-126 cells showed no detectable repair of O'-methylguanine, SF-210

and SF-295 had intermediate levels of repair, and SF-188 had very high
levels of repair. We conclude that the cellular capacity to repair (>"-

chloroethylguanine adducts in DNA, which is reflected in the methyl
repair process, is an important factor in determining cytotoxic response,
and that increased repair of O'-chloroethylguanine decreases cytotoxicity

and causes fewer sister chromatid exchanges and DNA interstrand cross
links to form in cells treated with Chloroethylnitrosoureas.

We studied the effects of cM-diamminedichloroplatinum(II) and nitro
gen mustard in these cell lines. m-Diamminedichloroplatinum(II) was

equally cytotoxic and induced the same number of sister chromatid
exchanges and DNA interstrand cross-links in all five cell lines. In

contrast to the results obtained by treatment with Chloroethylnitrosou
reas, SF-126 cells treated with nitrogen mustard are 7.6-fold more
resistant to the cytotoxic effects, 2-fold more resistant to the induction
of sister chromatid exchanges, and 3-fold more resistant to the induction
of DNA interstrand cross-links than are SF-188 cells.

The results of this investigation with five human glial-derived cell lines

clearly indicate that the molecular mechanisms of cellular resistance to
alkylating chemotherapeutic agents are highly specific. Cellular resis
tance to Chloroethylnitrosoureas does not result in cross-resistance to
nitrogen mustard or m-diamminedichloroplatinum(II).

INTRODUCTION
CENUs4 are alkylating chemotherapeutic agents used pri

marily for the treatment of human brain tumors (1). The
usefulness of these agents is often limited because 40 to 60%
of all human brain tumors are resistant to CENUs (2, 3). As a
result of this problem, we have attempted to identify patterns
of sensitivity and resistance to chemotherapeutic alkylating
agents, have investigated the molecular mechanisms of cellular
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resistance to CENUs, and have developed approaches that can
be used to modify cellular resistance to alkylating agents. We
have developed sensitive and resistant glial-derived human cell
lines for the study of these problems.

Extensive studies of resistance and patterns of cross-resist
ance to alkylating chemotherapeutic agents have been per
formed with LI210 and P388 cell lines (4-6). Recently we
extended these studies to rodent brain tumor cell lines (7, 8)
and found that cellular resistance to CENUs is highly specific
and does not result in cross-resistance to either HN2 or cis-Pt
(8). These findings are in general agreement with studies on
L1210, P388 (4-6), and Walker carcinoma cell lines (9). Similar
experiments by Erickson et al. (10) and Gibson et al. (11) have
shown that human fibroblasts and colon carcinoma cells resist
ant to CENUs are not cross-resistant to m-Pt and phenylala-
nine mustard.

There is very little information regarding either patterns of
resistance and cross-resistance in human glial cell lines and
how these patterns compare with results obtained in rodent
model systems and other human cell lines. We have reported
preliminary studies of the mechanism of cellular resistance to
BCNU in two human glial-derived cell lines (12). We have
found that human glial cells resistant to the cytotoxic effects of
BCNU treatment have fewer SCEs induced by BCNU treat
ment, increased repair of O6-alkylguanine adducts, and fewer
DNA interstrand cross-links formed (12) than human glial cells
that are sensitive to BCNU. These results compare favorably
with our results for BCNU resistance in rodent glial cell lines
(7, 8) and other BCNU-resistant human cell lines (13-15).

In the studies reported here, cellular resistance to CENUs
and cross-resistance to HN2 and cis-Pt was studied by measur
ing cell survival, SCE induction, DNA interstrand cross-link
formation, and repair of 06-methylguanine in five human
glioma-derived cell lines. Results indicate that the cytotoxic
response of human glial-derived cell lines varies between sen
sitive and very resistant to BCNU. Cross-resistance is observed
between BCNU and ACNU but not with m-Pt or HN2. A
correlation between resistance to the cytotoxic effects of alkyl
ating chemotherapeutic agents and induction of SCEs was
observed, which may be related to the reduced formation of
DNA interstrand cross-links in cells resistant to cross-linking
agents observed. Moreover, the observed capacity to repair O6-

alkylguanine residues appears to be correlated with cellular
resistance to CENUs. Other biochemical mechanisms are re
sponsible for resistance to HN2.

MATERIALS AND METHODS

Cell Lines. SF-126, SF-188, SF-210, SF-268, and SF-295 cell lines

were established from biopsy specimens obtained during the initial
resection of tumors; the procedure for isolation and growth in culture
has been described ( 16). Tumor biopsy specimens from which all of the
cell lines except SF-268 were derived were characterized histologically
as glioblastoma multiforme; SF-268 was derived from an anaplastic
astrocytoma. SF-126, SF-188, SF-210, SF-268, and SF-295 have mean

chromosome numbers of 45, 91, 109, 59, and 74, respectively.
Drugs. BCNU and cis-Pt were obtained from Bristol Laboratories

(Syracuse, NY), ACNU from Sankyo Drug Co., Ltd. (Tokyo, Japan),

1361

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/5/1361/2430506/cr0470051361.pdf by guest on 19 M

ay 2023



CELLULAR RESISTANCE TO CENU, HN2, AND cis-Pt IN HUMAN CELL LINES

and HN2 from Sigma Chemical Co. (St. Louis, MO). All drugs were
dissolved in solvents immediately before use. BCNU was dissolved in
absolute ethanol, and ACNU and HN2 were dissolved in sterile water
(pH 6.1); cw-Pt was dissolved in dimethyl sulfoxide and diluted with
Hanks' balanced salt solution.

Drug Treatment and Colony-forming Efficiency Assay. Single-cell
suspensions were obtained by incubation of confluent cultures with
trypsin-EDTA; 50 to 1 x 10" cells were plated into 25-cm2 T-flasks
with heavily irradiated 9L feeder cells in Eagle's minimum essential

medium containing 20% fetal calf serum and 50 Mg/ml gentamicin.
After 24 h of incubation, cells were treated for l h with various
concentrations of the agents; medium was replaced after treatment.
Cultures were incubated in a 5% CO2-95% air atmosphere for 14 to 21
days. After being fixed with methanol/acetic acid and stained with
crystal violet, colonies containing 50 or more cells were scored. Surviv
ing fraction was calculated as the ratio of the colony-forming efficiencies
of treated and untreated cells.

SCE Assay. Cells (1.0 to 1.5 x IO6)were seeded into 75-cm2 flasks.

Two days after seeding, cells were treated with various concentrations
of the agents for 1 h. After treatment, medium was removed and
replaced with medium containing 10 ^mol/liter of bromodeoxyuridine,
after which cells were incubated for two replication cycles (approxi
mately 48 h). Mitotic cells were accumulated by treatment with 0.04
fig/ml of Colcemid for 4 h. Flasks were shaken to dislodge the mitotic
cells, medium was poured off, and mitotic cells were collected by
centrifugation (1000 rpm for 5 min). The pellet was treated with 2.0
ml of 0.05 M K.C1for 8 to 10 min, fixed twice with glacial acetic acid
and methanol (1:3), and metaphase chromosomes were spread on glass
microscope slides. The method of Perry and Wolff (17) was used for
differential staining of sister chromatids. For each concentration, the
frequency of SCEs was determined in 25 metaphase cells.

Alkaline Elution Assay. Cells (0.5 to 1 x 10') were seeded into 100-

mm dishes and grown for 3 days in medium containing either 0.015
/iCi/ml of [14C]thymidine (60 mCi/mmol) or 0.25 ^Ci/ml of [3H]-

thymidine (82.7 Ci/mmol). One h before drug treatment, medium
containing labeled compounds was removed and replaced with fresh
medium. '4C-Labeled cells were treated with various concentrations of
ACNU, BCNU, m-Pt, or HN2 for 1 hr at 37Â°C.After treatment, the

drug-containing medium was removed. The 1-h treatment period is
sufficient for formation of HN2-induced DNA cross-links; therefore,
after the treatment period, HN2-treated cells were placed in cold Hanks'

balanced salt solution and collected for alkaline elution. The ACNU-
BCNU- and a's-Pt-treated cells were incubated at 37Â°Cfor an additional

6 h to allow formation of DNA interstrand cross-links and then
collected for alkaline elution. '11 I.ahelcd cells were irradiated with 2
Gy and the 14C-labeled cells with 4 Gy of X-rays (General Electric

Maxitron 300). The general procedure was performed as follows: cells
were collected on the filters, lysed, and treated with proteinase K for 1
h. The elution procedure used was a modification of that described by
Kohn et al. (18) and has been described in detail (7). Results were
calculated as the fraction of [I4C]DNA and [3H]DNA retained on the
filter at each fraction. The cross-linking index was calculated using the

formula of Ewig and Kohn (19)

- 1

where R0 and R, are the relative reten'ion for untreated and treated

cells, respectively. Relative retention w<isdefined as that fraction of
[14C]DNA remaining on the filter when 50% of the [3H]DNA remained

on the filter.
Analysis of DNA Alkylation Products. Cells were grown in six 175-

cm2 T-flasks. After cells had reached confluence, they were trypsinized

and collected by centrifugation at 1500 rpm for 3 min. Cells (1 to 2 x
10s) were suspended in 10 ml of minimal essential medium containing
10% fetal calf serum and 25 mM 4-(2-hydroxyethyl)-l-piperazineeth-
anesulfonic acid buffer, pH 7.0, and were treated for 1 h at 37Â°Cwith
100 UM[3H]MNU (1 Ci/mmol; Amersham). After treatment, cells were

pelleted by centrifugation (1500 rpm for 3 min), the cell pellet was
resuspended in cold Hanks' balanced salt solution, and centrifuged. For

the 1-h studies, the cell pellet was immediately frozen in liquid nitrogen

and stored at -40Â°Cuntil the DNA was isolated. The DNA was isolated

and purified from the cellular pellet using a published method (20).
The DNA was precipitated repeatedly with sodium acetate and 100%
ethanol until a constant specific activity was obtained. The methylated
DNA was acid hydrolyzed with 0.1 N HC1 at 70Â°Cfor 30 min. The

hydrosylate was adjusted to pH 6.5 with NH4OH and the DNA meth-
ylation products were separated by high-performance liquid chroma-
tography (7). Levels of radioactivity in samples were counted with a
Beckman LS-250 liquid scintillation spectrometer.

RESULTS

Effects of ACNU Treatment. Survival plots for ACNU treat
ment of the five glial-derived human cell lines are shown in Fig.
1 (left). SF-126 cells are the most sensitive, with 90% of cells
killed after a 1-h treatment with 20 /J.MACNU. The most
resistant cell line is SF-188; a concentration of 130 UMACNU
is needed to produce a 90% reduction in cellular survival.
Measured as the ratio of concentrations needed to produce
equivalent cytotoxicity, SF-188 cells are 6.5 times more resist
ant to the cytotoxic effects of ACNU than are SF-126 cells.
Cell lines SF-210, SF-268, and SF-295 have an intermediate
response to ACNU, with 48, 40, and 75 Ã•Â¿MACNU, respec
tively, needed to produce a 1 log reduction in cellular survival.
Thus these lines are 2- to 3-fold more resistant to ACNU than
are SF-126 cells.

SCE dose-response curves for the glial-derived cell lines
treated with ACNU are shown in Fig. 1 (right). Susceptibility
to SCE induction generally follows the order found for survival
plots. The most SCEs are induced in SF-126 and 268 and the
least in SF-188 cells; the number of SCEs induced in SF-210
and 295 cells are intermediate between the sensitive and resist
ant lines. SCE induction in the different cell lines can be
compared directly by analysis of the slopes of the SCE dose-
response curves. Values of the slopes for the dose-response
curves are listed in Table 1. Based on the ratio of the slopes,
SF-188 cells are 8-fold more resistant to the induction of SCEs
than are SF-126 cells. SF-210 and SF-295 are 2.6- and 4.8-fold
more resistant to SCE induction than are SF-126 cells, and the
slopes of the SCE dose-response curves for SF-268 and SF-126
cells are the same.

The relative number of DNA interstrand cross-links formed
after ACNU treatment was measured using the alkaline elution
assay (Table 2). SF-188 cells have approximately 3 to 3.5 times

Fig. 1. Survival curves (left) for SF-126 (â€¢),SF-188 (A), SF-210 P), SF-268
(O), and SF-295 (A) after treatement for 1 h with ACNU. SCE dose-response
curves (right) after a 1-h treatment with ACNU. The frequency of SCEs induced
was calculated by subtracting the number of SCE in cells treated with 10 UM
bromodeoxyuridine alone. The dose-response curves were calculated by linear
regression analysis using the equation y = ax, where y is the number of SCEs
induced, a is the slope, and x is the concentration of ACNU.
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Table 1 Slopes ofSCE dose-response curve"

SF cellline126

188210

268
295ACNU0.185(6)c

0.023 (3)
0.070 (3)
0.185(7)
0.038 (3)BCNU*0.128(9)

0.009 (8)
0.039 (6)
0.128(6)
0.071 (6)cu-Pt0.266

(8)
0.289 (9)
0.232 (4)
0.329 (4)
0.309 (8)HN21.40(8)

2.79(10)
2.09 (4)
2.34 (4)
2.09 (8)

* Slopes are expressed as SCE/chromosome/pM of agent.
' The slopes for SF-126 and SF-188 treated with BCNU are taken from Ref.

12.
' Numbers in parentheses, number of determinations; for each determination

25 metaphase cells were counted.

fewer DNA interstrand cross-links than do SF-126 cells. At a
concentration of 50 MMACNU, there is little difference in the
relative number of DNA cross-links formed in SF-126, SF-210,
and SF-295 cells. At a concentration of 150 MMACNU, SF-
126 and SF-268 cells have similar relative numbers of cross
links formed, while SF-210 and SF-295 cells have an interme
diate number formed compared to SF-126 and SF-188 cells.

Effects of BCNU Treatment. Treatment of SF-126 cells with
32 MMBCNU produces a 1 log reduction in cellular survival
(Fig. 2, left). In contrast, it is necessary to treat SF-188 cells
with 90 MMBCNU to produce the same cytotoxic effect. There
fore, SF-188 cells are 3-fold more resistant to BCNU than are
SF-126 cells. SF-210, SF-268, and SF-295 cells have an inter
mediate response to treatment with BCNU. To reduce survival
by 90% in SF-210, SF-268, and SF-295 cells requires treatment
with 62, 48, and 61 MMBCNU, respectively. Cellular cytotox-
icity caused by BCNU and ACNU are comparable. However,
the magnitude of the differences in cytotoxicity between sensi
tive and resistant cell lines is smaller after BCNU treatment
than after ACNU treatment. We have reported similar results
for ACNU and BCNU treatment of 9L and 9L-2 cells (8).

SCE dose-response curves for BCNU treatment of these cell
lines are shown in Fig. 2 (right). SF-126 and SF-268 are very
sensitive, SF-210 and SF-295 have intermediate sensitivity, and
SF-188 cells are very resistant to the induction of SCEs caused
by BCNU. Slopes for the dose-response curves are in Table 1.
Measured as the ratio of the slopes for SCE dose-response
curves, SF-188 cells are approximately 14-fold more resistant
than SF-126 and SF-268 cells, and SF-210 and SF-295 cells
are 2- to 3-fold more resistant than are SF-126 cells.

The relative number of DNA interstrand cross-links formed
in cells treated with BCNU are in general agreement with results
found for ACNU treatment. The fewest number of cross-links
are formed in SF-188 cells. The extent of cross-linking is
approximately the same in SF-126, SF-210, SF-268, and SF-
295 cells treated with 100 MMBCNU, although survival levels
are different for these lines. SF-126 cells are at least 10-fold

more sensitive to the cytotoxic effects of BCNU than are SF-
210, SF-268, and SF-295 cells, and 100-fold more sensitive
than SF-188 cells treated with 50 MMBCNU.

Effects of Treatment with cw-Pt. Survival plots for treatment
of all cell lines with cw-Pt are approximately the same (Fig. 3).
Moreover, the SCE dose-response curves for the five lines are
approximately the same and the slopes of the dose-response
curves for the five lines are within 20% of each other. The
average cross-linking index after treatment of the five lines with
45 MMc/s-Pt is 300, and the cross-linking index for the five
lines are within 20% of each other.

Effects of Treatment with HN2. In contrast to results obtained
for treatment with ACNU and BCNU, SF-188 cells are the
most sensitive to the cytotoxic effects of HN2 (Fig. 4). Treat
ment with 1.5 MMHN2 causes a 1 log reduction in cellular
survival. SF-126 cells are very resistant to HN2; a concentration
of 11.5 MMHN2 is needed to produce an equivalent cytotoxic
effect. As the ratio of the concentrations needed to produce an
equivalent cytotoxic effect, SF-126 cells are 7.6-fold more re
sistant to HN2 treatment than are SF-188 cells. SF-210, SF-
268, and SF-295 lines have an intermediate response; treatment
with 5 MMHN2 causes a 90% reduction in survival. SF-188
cells are also the most sensitive and SF-126 cells the most
resistant to induction of SCEs by HN2. Measured as a ratio of
the slopes of SCE dose-response curves, SF-126 cells are ap
proximately 2-fold more resistant to SCE induction than are
SF-188 cells. Slopes of SCE dose-response curves for SF-210,
SF-268, and SF-295 were intermediate between SF-126 and
SF-188. SF-188 cells have approximately 3-fold more DNA
interstrand cross-links formed than do SF-126 cells, and ap
proximately 2-fold more cross-links than SF-210, SF-268, and
SF-295.

DNA Methylation Products. The principal DNA methylation
products formed by treatment of cells with MNU are N-3-MeA,
O'-MeG, and N-7-MeG, and the O6-MeG/N-7 MeG ratio can
be used to estimate the extent of repair of O'-MeG over short
periods of time (21, 22). A O'/N-7 ratio of 0.13 indicates that
no repair of O6-MeG has taken place, while ratios of 0.1 or less
indicate that repair of O6-MeG has occurred.

DNA methylation products for the five cell lines treated for
l h with 100 MM[3H]MNU are listed in Table 3; results listed
for SF-126 and SF-188 are from a previous study (12) and are
included for comparison with SF-210, SF-268, and SF-295.
The O6/N7 ratio for SF-126 cells is 0.14, which indicates that
no repair of O6-MeG took place during the 1-h treatment
period. In contrast, the O6/N-7 ratio for SF-188 cells was 0.049,
which indicated that O6-MeG was repaired rapidly. The O'/N-
7 ratio for SF-210, SF-268, and SF-295 was approximately 0.1,

Table 2 Cross-linking index for cells treated with alkylating agents

Alkylating
agentsACNUBCNUCcis-PlHN2Concentration0"n)5010015020050100150200459012Cross-link

index xin'SF-12687

Â±12"(5)*206

Â±44(6)396
Â±45(3)40

Â±9(10)78Â±
13(11)143

Â±24(3)320

Â±55(3)768
Â±138(3)76

Â±14(4)166
Â±46(4)SF-18828

Â±15(6)60
Â±27(6)112

Â±55(5)11

Â±10(6)31
Â±7(5)83(2)289

Â±58(3)701
Â±140(3)244

Â±45(8)489
Â±80 (9)SF-21096

Â±26(7)199
+ 63(6)286
Â±42(4)555

(2)29

Â±6(4)86
Â±9(4)235

Â±27(3)603
Â±55(3)172

Â±22(3)352
Â±15(3)SF-268110

Â±16(10)273
Â±61(9)395

(2)23

Â±14(5)76
Â±10(4)363

Â±33(3)790
Â±30(3)167

Â±16(3)331
Â±8(3)SF-29582

Â±24(7)161
Â±45(9)227

Â±38(4)34

Â±15(4)64
Â±35(4)291

Â±63(6)655
Â±90(6)162

Â±24(3)309(2)

' Mean Â±SD.
* Numbers in parentheses, number of experimental determinations.
' The cross-linking index values for 50 and 100 ^M BCNU treatment of SF-126 and SF-188 are from Ref. 12.
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Table 3 DNA methylation products after a 1-h treatment with pHJMNU*

Â«imolMethylated purine/mol DNA

20 40 60 80 100 120 1234567Â«

BCNU(/AM
Fig. 2. Survival curves (left) and SCE dose response curves (right) for a 1-h

treatment with BCNU. Symbols are the same as in Fig. 1. Results for BCNU
treatment of SF-I26 and SF-188 are taken from Ref. 12.

Cis â€¢PI [//M]

Fig. 3. Survival curves (left) and SCE dose-response curves (right) for a 1-h
treatment with cis-Pt. Symbols are the same as for Fig. 1.

0.1 02 0.3

UN2 (//M)

Fig. 4. Survival curves (left) and SCE dose-response curves (right) for a 1-h
treatment with HN2. Symbols are the same as in Fig. 1.

which indicated that an intermediate amount of repair of O6-
MeG occurred. In all cell lines, the O6/N-7 ratio was unchanged
after an additional 5 h of incubation at 37Â°C.Therefore, all
repair occurred during the first hour.5

DISCUSSION

Of the five glial-derived cell lines studied, SF-126 cells are
very sensitive to the cytotoxic effects of both ACNU and

SF cellline126Â«

188Â°
210*

268
295N-3-MeA2.1

0.82
0.81
0.60
2.81O"-MeG1.8

0.54
1.53
1.90
1.46N-7-MeG12.5

10.9
15.7
16.5
14.4OVN70.145

0.049
0.096
0.115
0.101

5W. J. Bodell, unpublished results.

' Values from Ref. 12.
* All of the experiments represent an average of 2-3 separate experiments,

except SF-268, which is a single experiment.

BCNU, and SF-188 cells are 3- to 6.5-fold more resistant to
the cytotoxic effects of ACNU and BCNU. SF-210, SF-268,
and SF-29S cell lines have an intermediate response to these
drugs. In contrast, d.v-l't is equally toxic to all of our cell lines.

The results for HN2 treatment show a very interesting change
in the pattern of sensitivities. SF-188 cells are 7.6-fold more
sensitive to HN2 than are SF-126 cells; the other three lines
have intermediate sensitivities. These results show clearly that
cellular resistance to CENUs in human glioma cells is highly
specific and does not result in cross-resistance to other alkyl-
ating chemotherapeutic agents.

Results obtained in the 9L and 9L-2 rodent cell lines are very
similar (7, 8). BCNU-resistant 9L-2 cells are 4-fold more re
sistant to the cytotoxic effects of BCNU and 10-fold more
resistant to ACNU than are 9L cells. 9L and 9L-2 cells are
equally sensitive to ei's-Pt, but 9L-2 cells were 3-fold more

sensitive to the cytotoxic effects of HN2 than are 9L cells. Our
results agree very well with results reported by others. The
studies of Schabel et al. (4, 5) with LI210 and P388 cell lines
showed that cells resistant to BCNU were cross-resistant to
other CENUs but retained the sensitivity of the parent cell line
to phenylalanine mustard, cyclophosphamide, and cis-Pt.

Both the rodent- and human-derived cells lines have similar
patterns of sensitivity and resistance to CENUs, even though
the lines were derived by different procedures. 9L-2 cells were
derived from 9L cells by high dose BCNU treatment of Fischer
344 rats bearing intracerebral 9L tumors, and the human glial
tumor lines were derived from tumor biopsy specimens. None
theless, both human and rodent lines show very similar patterns
of sensitivity and resistance, implying that the biochemical
mechanism of resistance to BCNU is similar for both cell lines.
Erickson et al. (10) have shown that human fibroblasts resistant
to BCNU are not cross-resistant to cis-Pt (10). Gibson et al.
(11) have shown that colon carcinoma cells resistant to BCNU
are not cross-resistant to HN2, phenylalanine mustard, and cis-
Pt. Our results in human glial cell lines are in good agreement
with these studies. Recently Frei et al. (23) have isolated human
cell lines resistant to BCNU, HN2, and cis-Pt. Their results
clearly indicate that cellular resistance is highly specific for the
selecting agent.

Studies by Shapiro et al. (24) and Yung et al. (25) have shown
that glial-derived tumors are very heterogeneous, a finding
reported for other solid tumors (26). Cell lines derived from a
single tumor can have a wide range of cytotoxic responses to
treatment with CENUs (25). Our glial-derived cell lines also
showed a wide range of cytotoxic responses to treatment with
CENUs from very sensitive (SF-126) to very resistant (SF-188).
Therefore, we believe these human glial-derived cell lines are
good model systems for the investigation of the biochemical
mechanisms of cellular resistance in human brain tumors.

There is a good correlation between SCE induction and
cytotoxicity after treatment with CENUs, cis-Pt, and HN2.
Cells that are sensitive to the cytotoxic effects of these agents
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show a high level of SCEs induced by treatment, while resistant
cells have much lower levels of SCEs induced. The correlation
in human cells is in agreement with the same correlations found
in 9L and 9L-2 cell lines (7, 8) and the results of studies
published by Morris et al. (27), Tofilon et al. (28,29), and Deen
et al. (30). However, comparison of the data for cell killing and
SCE induction after CENU or HN2 treatment shows that the
relationship between cell killing and SCE induction varies with
the agent. For example, there are larger differences in induction
of SCEs than in cell survival between SF-126 and SF-188 cells
treated with CENUs. The reverse is found after treatment with
HN2; there are larger differences in survival than in the number
of SCEs induced. CENUs and mustards form different inter-
strand cross-links (31), however, and the different lesions may
affect induction of SCEs and cell kill in different ways. More
work is needed to clarify the relationship between cytotoxicity
and SCE induction.

The correlation between cytotoxicity and SCE induction for
the cross-linking chemotherapeutic agents has led us to postu
late that the formation of DNA interstrand cross-links by
CENUs and nitrogen mustards are the initiating events in the
biochemical processes that lead to SCE induction and cytotox
icity (7, 8,12,32,33). This hypothesis is based on the following
facts. First, on a molar basis bifunctional nitrosoureas are 200-
fold more cytotoxic (33, 34) and 150-fold more effective at
inducing SCEs than are the monofunctional alkylating agents
(33). Second, combination treatment protocols that potentiate
DNA interstrand cross-link formation also potentiate SCE
induction and cytotoxicity (35). Third, cells resistant to CENU
or HN2, measured by cell survival or induction of SCEs, have
fewer DNA interstrand cross-links than do the corresponding
sensitive cell lines treated with these agents (7, 8, 12). Because
both the SCE and CFE assays require several rounds of DNA
replication, we believe that the presence of DNA interstrand
cross-links in the template strands initiate the processes leading
to SCE formation and cytotoxicity.

Our results showing that human glial-derived cells resistant
to CENUs have fewer DNA interstrand cross-links formed by
treatment with CENUs than formed in sensitive cells are in
good agreement with results of Erickson et al. (13), Zlotogorski
and Erickson (14), and our findings for CENU treatment of
9L-2 cells (7, 8). The relation between cytotoxic response and
formation of DNA interstrand cross-links we found was clearest
at high doses of ACNU. Cells that were the most sensitive to
ACNU had the highest relative number of DNA cross-links,
cells with an intermediate cytotoxic response had intermediate
levels of DNA cross-links, and resistant cells had the fewest
number of DNA cross-links. For BCNU treatment, the number
of DNA interstrand cross-links were not different in sensitive
and intermediate cells, but were lower in SF-188 cells. More
over, the formation of DNA cross-links and cell killing in
sensitive and resistant cells have different magnitudes. With
ACNU, a 2-fold difference in the number of cross-links formed
correlates with 100- to 1000-fold differences in cell survival,
which suggests that cell killing is related exponentially to the
cross-link factor. However, further studies are required to define
the relationship between the number of cross-links detected by
alkaline elution and cytotoxicity before definitive conclusions
can be reached.

An interstrand cross-link formed in cells treated with CENUs
has been identified by Tong et al. (36) as l-(jV,-deoxyguanosi-
nyl)-2-(yV3-deoxycytidyl)ethane;this product represents about
1% of the total DNA alkylation products (37). It has been
suggested that the initial DNA alkylation product that leads to
the formation of this interstrand cross-link is 06-2-chloroethyl-

guanine (36). Increased repair of this alkylation product before
cross-link formation is thought to be important for cellular
resistance to CENUs (12, 14, 15, 38). The enzyme responsible
for the repair of O6-alkylguanine adducts in cellular DNA has
been identified as O6-alkyIguanine-DNA-alkyltransferase (39-
41). Cells resistant to CENUs have a higher levelof this enzyme
than do sensitivecells (12,15,42), and inhibition of this enzyme
potentiates both cytotoxicity and SCE induction by CENU
treatment (43, 44).

We measured the repair of O6-MeG DNA adducts in our
human glial-derived cell lines as an estimate of the capacity of
these cell lines to repair 06-chloroethylguanine adducts. Re
sistant SF-188 cells rapidly repair O6-MeG adducts but there
is no detectable repair of this adduci in the sensitive SF-126
cell line. The level of repair in the intermediately-sensitive SF-
210 and SF-295 lines was also intermediate between repair for
SF-188 and SF-126 cell lines. Cellular capacity to remove Ob-

chloroethylguanine should parallel these results.
Our results for ACNU treatment of the human glial-derived

cell lines illustrate the relation between repair of O6-chloro-
ethylguanine, cytotoxicity, and DNA cross-link formation. SF-
126 cells, which have no capacity for repair of O6-MeG, were

the most sensitive in terms of cytotoxicity and had the highest
number of cross-links formed after ACNU treatment. SF-210
and SF-295, which have an intermediate repair capacity, had
an intermediate cytotoxic response and intermediate level of
DNA cross-linking. SF-188 cells, which had the greatest repair
capacity of O6-MeG,were the most resistant, and had the fewest
DNA cross-links. While these results are compelling, future
studies will investigate whether the degree of cellular resistance
to CENUs depends solely on the levelof 06-alkylguanine DNA

alkyltransferase, or whether additional factors also can modify
the cellular response to these agents.

Compared to SF-188 cells, SF-126 cells are 7.6-fold more
resistant to the cytotoxic effects, 2-fold more resistant to SCE
induction, and 3-fold more resistant to DNA interstrand cross
link formation after HN2 treatment. We found similar results
in 9L and 9L-2 cells treated with HN2 (8); in this instance, the
BCNU-sensitive 9L cells were 3-fold more resistant than the
BCNU-resistant 9L-2 cells to HN2 treatment. Possible mech
anisms for this resistance to HN2 include decreased cellular
uptake (45) and increased inactivation of HN2 by glutathione
and glutathione-S-transferase (46-48). Studies in 9L and 9L-2
cells suggest that increased inactivation of HN2 by glutathione
and glutathione-5-transferase may be responsible for the cellu
lar resistance of 9L cells (49). This possibility is being investi
gated in SF-126 and SF-188 cells.

The five glial-derived cell lines have equal sensitivity to cis-
Pt in terms of cytotoxicity, SCE induction, and DNA inter
strand cross-link formation, which suggests that the mecha
nisms postulated to produce resistance to CENUs and HN2 do
not modifycis-Pt cytotoxicity. This is consistent with the results
of Gibson et al. (11). m-Pt-resistant cell lines can be developed
(23), and it will be of interest to determine the mechanisms of
resistance for this agent.

Our initial results with 9L and 9L-2 cell lines and the results
reported here for five human glial-derived cell lines indicate
that the mechanisms of cellular resistance to alkylating che
motherapeutic agents are highly specific, and in general that
resistance to CENUs does not result in cross-resistance to cis-
Pt or HN2. These studies have important implications for the
design and application of clinical treatment programs for hu
man brain tumor patients who have failed CENU treatment. In
addition, the magnitude of the resistance to CENUs is in the
range of 2- to 10-fold. Because the relative magnitude of resis-
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tance to alkylating chemotherapeutic agents is low, it should be
possible to overcome resistance in patients by the development
of combination treatment protocols designed to inactivate the
mechanisms of resistance, and by the use of non-cross-resistant
drugs. Future investigations will address these points.
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