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ABSTRACT

Cell strains derived by culture of malignant glioma (astrocytoma grade
III IV) surgical specimens were tested for the production of DNA
interstrand cross-links (ISC) and DNA-protein cross-links following
treatment in vitro with l-(2-ch!oroethyl)-l-nitrosourea, l,3-bis(2-chlo-
roethylH-nitrosourea (BCNU, carmustine), l-(2-chloroethyl)-3-{2,6-
dioxo-l-piperidyl)-l-nitrosourea (PCNU), c/s-dichlorodiamminepla-
tinum(II) (cisplatin), and 3,6-diaziridinyl-2,5-bis(carboethoxyamino)-
1,4-benzoquinone (diaziquone). ISC and DNA-protein crosslinks were
measured by means of the DNA alkaline elution technique. Large differ
ences among the cell strains were observed in DNA cross-linking re
sponses to individual agents. The DNA responses to the Chloroethylni
trosoureas, cisplatin, and diaziquone were largely independent of each
other, except for a weak correlation between ISC responses to chloroe-
thylnitrosoureas and cisplatin. ISC responses among the cell strains to
Chloroethylnitrosoureas were distributed bimodally, in accord with a
phenotypic distinction between Mer* and Mer~ cells. ISC responses to

cisplatin and diaziquone showed significant variation among cell strains,
but the distributions were not bimodal. The results demonstrate the
existence of diverse DNA cross-linking response patterns among cell
strains from different tumors of a given histological type.

INTRODUCTION

The Chloroethylnitrosoureas, cisplatin, and AZQ9 have elic

ited responses in some patients with malignant glioma (1).
These drugs are known to produce DNA damage, and correla
tions have frequently (although not invariably) been observed
between killing of various cell lines and the production or
persistance of ISC or DPC (2-12). The response of a tumor to
a cytotoxic drug may depend on the presence, in most of the
cells of that tumor, of some biochemical characteristic that
makes these cells unusually sensitive to certain drugs. The
production of ISC or DPC may be an indicator of the presence
of such a drug sensitivity characteristic. Some human tumor
cell strains for example exhibit increased killing and increased
ISC production in response to Chloroethylnitrosoureas, associ
ated with a deficit in the DNA repair protein, O6-MT (2, 3).
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The chemical mechanism of ISC formation by most bifunc-
tional alkylating agents is presumably through successive co-
valent linkage to guanine-A'7 positions on opposite DNA
strands. Guanine-A'7 is the most nucleophilic site in DNA and

hence has the greatest tendency to become alkylated. Cisplatin
and AZQ may produce ISC by this mechanism, although defin
itive chemical evidence is lacking. Chloroethylnitrosoureas also
alkylate guanine-A'7 positions and this reaction may lead to
cross-linking between adjacent guanines in the same DNA
strand (13). ISC, on the other hand, may be generated by an
initial chloroethylation at a guanine-06 position, followed by a

series of reactions which link a guanine on one strand to a
cytosine on the opposite strand (14, 15).

ISC formation by Chloroethylnitrosoureas is prevented by the
DNA repair protein, O6-MT, which can rapidly remove chlo-
roethyl groups from guanine-06 positions (16, 17). Some hu
man tumor cell strains are deficient in the ability to repair O6-
guanine-alkylated DNA due to reduced O6-MT activity; such
cells have been designated as possessing the phenotype, Mer~
(18, 19). Mer" strains are more sensitive than Mer+ strains to

killing by Chloroethylnitrosoureas (20). Approximately 20% of
all human tumor cell strains that have been tested, and perhaps
a somewhat higher proportion of malignant glioma cell strains,
are deficient in O6-MT (21).

Previous studies of a variety of human tumor and embryonic
cell strains, most of which had been in culture for many popu
lation doublings, have usually shown good correlations between
cytotoxicity and ISC production by Chloroethylnitrosoureas (2,
3), cisplatin (5-7), and AZQ (9). Because DNA cross-linking
may be related to potential tumor responsiveness, the present
study investigated the degree of variability among recently
explanted human glioma cell strains in DNA cross-linking
responses produced by the three different classes of drugs.

Heretofore there has been no evidence on whether cells from
different human tumors of a given histological type differ in
cross-linking responses to DNA cross-linking drugs. We now
demonstrate significant differences that give a foundation for
possible assays to predict chemotherapeutic responses to spe
cific drugs. We show also that DNA cross-linking responses to
different classes of cross-linking agents (nitrosoureas, cisplatin,
and AZQ) are largely independent of each other, indicating the
importance of tailoring the therapy to the characteristics of the
individual tumor.

MATERIALS AND METHODS

Cell Cultures. Cell cultures were established from tumor tissue (as
trocytoma grades HI-IV) obtained at the time of surgery from untreated
patients as previously described (22, 23). The morphology and ultra-
structure of cultured cells obtained by this procedure has been studied
in detail (22 and references cited therein). Nonastrocyte cell growth
was minimized by incubating the cultures at 35Â°C(22). The current

experiments, which are based on measurements of bulk DNA, would
not be significantly affected by a small admixture of nonglial cells.

Stock cultures of human malignant glioma cell lines were seeded at
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a density of 1-2 x IO6cells/75 cm2 tissue culture flask, and maintained
at 37Â°Cin Eagle's minimal essential medium (GIBCO, Grand Island,

NY). The medium was supplemented with the following components:
10% fetal bovine serum, gentamicin (0.05 mg/ml), glutamine (0.3 mg/
ml), D-biotin (0.1 ftg/m\), vitamin Bu (1.36 jig/ml), 0.1 HIMnonessential
amino acids, 1 mM sodium pyruvate, and 0.02 M 4-(2-hydroxy-
ethyl)piperazineethanesulfonic acid. For experiments 1.5-2.5 x IO5
cells were seeded into 25-cm2 flasks in 10 ml of medium containing
0.02 fiCi/ml [MC]thymidine (New England Nuclear, specific activity 52
mCi/mM) and were grown for 24-48 h. The radioactive medium was
removed, and the cultures were grown for an additional 18-24 h to
allow for the incorporation of labeled DNA into high molecular weight
DNA.

Drug Treatments. All drugs were obtained through the Develop
mental Therapeutics Program of the National Cancer Institute. The
nitrosoureas (CNU, BCNU, and PCNU) were dissolved in 95% ethanol
immediately before use. Dilutions into culture media were such that
the final ethanol concentrations did not exceed 1%. This concentration
of ethanol had no effect on the integrity of DNA in control cells, as
measured by alkaline elution. Drug exposure times were l h for CNU
and 2 h for BCNU and PCNU. These times are long compared to the
decomposition half-times and therefore should suffice for full expres
sion of the chemical reactivity of these compounds. Cisplatin was
dissolved at 0.5 mM in medium for 30 min at 37Â°C.Drug treatment

times for cisplatin and AZQ were 2 h. The culture media were replaced
with fresh medium 30 min before drug addition. At the end of the drug
exposure period, the drug-containing medium was replaced with fresh
medium and the cells were incubated in the absence of drug for 6 h
(CNU, BCNU, CCNU, cisplatin) or 4 hr (AZQ).

Alkaline Elution Assays. Cells were harvested by rinsing the cultures
with Ca++- and Mg++-free Hanks' balanced salts solution supplemented

with 0.02 M EDTA. The cells were gently scraped with a rubber
policeman in 1 ml of Hanks' solution and suspended in 4 ml of ice-

cold medium containing 2.5% fetal calf serum.
For assays of ISC, cells were irradiated at ice temperature with 300

rads of l37Cs 7-rays at a dose rate 132 rads/min. For assays of DNA-
protein cross-links, cells were irradiated at ice temperature with 3000
rads of X-rays at a rate of 635 rads/min, delivered by two vertically
opposed X-ray tubes operating at 250 Kv, 15 mA.

Alkaline elution assays were carried out as previously described (24).
As internal standards, I 1210 cells, labeled with [3H]thymidine (0.05

/xCi/ml, 1 MM,20 h) and irradiated with 300 rads, were mixed with the
14C-Iabeledexperimental cells prior to deposition on filters. For assays
of single-strand breaks and interstrand cross-links, cells were deposited
on 0.8-ium pore size, 25-mm diameter polycarbonate filters ('Nucleo-
pore') and lysed with 5 ml of 2% sodium dodecylsulfate, 0.02 M

Na2EDTA, 0.1 M glycine, pH 10. This was followed by 2 ml of the
same lysis solution containing proteinase K (0.5 mg/ml); the exposure
time to proteinase K was approximately 1 h at room temperature.
Alkaline elution was then carried out with tetrapropylammonium hy
droxide/0.02 M EDTA/0.1% sodium dodecyl sulfate, pH 12.1, at a
flow rate of 2 ml/h.

Assays for DNA-protein cross-links differed from the above proce
dure in the following respects: (a) the filters were 2-^m pore size
Polyvinylchloride; (b) the lysis solution was rinsed out of the filters by
washing with 0.02 M NaEDTA, pH 10; (c) no proteinase K was used;
and ((/) sodium dodecyl sulfate was omitted from the eluting solution.

The DNA interstrand cross-link index was calculated as [(1 - rc)/(l
- r)]"2 - 1, where r and ra are fraction of [I4C]-and [3H]DNA retained
on the filter (24). The DNA-protein cross-link index was calculated as
1/(1 - r)"2 - 1/(1 - r0)"2, where r and r0 are the retention intercepts
extrapolated to zero elution time for [I4C]-and [3H]DNA, respectively
(24). Rad-equivalent cross-linking values are cross-link index times X-
ray dose (300 rads for ISC assays or 3000 rads for DPC assays).

RESULTS

CNU. ISC and DPC responses to CNU were determined in
13 cell strains derived from human malignant gliomas (Table
1). The strains are listed in Table 1 in the order of increasing

Table 1 DNA lesion frequencies in human malignant glioma cell strains treated
with CNU

Cells were exposed to 50 or 100 jiM drug for 1 hr and then incubated in the
absence of drug for 6 hr. Mean Â±SD of three determinations.

Cross-link index x IO3

ISC DPC

Cell strain Mer 50 MM 100 50 MM 100 M

OROLAWSUTSANBERGADNATFOGBRYCROCLARICMIL-4Â±7-4
Â±3+

-1Â±6+
3Â±53
Â±137

Â±26+
8Â±30+

37Â±5+
45Â±1466
Â±1768
Â±573

Â±6Â±
85 Â±224Â±5-5

Â±3-9Â±
122Â±

115
Â±101

Â±821
Â±3067

Â±783
Â±IO189
Â±79164

Â±29146
Â±34161
Â±734

Â±1724
Â±920
Â±2160
Â±2663

Â±1935
Â±2444
Â±2563

Â±1030
Â±1721
Â±2140
Â±1542
Â±1360
Â±4185

Â±2477531671539716311587213612182222193858

Â±791
Â±20107

Â±38132
Â±94

Spearman rank correlation (see footnote to Table 5)

Comparison t. Two-tailed P values

ISC (50) vs. ISC(100)DPC
(50) vs. DPC(100)ISC

(50) vs. DPC(50)ISC
(100) vs. DPC (100)46302703280.870.920.260.105.957.660.890.33P<

0.001/>Â«
0.001/>>0.3/>>0.7

ISC response to 50 pM CNU. All of the individual assays for
the first five strains in the list gave ISC values (cross-link index
x IO3) that were <20 at 50 Â¿IMCNU and <30 at 100 MM.For

the last six strains, the individual assay values were all >30 at
50 pM and >50 at 100 /Â¿M.Thus the individual assay values for
11 of the 13 cell strains split into two clearly dichotomous
ranges, indicating a bimodal distribution.

The correlations among the assay means are summarized at
the bottom of Table 1, using Spearman's rank correlation

method. The correlation between ISC at 50 pM versus 100 /Â¿M
CNU was highly significant, in accord with the evident dichot
omy of values noted above. Less obvious is the finding that the
correlation between DPC at 50 versus 100 ^M CNU was also
highly significant. Hence the cell strains differ from each other
in DPC responses as well as in ISC responses. However, the
ISC and DPC responses did not correlate with each other at
either drug concentration (Table 1, Fig. 1). Hence independent
factors are involved in the production of ISC and DPC in the
response of human glioma cells to CNU.

Eight of the 12 cell strains used in early passage grew to
sufficient densities to allow the determination of Mer pheno-
type. Among these strains, 3 were Mer~ and exhibited greater
ISC responses than did five strains that were Mer+. One strain

(MIL) had been in culture for many passages and exhibited a
change from Mer+ to Mer" at about the time that the ISC and

DPC response tests were conducted. (Since the ISC responses
by Mer+ strains FOG and BRY were only moderately less than
those of the Mer~ strains, it is possible that in vitro conversion
from Mer* to Mer" was in progress in these two strains as

well.)
BCNU and PCNU. Six of the cell strains were tested for

DNA damage responses to BCNU and PCNU (Table 2). Be
cause these drugs have relatively long decomposition half-times,
the treatment times were extended to 2 h. All drug treatments
covered more than two decomposition half-times, allowing
enough time for nearly complete conversion of drug molecules
to rapidly reactive species.

The three Mer~ strains showed dose-dependent ISC re

sponses to BCNU and PCNU, as they did to CNU. The three
other strains (two of them verified as Mer+) showed little or no
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Fig. 1. Relation between ISC and DPC responses to CNU. Cells were exposed
to drug for I h and then incubaled in the absence of drug for 6 h. ISC and DPC
indices per mM CNU were averaged from data at 50 and 100 UM CNU (three
assays at each dose), assuming proportionality to drug concentration.

ISC response to any of the three drugs. All strains produced
DPC responses that were independent of ISC production.

The ISC responses seemed to be lower to BCNU than to
PCNU. This may be due to the presence of a significant number
of SSB which may cause an underestimation of ISC in DNA
alkaline elution assays (24). Conversely, BCNU produced SSB
most prominently in those cell strains that showed no ISC
response (Table 2); the presence of ISC can cause SSB frequen
cies to be underestimated (24). PCNU and CNU produced
relatively few SSB.

BCNU and PCNU were compared for their ability to produce
differential cytotoxicity against one of the Mer~ cell strains
relative to one of the Mer+ strains (Fig. 2). The two cell strains

chosen for comparison had similar growth curves in the absence
of drug. Both BCNU and PCNU inhibited the proliferation of
the Mer" cells more than they inhibited the Mer+ cells. The

magnitude of the differential however was significantly greater
for PCNU than for BCNU: for 50% inhibition of growth the
dose ratio (Mer+/Mer~ strains) was eight for PCNU and three

for BCNU (Fig. 2).
Cisplatin. ISC and DPC responses to cisplatin were deter

mined in 12 of the 13 cell strains that were tested with CNU
(Table 3). The strains are listed in Table 3 in the order of
increasing ISC response to 10 ^M cisplatin. ISC responses
ranged over approximately a factor of 5 among the cell strains
and DPC responses ranged over a factor of 3. The ISC responses
to cisplatin distributed uniformly over the range and did not
show the bimodal distribution seen with the chloroethylnitro-
soureas. There was a weak but significant correlation between
ISC and DPC responses to cisplatin (Table 3, Fig. 3). The ISC
responses to cisplatin were weakly correlated with the ISC
responses to CNU (Fig. 4, Table 5).

AZQ. Seven of the cell strains were tested for ISC responses
to AZQ (Table 4). There was at least an 8-fold range of ISC
responses to AZQ in these cell strains. The DPC responses
range over approximately a factor of 2. The ISC and DPC
responses varied independently of each other among the cell
strains. At the time of assay, 4 h after treatment, there were no
significant levels of SSB. The ISC and DPC responses to AZQ
were independent of the responses to CNU or cisplatin (Table
5).

DISCUSSION

The current work utilized cultures derived from human glial
tumors (astrocytomas grades III-IV). Although we believe that
the cultures consisted predominantly of glial tumor cells, they
may have included a mixture of such cell types, possibly differ
ing in drug sensitivity patterns, and we do not know whether
the mix present in the cultures was the same as in the original
tumors. The results however show unambiguously that human
glial tumor cells derived from different tumors differ in their
patterns of DNA cross-linking response to particular DNA
cross-linking drugs.

Chloroethylnitrosoureas. The initial studies in the current
work were carried out using CNU, the simplest chloroethylni-
trosourea structure. In addition to simplicity of structure, CNU
has the advantage of a short chemical half-life and of an absence
of intracellular carbamoylation effects (25, 26).

The major findings for CNU were (a) a dichotomous group
ing of the strains according to ISC response, (b) a lack of
dependence between ISC response and DPC response, and (c)
a correlation between high ISC response and Mer~ phenotype.

Analogous findings were previously obtained in a study of 10
established human cell strains from a variety of malignant
tumors as well as a normal and a transformed human embryo
cell strain (2, 3). The present results show that similar conclu
sions hold for a set of human cell strains derived from tumors
of a given histological type.

Table 2 DNA lesion frequencies in human malignant glioma cell strains treated with BCNU or PCNU
Cells were exposed to drug for 2 h and then incubated in the absence of drug for 6 h. Mean and standard deviation of three determinations.

Cross-link index x IO3 SSB (rad-eq)

ISC DPC

Cell strainMerSAN

+BERNAT

+CROCLARICDrug

concen
tration(,/â€¢.])501005010050100501005010050100BCNU-7

Â±3-21
Â±40Â±97Â±

11-15
Â±20-9
Â±523

Â±10106
Â±4652

Â±1279
Â±2332
Â±2274

Â±20PCNU2Â±

13-6
Â±5-2
Â±727

Â±123Â±618

Â±2147
Â±9123

Â±1576
Â±19144
Â±36118

Â±55140
Â±42BCNU52

Â±13137
Â±5452
Â±2774
Â±2029

Â±1076
Â±1134

Â±782Â±
1125

Â±1857
Â±2939
Â±790

Â±16PCNU45

Â±18104
Â±1844
Â±3795

Â±6736
Â±672
Â±2034
Â±371

Â±1129
Â±1550
Â±1531

Â±767
Â±21BCNU86

Â±2496

Â±2497

Â±2261

Â±1726

Â±2318Â±7PCNU52

Â±2117Â±629

Â±1423

Â±167Â±44Â±6
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Fig. 2. Effect of BCNU and PCNU on proliferation of CLA (Mer) (â€¢)and
SAN (Mer*) (O) cells. Cells (2.5 x 10') were seeded in 25-cmJ flasks and incubated

for 24 h. The cells, which were then in exponential growth phase, were treated
with various concentrations of drug for 2 h at 37*C. After treatment the cells

were incubated until untreated control cultures reached three population dou
blings (determined by daily counts of parallel control flasks). At that time, cells
were harvested and relative cell number was determined as cell number in treated
flasks divided by cell number in untreated flasks. Bars, mean Â±SD for three
replicate flasks.

Table 3 DNA lesion frequencies in human malignant glioma cell strains with
cisplatin

Cells were exposed to 10 or 20 /<\t drug for 2 h and then incubated in the
absence of drug for 6 h. Mean Â±SD of three determinations.

Cross-link index x I()'

ISC DPC
Cell

strainGADSUTSANNATBRYBERCLALAWRICCROFOGMIL10MM28

Â±936
Â±343
Â±445
Â±549
Â±951
Â±751
Â±854

Â±1079
Â±2481

Â±20122
Â±19139
Â±2820

MM61

Â±1991
Â±1590

Â±2470
Â±22100
Â±997

Â±4109
Â±5104

Â±10162
Â±19153

Â±26208
Â±21308
Â±4510

/IM33

Â±848
Â±946

Â±1876
Â±4385
Â±4656
Â±928

Â±1663
Â±1885

Â±3363
Â±0589
Â±3790

Â±3120

MM68

Â±678
Â±5127

Â±38130
Â±56174
Â±5779
Â±5273

Â±25102
Â±41161
Â±43107

Â±16204
Â±49153
Â±50

Spearman rank correlations (see Table 5, footnote)

Comparison Two-tailed P values

ISC(10)ra. ISC(20)DPC
(10) vs. DPC(20)ISC

(10) vs. DPC(10)ISC
(20) vs. DPC (20)1737881380.940.870.690.528.95.63.01.9P

Â«0.001P<
0.0010.01
</><0.020.05

<P< 0.1

The Mer+/Mer distinction however did not coincide pre

cisely with the dichotomy of ISC responses to CNU. This may
be because the Mer assay is not sufficiently quantitative, or
because some cell populations shifted from Mer+ to Mer"
within a few population doublings /'// vitro between the time of

Mer assay and the time of DNA damage assay.
Following treatment with BCNU and PCNU, as in the case

of CNU, ISC were produced in Mer~ cell strains, but were not
produced at detectable levels in Mer+ strains. The results in the

glioma cell strains thus are consistent with the accumulated
evidence that chloroethylnitrosoureas produce ISC by chloro-
ethylation of guanine-06 positions, and that the O6-chloro-

ethylguanines convert slowly to ISC. The chloroethyl groups
can be rapidly removed by O6-MT, a DNA repair protein that

15

10

X
UJ
Ã›

FOG

-,,T._SAN
UTÂ° QNAT

10

DPC INDEX PER mM

Fig. 3. Relation between ISC and DPC responses to cisplatin. Cells were
exposed to drug for 2 h and then incubated in the absence of drug for 6 h. ISC
and DPC indices per mM cisplatin were averaged from data at 10 and 20 MM
cisplatin (three assays at each dose) assuming proportionality to drug concentra
tion. Linear regression line; correlation coefficient = 0.66 (/' < O.OS).

OC

Q

U
Â¿fi

O -

O 5 10

ISC INDEX PER mM CISPLATIN

Fig. 4. Relation between ISC responses to CNU and cisplatin. ISC indices per
mM were calculated as described in the legends to Figs. 1 and 3. Linear regression
line; correlation coefficient = 0.65 (P < 0.05).

is deficient in Mer" cells (21, 27). Mer+ cells thus remove most
of the O6-chloroethyl groups before they convert to ISC (16,
17). Mer" phenotype and ISC production by CNU have previ

ously been found to be correlated with cytotoxicity (2, 3, 20).
In the present work, this relationship was found to hold for
BCNU and PCNU in a comparison between Mer+ and Mer~

human glioma cell strains that were matched in proliferation
rates.

BCNU however differed from PCNU and CNU in that it
produced a greater frequency of SSB. This was true both in
Mer+ and in Mer~ strains. BCNU also produced less differential
cytotoxicity against the tested Mer~ strains. This is in accord

with previous findings that chloroethylnitrosoureas with high
carbamoylating activity (including BCNU) produce more SSB
and greater cytotoxicity to Mer+ cells, as well as less selectivity
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Table 4 D\'A lesion frequencies in human malignant glioma cell strains

treated with AZQ
Cells were exposed to 50 or 100 u\\ drug for 2 h and then incubated in the

absence of drug for 4 h. Mean Â±SD of three determinations.
Cross-link index x IO3

ISC DPC

Cell strain 50/IMBER

19Â±19MIL
22 Â±14

CLA 22 Â±12
CRO 40 Â±29
SUT 87 Â±26
SAN 114 Â±68
RIC 163 Â±37100

MM32

Â±17
53 Â±17

110 Â±90
99 Â±34

231 Â±32
204 Â±65
270 Â±1950

pM30

Â±2523
Â±22

63 Â±7
48 Â±6
32 Â±12
55 Â±10
46 Â±9lOOjiM65

100
121
133
67

101
12320

61
10
22
IS
10

13Spearman

rank correlations (see Table 5,footnote)ComparisonISC

(50) vs. ISC (100)
DPC (50) vs. DPC (100)
ISC (50) H. DPC (50)
ISC (100) vs. DPC (100)O2

r.5.5

0.90
22 0.61
38 0.33
36 0.36/,

Two-tailedf-values4.7

0.001</><0.01
1.7 0.1</><0.2
0.78 P > 0.3
0.86 />>0.3

of killing Mer relative to Mer+ cells, than do low carbamo-

ylating congeners such as PCNU and CNU (2, 28).
(CNU produces carbamoylation in chemical systems through

the agency of cyanate ion, which probably does not penetrate
into cells, and does not produce the effects characteristic of
other carbamoylating agents (25, 26). Carbamoylating agents
other than CNU act through the production of alkylisocyanates
which are non-ionic species that presumably penetrate cells
freely. Thus we consider CNU in the biologically low carbam
oylating group.)

Since Mer* cells effectively remove chloroethyl groups from
DNA guanine-O6 positions, the mechanism of killing of Mer+

cells at higher drug doses may be through alkylation at other
sites. Alkylations at various DNA sites may be repaired by
nucleotide excision repair which proceeds through the transient
formation of SSB and which is not known to differ between
Mer+ and Mer" cells. The rejoining of SSB, required for the

completion of the nucleotide excision repair process, has been
observed to be slowed by carbamoylating agents, including
BCNU or its decomposition product, 2-chloroethylisocyanate
(28-30). The increased levels of SSB produced by BCNU
compared with noncarbamoylating congeners may be due to
the slowing of the rejoining of SSB in the course of nucleotide
excision repair. This interference with general nucleotide exci
sion repair could increase the contribution to cell killing by
DNA alkylations at sites other than guanine-O6. Therefore, the
selective protection of Mer* cells due to the action of O6-MT

would be less effective when carbamoylating activity is present
than when carbamoylating activity is absent. The present results
therefore give further reason to suspect that the carbamoylating
activity of the nitrosoureas in common clinical use (BCNU,

CCNU, and MeCCNU) may interfere with the therapeutic
potential of these drugs.

Brent et al. (31) found that human rhabdomyosarcoma xen-
ografts in mice responded to a chloroethylnitrosourea in inverse
relation to O6-MT activity of the tumors. In the extremes, a
tumor in which O6-MT was undetectable disappeared com
pletely whereas tumors with high O6-MT levels exhibited only

slight growth delays. Corresponding results had previously been
reported using Mer+ and Mer" xenografts of human colon

carcinoma cells in which response to a chloroethylnitrosourea
was correlated with ISC response in vivo (32). A crucial remain
ing question is how frequently O6-MT deficiency occurs in

tumors in patients (33).
Cisplatin. Previous work has indicated that the cytotoxicity

of cisplatin to a variety of cell types is usually (but not always)
correlated with ISC and DPC production. Cytotoxicity may
depend also on the efficiency of DNA repair and on the ability
of cells to tolerate DNA damage (7, 8). Cytotoxic effects due
to action on targets other than DNA is also possible, but
unproven.

The current work demonstrates marked differences in ISC
and DPC production among recently explanted malignant
glioma cell strains. These differences could indicate different
inherent drug sensitivities among tumors of this type.

The correlation between ISC and DPC responses to cisplatin
(Fig. 3) may be due to factors, such as drug uptake and drug
inactivation, which would affect ISC and DPC production
similarly. The weakness of the correlation however suggests
that the tumor cell strains also differ in other steps which affect
ISC and DPC differently. For example, rapid repair of DNA-
cisplatin monoadducts could reduce ISC production which oc
curs slowly after monoadduct formation (8); DPC production
would be less affected since it is more rapid and may occur by
initial platination of protein rather than DNA. It is of course
also possible that chromatin structure may differ with respect
to the availability of proteins that can be linked to DNA by
cisplatin.

The uniformity of the distribution of ISC responses to cispla
tin contrasts with the bimodal distribution observed with the
chloroethylnitrosoureas. The cell strains thus differ in degree
with respect to cisplatin response, but not as sharply as in the
phenotypic Mer+/Mer" distinction.

There was however a partial correlation between the ISC
responses to cisplatin and CNU (Fig. 4). This suggests that
cisplatin sensitive human glioma cells more often may be Mer~
than Mer+. No such relationship was evident in a previous study

of diverse human cell strains (3).
AZQ. AZQ was previously found to produce SSB as well as

ISC and DPC in various cell lines (9). The peak of ISC occurred
with a delay of approximately 4 h after drug removal, probably
due to the slow formation of ISC from DNA-AZQ monoad-

Table 5 Correlations between different drugs
Spearman's rank correlation test: r, = 1 â€”6 2 D?/\n(n* â€”I)), n, number of samples: A. difference between samples in the ith rank, r, = r.Vn â€”2/v1/ â€”r,2. P

values are from two-tailed / distribution with n â€”2 degrees of freedom. Low and high dose data (three assays at each dose) were averaged assuming proportionality
between DNA lesions and drug concentration: the resulting average was considered to be one determination.

DrugsBCNU/CNUPCNU/CNU

Cisplatin/CNU
AZQ/CNU
AZQ/cisplatinN6

612

77A26

811280

(32)Â°

64 (48)ISCr.0.83

0.77
0.61

-0.43
0.14'.3.0

2.42.4

-1.1
-3.2P0.02

<P< 0.05
0.05</><0.l
0.02 < P < 0.05

/>>0.3
/>>0.7Df10

6240

66 (46)
62 (52)r.0.71

0.83
0.16

-0.18
-0.11DPCt,2.0

3.0
0.52

-0.41
-0.24PP

=0.10.02
<P< 0.05

/>>0.5
P = 0.5
P>0.1

" Values in parentheses apply to inverse correlations suggested by negative values for r, and i.: P values for these cases apply to inverse correlations (none of these

are in the range of significance).
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CELL STRAINS

Fig. 5. Comparative ISC responses of hu
man malignant glioma cell strains to the chlo-
roethylnitrosoureas, cisplatin and AZQ. Sum
mary of ISC data given in Tables 1-4.
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ducts; the corresponding delay in the case of the chloroethyl-
nitrosoureas and cisplatin is 6-12 h. SSB were most numerous
immediately after drug exposure and disappeared, presumably
due to repair, within a few hours. Some cell lines exhibited SSB
and few ISC, whereas others exhibited high ISC levels with few
SSB. Cell killing was highest in cells exhibiting high ISC
responses and appeared independent of the extent of SSB
production (9).

The current results show that ISC responses to AZQ can
vary greatly among human glioma cell strains. The ISC re
sponses to AZQ were independent of the ISC responses to
chloroethylnitrosoureas or cisplatin (Table 5, Fig. 5).

Implications. Prior evidence for the chloroethylnitrosoureas,
cisplatin, and AZQ indicated that the killing of various cell
types is correlated with the extent of ISC production. This
raises the question of whether individual tumors differ in ISC
response to particular drugs, perhaps determining potential
clinical responsiveness. In the current work, the human glioma
cell strains were tested for DNA damage responses as soon as
possible after explantation from surgical specimens. There was
significant variability among the strains in the magnitudes of
the ISC responses to the three classes of drugs, and the ISC
responses to the different types of drugs were largely independ
ent of each other. This indicates that there are intrinsic differ
ences in drug sensitivity characteristics among human tumor
cells of a given histolÃ³gica! type and points to the importance
of developing sensitivity tests for use in clinical chemotherapy.
For the chloroethylnitrosoureas, the appropriate drug sensitiv
ity characteristic may be the Mer phenotype which could be
determined on the basis of the measurement of O'-MT activity

in tumor tissue samples. For cisplatin and AZQ, it may be
necessary to measure ISC responses or a biological cytotoxicity
endpoint. One must aim to optimize therapy according to the
drug sensitivity characteristics of each patient's tumor.
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