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ABSTRACT
The effects of D,L-buthionine-5',/?-sulfoximine(BSO) on cytotoxicity

and DNA cross-linking induced by bifunctional DNA-reactive cytostatic
agents in a human melanoma cell line (RPMI 8322) were investigated.
RPMI8322 cells were exposed to 0.01 HIMBSO for 24 h, which resulted
in a decrease in cellular glutathione to 14% without any reductionof cell
proliferation or plating efficiency. BSO pretreatment significantly en
hanced cytotoxicity of melphalan with a dose modification factor (DMF)
of 3.4 and nitrogen mustard(HN2) (DMF 33). The increased cytotoxicity
was paralleled by similar increases in DNA cross-linking (melphalan:
DMF 2.2, HN2: DNF 2.5). A small but significant potentiation by BSO
of cis-diamminedichloroplatinum(II) toxicity was seen (DMF 1.5), with
a corresponding minor but significant increase in DNA cross-linking
(DMF 1.1). Similarly, the potentiation of bis-chloroethylnitrosurea tox
icity was small but significant (DMF 1.1), with no significant increase in
DNA cross-linking (DMF 1.0). No effect of BSO pretreatment on the
rate of removal of HN2-induced DNA cross-links was observed. Thus,
the observed sensitization of RPMI 8322 cells to melphalan, HN2, ds-
diamminedichloroplatinum(II), and bis-chloroethylnitrosourea was cor
related to similar changes in drug-induced DNA cross-linking. Despite
the increased cytotoxicity and DNA cross-linking BSO did not signifi
cantly increase the intracellularconcentrationof intact melphalan. These
findings support the hypothesis that the potentiation of the cytotoxicity
of bifunctional alkylating agents by BSO is due to an increased DNA
cross-linking caused by a reduced intracellular conjugation of drug with
glutathione, which results in an increased bindingof drugto DNA targets.

Drug resistance is a major problem in clinical cancer chemotherapy.
Malignant melanoma is a tumor with a high degree of inherent resist
ance to all available cytostatic drugs. Treatment of patients with met-
astatic malignant melanoma with drugs such as melphalan, BCNU,3 or
cis-DDP as single agents induces objective tumor responses in only 10-
20% of patients (1). Moreover, those tumors which initially respond to
chemotherapy rapidly become resistant, since the median duration of
remission is only a few months. The reason for the resistance to
chemotherapy is poorly understood.

Several factors are of importance for cellular resistance to bifunc
tional alkylating agents and other antineoplastic agents that bind In
functionally to DNA (for reviews, see Refs. 2-4). In some (5-8), but
not all (9, 10), cases resistance to melphalan has been related to a
reduced cellular uptake of drug. In previous investigations we have
found that a human melanoma cell line (RPMI 8322) is relatively
resistant to melphalan (11) and cis-DDP,4 as compared to normal
phytohemagglutinin-stimulated lymphocytes. The accumulation of
melphalan (12) and platinum4 was similar in both cell types, but the
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cellular content of glutathione (GSH) was 1.8-fold higher in the mela
noma cells (12). The tripeptide GSH (L-^-glutamyl-L-cysteinyl-glycine),
the main intracellular thiol, is known to have important functions in
many biological phenomena (for review, see Ref. 13). It has been known
for two decades that murine tumor cells with acquired resistance to
bifunctional alkylating agents such as nitrogen mustard and melphalan
may have increased levels of GSH (14). More recently an increase in
the levels of GSH or nonprotein thiols (most of which consist of GSH)
has been found in human tumor cells (9, 15) including melanoma cells
(10) with induced resistance to alkylating agents. In melphalan-resistant
murine LI210 cells the increase in GSH has been correlated to an
increased dechlorination of melphalan to the inactive derivative dihy-
droxy-melphalan (16). Further, it has been demonstrated that such
LI210 cells can be sensitized to melphalan in vitro by reducing the
concentration of L-cysteine in the growth medium (17) and in vivo by
excluding L-cysteine and L-methionine from the diet of tumor-bearing
mice (18). Both manipulations efficiently decrease the GSH concentra
tion in the I 1210 cells. BSO is a potent and specific inhibitor of y-
glutamylcysteine synthetase and thus inhibits GSH synthesis at low
doses without causing significant cytotoxic effects (19, 20). It has been
shown that drug-resistant tumor cells can be sensitized to alkylating
agents such as melphalan by treatment with BSO (15, 21-26). In
addition, some (15, 24) but not all (23) investigators have found a
sensitization of tumor cells to cis-DDP by BSO. However, the mecha
nisms of sensitization of tumor cells to alkylating agents and cis-DDP
by a decrease in GSH levels remain obscure.

The present investigation aims to increase our knowledge of the
mechanisms of sensitization of malignant cells to bifunctional DNA-
reactive cytostatic agents by BSO. We have investigated the effect of
BSO on the cytotoxity of melphalan, HN2, cis-DDP, and BCNU on
RPMI 8322 human melanoma cells. The effect of BSO on the induction
of DNA cross-links by the drugs has been studied with alkaline elution
of DNA. In addition, the effect of BSO on the intracellular concentra
tion of active drug following exposure to melphalan has been measured
with liquid chromatography.

MATERIALS AND METHODS

Drugs and Chemicals. Melphalan was obtained as a sterile powder in
commercial vials from the Wellcome Foundation, Ltd., London, Eng
land. Stock solutions of melphalan were prepared by dissolving 100 mg
of melphalan in 1 ml of 92% ethanol with 2% HC1, and diluting with
9 ml of 60% propylene glycol in sterile water with 1.2% dipotassium
hydrogen phosphate. These solutions were immediately frozen at
â€”70"Cin portions of 2 mg melphalan. The stock solutions were renewed

after 3 months (it has been shown with liquid chromatography that
100% of melphalan is retained after storage for 3 months at this
temperature).5 Immediately before each incubation, a stock solution

was further diluted in cell culture medium to the desired drug concen
trations. HN2 was obtained as a sterile powder in commercial vials
from the Boots Company, Ltd., Nottingham, England. Immediately
before each incubation 10 mg of HN2 were dissolved in 10 ml of Eagle's
MEM medium with Earle's salts (Flow Laboratories, Rickmansworth,

England) and further diluted in cell culture medium to the desired drug
concentrations. cis-DDP was obtained as a powder from Bristol Labo
ratories, Syracuse, NY. Immediately before drug incubation 2 mg cis-
DDP were dissolved in 50 ;/l dimethyl sulfoxide and diluted to the

*H. Ehrsson, unpublished data.
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POTENTIATION OF CYTOSTATIC DRUGS BY BSO

appropriate concentrations in cell culture medium. BCNU was obtained
as a sterile powder in commercial vials from Bristol Laboratories,
Syracuse, NY. Immediately before drug incubations 3 mg of BCNU
were dissolved in 40 /<I99.5% ethanol and diluted in cell culture medium
supplemented with 10% PCS to the desired drug concentrations. BSO
was obtained as a powder from Chemalog Chemical Dynamics Corp.,
South Plainfield, NJ, dissolved, and diluted in tissue culture medium.
[methyl-MC]Thymidine (60 mCi/mmol; 50 (iCi/ml) and [methyl-'H]-
thymidine (5 Ci/mmol; 1 mCi/ml) were obtained from the Radiochem-
ical Centre, Amersham, England.

Cells. A human melanoma cell line, RPMI8322, was used (27). Cells
were grown in Eagle's MEM medium with Marie's salts supplemented

with 2 HIM L-glutamine, 10% PCS, 125 lU/ml benzylpenicillin, and
125 /uK/ml streptomycin. 1.1210 mouse leukemia cells were grown in
RPMI 1640 medium with 4-(2-hydroxyethyl)-l-piperazineethanesul-
fonic acid buffer (Flow Laboratories) supplemented with 2 HIM L-

glutamine, 10% PCS, 125 lU/ml benzylpenicillin, and 125 Â¿<g/ml
streptomycin.

Cell Proliferation. Por the measurements of cell proliferation, ap
proximately 0.5 x 1()''cells were seeded into 6-cm diameter Petri dishes
with 4 ml Eagle's MEM medium supplemented with 2 HIML-glutamine

and 10% PCS. To test dishes 0.01 HIMBSO was added and allowed to
remain in the culture medium during the whole period of culture.
Immediately before, and 24, 48, and 72 h following the addition of
BSO, cells were harvested with 1 HIMEDTA in PBS and counted in a
hemocytometer, with trypan blue added to distinguish living from dead
cells. The number of living cells in test dishes was compared to that in
parallel control dishes.

Drug-induced Cytotoxicity. Drug-induced cytotoxicity was measured
as inhibition of colony formation according to the method of Puck and
Marcus (28). Appropriate numbers of RPMI 8322 cells suspended in
Eagle's MEM medium supplemented with 2 HIML-glutamine and 10%
PCS were plated in 6-cm diameter Petri dishes and left overnight to
attach to the bottom of the dishes. Following this, 0.01 HIMBSO was
added to the medium and the cells were incubated for 24 h. Parallel
control cells were grown in the absence of BSO for 24 h. The medium
was then changed and the cells were exposed to either various concen
trations of melphalan, HN2, or cis-DDP for 30 min in medium without
PCS or to BCNU for 2 h in medium with 10% PCS. The prolonged
incubation time with BCNU was chosen since it is known that this drug
undergoes aqueous decomposition to yield a reactive chloroethyldi-
azonium hydroxide entity that causes the cytotoxicity and DNA cross-
linking. This is a delayed process with a half-life of 50 min in phosphate
buffer (pH 7.4) that is accelerated in the presence of plasma (half-life
in plasma, 17 min) (29). The latter observation is the reason for
including 10% PCS in the medium during incubation with BCNU.
After removal of the drug the cells were grown in fresh medium with 2
mM L-glutamine and 10% PCS for 14 days to produce clones of
appropriate size. The dishes were then rinsed with PBS (pH 7.4) and
the colonies were fixed for 2-3 min with 37% formaldehyde solution
diluted in 4 volumes of PBS and stained for 15 min with Giemsa
solution diluted in 4 volumes of distilled water. The number of colonies
containing at least 50 cells was counted on each dish and the surviving
fraction was calculated in relation to control dishes. The plating effi
ciencies in different experiments were 60-100%.

Drug-induced DNA Cross-Linking. The alkaline elution technique
developed by Kohn et al. (30, 31) was used with minor modifications
essentially as previously described (32). RPMI 8322 melanoma cells
were seeded into Petri dishes (3.5-cm diameter dishes; 0.2 x 10' cells/
dish) and labeled for 24 h with [14C]thymidine at a concentration of 1-

2 fiCi/ml. BSO was then added to the cultures and the cells were
pretreated with 0.01 HIMBSO for 24 h. Parallel untreated control cells
were grown for 24 h in medium without BSO. Following this, the
medium was removed, and the cells were incubated for 30 min with
different concentrations of melphalan, HN2, or cis-DDP in serum-free
medium or for 2 h with BCNU in medium with 10% PCS. The
incubations were arrested by placing the cells on ice, after which the
medium was removed and the cells were further incubated in fresh
medium with 10% PCS for 0-6 h. The cells were then resuspended in
ice cold medium with 2% PCS and irradiated with 600 rads. During

and after irradiation the cells were kept on ice in order to minimize the
reseating of radiation-induced DNA strand breaks. For the measure
ment of DNA interstrand cross-links, the cells were collected on poly
carbonate filters (pore size, 2 Â¿im;diameter, 25 mm; Nuclepore Corp.,
Pleasanton, CA). An internal standard of 0.2 x IO6LI210 cells labeled
with | 'I Ijihymidinc and irradiated with 300 rads was added to each

filter. The cells were then washed with 10 ml ice cold PBS and lysed
with 5 ml sarkosyl-EDTA solution (sarkosyl, 20 g/liter-0.02 M EDTA,
7.44 g/literadjusted to pH 9.5 with 5 M NaOH) which was allowed to
flow through the filters by gravity. Following this, another 2 ml of lysis
solution containing 0.5 mg/ml of proteinase K were added to the filters
and allowed to remain in contact with the filters for 1 h. The DNA was
then slowly eluted from the filters with a TEAH-EDTA solution [0.02
M EDTA (acid form), 5.845 g/liter with 0.1% sarkosyl; adjusted to pH
12.1 TEAH] at a flow rate of 0.035 ml/min. For the analysis of total
DNA cross-linking the same procedure was used, except that the cells
were applied to a polyvinyl chloride filter (pore size, 2 /xm; diameter,
25 mm; Millipore Corp., Bedford, MA), the proteinase K treatment
was omitted, and no sarkosyl was included in the TEAH-EDTA solu
tion. The elution was continued for 16 h and the eluted DNA was
collected in 8 fractions. DNA remaining on the filters at the end of
elution was removed by hydrolysis in l M HC1 at 60Â°Cfor 1 h followed

by treatment with 2.5 ml 0.4 M NaOH at room temperature for 1 h
and vigorous mechanical agitation. DNA remaining in funnels, filter
holders, and tubes were removed by pumping 2.5 ml of 0.4 M NaOH
through the system; the activity thus obtained was added to the activity
released from the filters. The 14Cand 'H activities in each sample were

analyzed by liquid scintillation counting after adding 1.4 volumes of
Instagel (Packard Instrument Company, Downers Grove, IL).

Extensive theoretical considerations on the mechanisms allowing for
the detection and quantification of DNA cross-links by alkaline elution
have been published by Kohn (30) and Kohn et al. (31). The fraction
of [UC]DNA remaining on the filter at the time when 25% of the [3H]-

DNA of internal standard cells remain on the filter was determined for
each sample. The amount of DNA cross-links was calculated from the
formula (31)

CLF =
1 - r

- 1

where CLF is the cross-linking factor, ra is the fraction of [I4C]DNA

remaining on the filter in irradiated control cells, and r is the fraction
of [I4C] DNA remaining on the filter in drug-exposed, irradiated cells.

If CLF is multiplied with the dose of radiation delivered (in this case,
600 rads), the frequency of cross-links is expressed as rad-equivalents.

Measurement of Cellular Content of GSH and Its Reduction by BSO.
For the measurement of GSH-content, 2 x IO6RPMI 8322 cells were
seeded into 10 cm diameter Petri dishes with Eagle's MEM medium
supplemented with 2 mM L-glutamine and 10% PCS. Following incu
bation over night, 0.01 mM BSO was added. After 24 h of BSO
treatment the cells were harvested with 0.025% trypsin in PBS and the
GSH content in BSO-treated cells and untreated controls was meas
ured. In some experiments, following the removal of BSO, the cells
were cultured in fresh medium for another 24 h to allow for the
measurement of GSH resynthesis.

For the determination of GSH content the cells were washed once
with 0.15 M NaCI with 2 mM EDTA (pH 7.0) and twice with 0.15 M
NaCl without EDTA. The cells were then extracted with 0.85 ml 5%
trichloroacetic acid with 12.5 mM EDTA. GSH was then measured
enzymatically according to the method of Tietze (33) as modified by
Griffith (34) on 0.2 ml of the extract using a Hitachi recording spec
trometer (Model 150-20 with data processor). In each experiment at
least duplicate determinations were made. The levels of GSH were
related to the protein content of the cell extracts, measured according
to Lowry et al. (35).

Measurements of Cell Volumes. Volumes of BSO-pretreated (0.01
mM, 24 h) and control cells were measured with a VDA 140 electronic
particle counter (Analysinstrument AB, Stockholm, Sweden). Briefly,
cells were harvested with 0.025% trypsin in PBS and resuspended in
Eagle's MEM medium with 10% PCS and 2 mM L-glutamine; 100 n\
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of this suspension were further diluted in 8 ml azide-free Diluid (J. T.
Bakel Chemicals B.V., Deventer, Holland). A sample of the cell sus
pension was analyzed in the VDA 140 counter equipped with a 150-
/im diameter capillary calibrated with 10.2-^m diameter latex particles
(Coulter Electronics, Ltd., Harpenden, England) and operating with
256 channels.

Measurement of Intracellular Content of Free Melphalan. RPMI8322
cells were seeded into tissue culture flasks (75 cm2; Falcon, Becton
Dickinson & Co, Oxnard, CA), 2 x 10' cells/flask in 15 ml Eagle's

MEM medium with 2 mM L-glutamine and 10% FCS. Following
incubation overnight 0.01 HIMBSO was added to some cultures. After
24 h of BSO-treatment the cells as well as parallel untreated controls
were harvested with 0.025% trypsin in PBS, counted, and examined
for viability with trypan blue exclusion. The cells were then distributed
into 10-ml test tubes, 5xl()'' cells/tube and treated with melphalan in

medium without serum for 30 min. The incubation was stopped by
centrifuging the cells (3000 rpm, 2 min), removing the medium and
immediately freezing the pellets as well as 5 ml of the supernatant at
â€”20*C.Melphalan was determined by liquid chromatography with

fluorimetrie detection after derivatization with Af-acetyl-cysteine using
the procedure and equipment previously described (36). Briefly, the cell
pellet was homogenized by sonication in 1 ml distilled water, mixed
with W-acetyl-cysteine at pH 11, and heated for 15 min at 70"C. After

acidification and filtration, part of the sample was injected into the
liquid Chromatographie system. To compensate for differences in cell
numbers, 1/5 of each sample was used for determination of protein
content using the method of Lowry et al. (35).

Statistical Evaluation of Data. Experimental results were tested for
statistical significance with Student's t test. For the comparison of

slopes of regression lines, the ratio of the coefficients of the slopes was
calculated as well as the estimated SD of the ratio (37). In cases where
small differences between slopes of regression lines were obtained, the
effect of BSO on cytotoxicity or DNA cross-linking was also tested by
comparing all pairs of results with and without BSO in each of the
experiments in a 2-tailed Wilcoxon matched-pairs signed-rank test (38).

RESULTS

Effect of BSO on Cellular Content of GSH. We tested the
toxicity of several concentrations of BSO on RPMI 8322 cells
with clonogenic assay, as described above. Significant cytotox
icity was seen when RPMI 8322 cells were exposed to concen
trations of BSO of 0.1 HIMor higher for periods sufficient to
reduce GSH levels with at least 50% (4 h or more; data not
shown). However, when the cells were exposed to 0.01 HIM
BSO for 24 h a reduction in GSH content to approximately
15% was seen without significant toxicity. The lack of toxicity
was confirmed in the subsequent assays of drug toxicity where
the plating efficiencies of BSO-pretreated control cells did not
differ significantly from those of untreated controls (mean
plating efficiency of BSO-pretreated cells was 99.0 Â±9.1 % (SD)
ofthat of control cells (n = 14)). Table 1 illustrates the effect
of treatment of RPMI 8322 cells with 0.01 ITIMBSO for 24 h
on cellular content of GSH. This treatment reduced GSH levels
to 14% of those of control cells. This inhibition of GSH
synthesis was transient, since BSO treated cells had regained

Table 1 Depletion of cellular GSH by BSO in RPMI 8322 cells ana subsequent
resynthesis of GSH

Cells were treated with 0.01 ni\i/ BSO for 24 h and the cellular level of GSH
(numi per mg protein) was compared to that of untreated control cells. In some
experiments BSO-treated cells were cultured for 24 h after removal of BSO
followed by determination of cellular GSH.

Untreated controls
(n =16)47.38

Â±2.90Â°Immediately

following
BSO treatment for

24h(n=11)6.62
Â±0.97 (14.0)*24

h after BSO
treatment (n =5)45.81

Â±4.50 (96.7)

normal levels of GSH when assayed 24 h after BSO treatment.
Lack of Effect of BSO on Cell Proliferation. Measurements

of cell proliferation showed an exponential growth of RPMI
8322 cells for 48 h, with a doubling time of approximately 24
h. No effect of BSO on cell proliferation was seen (Fig. 1). BSO
did not increase the proportion of trypan blue stained cells,
which was 3-8% when measured at different times.

Lack of Effect of BSO on Cell Volume. Measurements of cell
volume showed no effect of BSO pretreatment (0.01 IHM, 24
h). Volumes of unpretreated and BSO-pretreated cells were 941
Â±270 and 968 Â±273 fl, respectively.

Potentiation of Drug-induced Cytotoxicity by BSO. The effect
of a 24-h pretreatment with 0.01 mM BSO on drug-induced

cytotoxicity was measured with clonogenic assay. BSO signifi
cantly potentiated the cytotoxic effects of melphalan and HN2
(Fig. 2). The effect of BSO on melphalan-induced cytotoxicity

- 3-
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O i 2 3

TIME AFTER BEGINNING OF
BSO-TREATMENT (days)

Fig. 1. Lack of effect of BSO on proliferation of RPMI 8322 cells. Approxi
mately 0.5 X 1(i'pcells were seeded into Petri dishes, 0.01 mM BSO was added on

day 0 and allowed to remain in the medium during the period of culture. Points,
number of trypan blue-excluding cells in untreated (O) and BSO-treated (â€¢)dishes
(mean of triplicate dishes Â±SD (bars)].

HN2

" Mean Â±SEM.
* Numbers in parentheses, percentage of untreated control.

CONCENTRATION OF DRUG (|jM)

Fig. 2. Effect of pretreatment of RPMI 8322 cells with 0.01 mM BSO for 24
h on melphalan- (left) and HN2- (right) induced cytotoxicity measured by
inhibition of colony formation, without BSO (O, O), or following BSO pretreat
ment (â€¢,â€¢).Mean of 2-5 separate experiments Â±SEM (bars); , regression
line for dose-response relationship.

21

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/1/19/2431190/cr0480010019.pdf by guest on 19 M

ay 2023



POTENTIATION OF CYTOSTATIC DRUGS BY BSO

included a reduction in the size of the wide shoulder exhibited
by unpretreated cells as well as an approximately 3.4-fold
increase in the slope of the survival curve (Table 2). Similarly,
for HN2 there was a 3.3-fold increase in the slope of the survival
curve. In contrast, the effects of BSO on cis-DDP- and BCNU-
induced cytotoxicity were much smaller with only 1.5- and 1.1-
fold increases in the slopes of the survival curves, which were
not statistically significant when analyzed with Student's t test

(Fig. 3; Table 2). However, the potentiation by BSO of both
cis-DDP- and BCNU-induced cytotoxicity was significant (P<
0.01) when analyzed by a dependent rank test (Wilcoxon's

matched-pairs signed-rank test).
Potentiation of Drug-induced DNA Cross-Linking by BSO.

The effects of BSO pretreatment of drug-induced DNA cross-
linking was measured by alkaline elution of DNA. We were
able to use this method since initial experiments indicated that
BSO neither induced DNA strand breaks nor influenced the
induction of DNA single strand breaks by X-ray (data not
shown). These initial results were confirmed in the subsequent
experiments. The elution of [14C]DNA from unirradiated or

irradiated control cells was not significantly influenced by BSO
pretreatment [fractions of 14Cactivity remaining on filters at
the time when 25% of 3H activity in internal standard remains
(n = 10-18): unirradiated cells, 84.1 Â±4.4% (no BSO), 83.6 Â±
4.6% (BSO); cells irradiated with 600 rads, 8.8 Â±2.2% (no
BSO), 8.6 Â±2.2% (BSO)]. We have previously found that
maximum DNA interstrand cross-linking in RPMI 8322 cells
occurs immediately following incubation with HN2 for 30 min,
while there is a delayed build up of DNA cross-links for 6-12

Table 2 Effect of BSO pretreatment (0.01 mM, 24 h) of RPMI 8322 cells on
drug-induced cytotoxicity and DNA cross-linking

DMFs were calculated as the ratios of slopes of regression lines for BSO
pretreated/contro cells Â±SD.

DrugMephalan

HN2
Cis-DDP
BCNURelative

cytotoxicity3.44
Â±0.40Â°

3.29 Â±0.46"
1.48 Â±0.74*
1.11 Â±0.40*DMFRelative

DNA cross-
linking2.23

Â±0.35Â°
2.50 Â±0.20Â°
1.12 Â±0.09*
0.99 Â±0.07*

â€¢P < 0.0001 by Student's t test.
* Not significant by Student's i test.

BCNU

CONCENTRATION OF DRUG (|jM )

Fig. 3. Effect of pretreatment of RPMI 8322 cells with 0.01 mM BSO for 24
h on cis-DDP- (left) and BCNU- (right) induced cytotoxicity without BSO (A,
V) or following BSO pretreatment (A, T). Mean of 3 separate experiments Â±
SEM (bars); , regression line for dose-response relationship.

h following exposure to melphalan (32) or cis-DDP4 for 30

min. Following exposure to BCNU a similar protracted induc
tion of DNA cross-links has been reported (39), and this was
confirmed in pilot experiments on RPMI 8322 cells (data not
shown). We therefore chose to study the effects of BSO pre
treatment on DNA interstrand cross-linking, as measured by
alkaline elution immediately following exposure to HN2 and 6
h following exposure to melphalan, cis-DDP, and BCNU. Fig.
4 illustrates results of representative alkaline elution experi
ments, showing an increase in both HN2- and melphalan-
induced DNA interstrand cross-linking in cells pretreated with
0.01 mM BSO for 24 h, as compared to unpretreated controls.
In Fig. 5 the relationships between drug dose and DNA inter
strand cross-linking induced by melphalan and HN2 are illus
trated. For both drugs, the dose-response relationship was
approximately linear up to levels of DNA cross-links of 200-
300 (melphalan) and 300-400 (HN2) rail-equivalents, respec

tively. BSO pretreatment (0.01 mM, 24 h) significantly in
creased the induction of DNA interstrand cross-links by mel
phalan and HN2, with factors of approximately 2.2 and 2.5,
respectively (Table 2). When HN2-induced cytotoxicity, as
obtained from clonogenic assays, was plotted against DNA
interstrand cross-linking, the data points for BSO pretreated
and unpretreated cells fitted a common regression line (Fig. 6).
In contrast, when cytotoxicity was plotted as function of DNA
interstrand cross-linking following melphalan exposure, the
regression line for BSO-pretreated cells was shifted to the left
as compared to that for control cells, indicating a higher cyto-
toxic effect at similar levels of DNA cross-linking. This was
not due to an underestimate of DNA cross-links due to the
simultaneous presence of drug-induced strand breaks in BSO
pretreated cells, since alkaline elution experiments with unir
radiated cells showed no induction of DNA strand breaks by
melphalan or HN2 in either control or BSO treated cells.

Similar to the small effect of BSO on the cytotoxicity of cis-
DDP, the enhancement of cis-DDP-induced DNA cross-linking
(DNA interstrand plus DNA-protein cross-linking) was much
smaller as compared to the results obtained with melphalan
and HN2. The alkaline elution curves in Fig. 7 illustrate the
unequivocal effect of BSO on DNA cross-linking. However,
when the results of three separate experiments were plotted

2pM.600nd.*BSO

O.SlJM.600rad.'BSO
1MM.600 tad - BSO

TIVITY REMAINING ON FILTER IV.)

Fig. 4. Representative alkaline elution curves illustrating the effect of BSO
pretreatment on the induction of DNA interstrand cross-links in RPMI 8322
cells with melphalan and HN2. l.ii't. alkaline elution analysis 6 h following

exposure to 5 (Q, â€¢),10 (A, A) or 40 (0, Â»),/M melphalan; cells irradiated with
600 rads; right, alkaline elution analysis immediately following exposure to 0.5
(D, â€¢),1 (A, A) or 2 (0, Â») ,.M HN2; cells irradiated with 600 rads. Unirradiated
control cells (V, T); control cells irradiated with 600 rads (O, â€¢);without BSO
(open symbols); or following BSO pretreatment (0.01 mM, 24 h) (closed symbols).

22

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/1/19/2431190/cr0480010019.pdf by guest on 19 M

ay 2023



POTENTIATION OF CYTOSTATIC DRUGS BY BSO

Fig. 5. Effect of BSO pretreatment on
DNA Â¡nterstrandcross-linking induced by mel-
phalan and HN2 in RPMI 8322 cells. Left, 6
h following exposure to melphalan (O, â€¢);
rinht. immediately following exposure to HN2
P, â€¢).Without BSO (O, D), following BSO
pretreatment (0.01 m\i. 24 h) (â€¢,â€¢).Mean Â±
SEM (bars) of 3 separate experiments. ,
regression lines for the dose-response relation
ships, rad-eq., rad-equivalents.
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Fig. 6. Cytotoxic effects of melphalan (Â¡eft)and HN2 (right) with (â€¢,â€¢)and
without (O, O) BSO pretreatment as a function of drug-induced DNA interstrand
cross-linking. Symbols, mean Â±SEM (Aars); , regression lines for the rela
tionships between DNA interstrand cross-linking and surviving fraction, rad-eq.,
rad-equivalents.

against dose (Fig. 8), the potentiation by BSO of cis-DDP-
induced DNA cross-linking appears limited with a 1.12-fold
(not statistically significant when tested with Student's t test)

increase in the slope of the regression line (Table 2). However,
when the results obtained for each dose of cis-DDP in the 3
experiments were analyzed with a dependent rank test (Wilcox-
on's matched-pairs signed-rank test), the effect of BSO was

found to be significant (P < 0.01). When the cis-DDP-induced
cytotoxicity was plotted against DNA cross-linking the data
fitted a common regression line (data not shown). No potentia
tion of BCNU-induced DNA cross-linking was obtained by
BSO pretreatment (Fig. 8; Table 2).

Lack of Effect of BSO on Rate of Removal of HN2-induced
DNA Cross-Links. We have previously shown that maximum
amounts of DNA cross-links are seen immediately following
exposure of RPMI 8322 cells to HN2 for 30 min. With further
drug-free incubation of the cells the levels of DNA interstrand
cross-links decrease with a half-life of 5 h (32). In order to

O^M.Orad..BSO
OpM.Orad.-BSO

80 ^M.600rad.Â» BSO

80uM.600 rad.-BSO

20 MM.600 rad.Â«BSO

20 pH. 600 rad,-BSO

10MM.600rad.-BSO

10yM.600rad.-BSO

rad.- BSO
rad.. BSO

100 50

JH-ACTIVITY REMAINING ON FILTER ('/.)

Fig. 7. Representative alkaline elution curves illustrating the effect of BSO
pretreatment in the induction of DNA cross-links by cis-DDP in RPMI 8322
cells. Alkaline elution measurements of DNA cross-linking 6 h after exposure to
10 (D, â€¢),20 (V, A) or 80 (0, Â»)>iMcis-DDP; cells were irradiated with 600
rads. Unirradiated control cells (V, T); control cells irradiated with 600 rads (O,
â€¢);without BSO (open symbols); or following BSO pretreatment (0.01 m\t 24 h)
(closed symbols).

investigate the possible effect of BSO on the rate of cross-link
removal, DNA interstrand cross-links were measured immedi
ately following as well as 6 h after exposure of BSO-pretreated
(0.01 mM, 24 h) and control cells to HN2 for 30 min. Parallel
measurements of cellular GSH showed that BSO pretreatment
in these experiments reduced GSH to 15.2% (n = 2) of control
levels. Six h after drug incubation, when the second measure-
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Fig. 8. Effect of BSO pretreatment on
DNA cross-linking induced by cis-DDP and
BCNU in RPMI 8322 cells. Left, DNA cross-
linking 6 h following exposure to cis-DDP (A,
A); mean Â±SEM (bars) of 2-3 separate deter
minations; right, DNA cross-linking 6 h fol
lowing exposure to BCNU (V, T); results of
single determinations. Without BSO (A, V);
following BSO pretreatment (0.01 HIM,24 h)
(A, T). , regression lines for the dose-
response relationships, rad-eq., rad-equiva-
lents.
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ment of DNA interstrand cross-links was performed, GSH
levels had increased to 31.8% (n = 2) of those of control cells.
The results (Fig. 9) indicate that BSO did not influence the rate
of removal of HN2-induced DNA interstrand cross-links. The
mean rate of removal of DNA interstrand cross-links was not

significantly different in BSO pretreated and control cells, with
half-lives of 3.2 and 3.0 h, respectively.

Lack of Effect of BSO on Cellular Content of Free Melphalan.
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Fig. 9. Lack of effect of BSO pretreatment on the removal of HN2-induced

DNA interstrand cross-links. Symbols, results of alkaline elution analyses im
mediately and 6 h following exposure of RPMI 8322 cells to 2.5 (O) or 5 (A) ,IM
HN2 without BSO pretreatment and 1 (â€¢)or 2 (T) /Â¿MHN2 following pretreat
ment with BSO (0.01 mm, 24 h). Mean values of 2 separate experiments, rad-eq.,
rad-equivalents.

Results of measurements of cellular content of intact melphalan
are shown in Fig. 10. The intracellular amount of melphalan
was a linear function of the concentration of melphalan in the
extracellular medium at the end of the 30 min of drug incuba-
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Fig. 10. Lack of effect of BSO pretreatment on the cellular content of free,
intact melphalan. BSO pretreated (â€¢)and control (O) cells were incubated in vitro
for 30 min with different concentrations of melphalan. The content of intact
melphalan in the external medium and cells at the end of incubation was
determined by liquid chromatography, as described in the text. Points, mean of
triplicate determinations in the same experiment; - , regression line for the
combined results.
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POTENTIATION OF CYTOSTATIC DRUGS BY BSO

tion. The pretreatment of cells with BSO did not alter the
results significantly. This was not due to a lack of effect of BSO
on cellular GSH content in this particular experiment, since
the amount of GSH in BSO-pretreated cells was reduced to
18% ofthat in control cells.

DISCUSSION

Treatment of RPMI 8322 melanoma cells with 0.01 HIM
BSO for 24 h reduced cellular GSH content to 14% of control
levels without affecting cellular growth rate, clonogenic capac
ity, or cell volume. This treatment significantly sensitized the
cells to melphalan and HN2, while the cytotoxic effects of cis-
DDP and BCNU were much less affected (Figs. 2 and 3; Table
2). The effect of BSO on drug-induced DNA cross-linking was
investigated by alkaline elution of DNA. We were able to use
this method since the BSO pretreatment neither caused any
DNA strand breaks nor influenced the induction of single strand
breaks by X-ray. The effects of BSO pretreatment on the
induction of DNA cross-links were parallel to those observed
on drug-induced cytotoxicity (Figs. 5 and 8; Table 2). When
cytotoxicity was analyzed as a function of DNA cross-linking
(Fig. 6), the data obtained for BSO pretreated and control cells
following exposure to HN2, cis-DDP, and BCNU fitted com
mon regression lines. Following melphalan exposure the regres
sion line obtained from results with BSO-pretreated cells was
shifted slightly to the left, indicating a relatively higher cyto
toxicity at similar levels of DNA cross-linking compared to
control cells. This discrepancy could possibly be due to the fact
that DNA interstrand cross-linking was measured 6 h rather
than 12 h following drug exposure, when maximum levels of
DNA interstrand cross-links occur in these cells (32). Alterna
tively, some other factor, such as an effect of BSO on the repair
of DNA interstrand cross-links could cause the discrepancy.
GSH is involved in the regulation of enzyme activities (13), and
the cellular level of GSH influences some DNA repair proc
esses, since it has been reported that GSH-deficient human
fibroblasts have a decreased capacity to repair X-ray-induced
DNA strand breaks, which is restored to normal by transfer of
GSH to the deficient cells (40). However, we found no effect of
BSO on the rate of removal of HN2-induced DNA interstrand
cross-links (Fig. 9). The results thus support the theory that
BSO increases the cytotoxicity of some bifunctional DNA-
reactive cytostatic drugs by enhancing the induction of DNA
interstrand cross-links. This is also consistent with a recent
report that sensitization of human leukemia cells to activated
cyclophosphamide by BSO is accompanied by increased DNA
interstrand cross-linking (41).

The intracellular content of intact melphalan was measured
with liquid Chromatograph y following exposure of BSO treated
and control cells to melphalan for 30 min. Despite the 3.4-fold
increase in melphalan cytotoxicity and the 2.2-fold increase in
DNA interstrand cross-linking, no effect of pretreatment with
BSO on the cellular content of intact melphalan was seen (Fig.
10). Thus, the amino acid carriers responsible for the active
uptake of melphalan (42,43) seem to be unaffected by the BSO
treatment. There was an approximately linear relationship be
tween extracellular and intracellular melphalan concentrations,
as might be expected since the extracellular concentrations of
melphalan in these experiments were well below the Kmvalues
for the L-system-like carrier of melphalan reported for several
cell types (44â€”46).It is known that GSH can form conjugates
with electrophilic substances (13) such as the active alky hit ing
species formed by HN2, melphalan, cis-DDP, and BCNU. The

reduction of cellular GSH to 14% of control levels might reduce
such reactions between drug and GSH and cause an increased
fraction of melphalan to react with other targets, such as cellular
macromolecules. Thus, despite the lack of effect on the intra
cellular concentration of intact melphalan, the reduction of
cellular GSH could cause an increased binding of melphalan to
DNA.

The mechanism of conjugation may be either a direct chem
ical reaction with GSH or a reaction catalyzed by a glutathione
transferase enzyme (47). A role for glutathione transferase-
mediated reactions in resistance to alkylating agents was sug
gested by the findings of increased glutathione transferase ac
tivity (48) as well as a change in the isoenzyme pattern (49) in
murine tumor cells with acquired resistance to chlorambucil,
which are cross-resistant to melphalan. Furthermore, a recent
study has shown that melphalan is a substrate for glutathione
transferase (50). In a recent investigation high levels of Class
Pi acidic glutathione transferase were found in four human
melanoma cell lines, including RPMI 8322, as well as in human
melanoma mÃ©tastases(51). Increased levels of acidic glutathi
one transferase has also recently been reported in multidrug-
resistant human breast cancer cells (52). In contrast, BCNU-
resistant rat brain tumor cells contain elevated levels of a
different isoenzyme class, the Class Mu glutathione transferase,
which has been shown to catalyze denitrosation of BCNU (53).
This class of glutathione transferase was not detected in RPMI
8322 cells (51). However, the lack of Class Mu transferase may
not by itself explain why BSO has little effect on BCNU toxicity
in these cells, since little potentiation of BCNU by BSO was
seen also in the rat brain tumor cells with high levels of Class
Mu glutathione transferase (54). Thus, available data indicate
that glutathione transferase enzymes may be important for
GSH-related inactivation of DNA reactive drugs and that dif
ferent isoenzymes may be of importance for different drugs.

The sensitization of RPMI 8322 cells to cis-DDP by BSO
was also limited (DMF 1.5). Similar results were reported by
Andrews et al. (23) who found a significant potentiation of the
cytotoxicity of melphalan (DMF 2.6) and HN2 (DMF 1.9) by
BSO in a human ovarian cancer cell line, but a much smaller
effect on cis-DDP cytotoxicity (DMF 1.2). In contrast, Hamil
ton et al. (15) found significant potentiation of cis-DDP cyto
toxicity in 4 other ovarian cancer cell lines (DMFs 1.8-4.3).
Despite a similar relative decrease in GSH levels by BSO (to
10-30% of controls), due to differences in GSH levels before
BSO treatment, the content of GSH following BSO was lower
in the ovarian cancer cells that obtained a marked increase in
cis-DDP toxicity (0.6-0.7 nmol/106 cells) than in the cells
showing little potentiation by BSO (0.9-6 nmol/106 cells).

Thus, it is possible that a reduction of GSH content below a
critical level is required to obtain a marked sensitization to cis-
DDP by BSO. It has recently been shown that GSH can react
with a cis-DDP analogue bound as a monoadduct to DNA (55).
Such a reaction would reduce the amount of DNA cross-links
formed from monoadducts and thus reduce the toxicity of the
drug. If a similar quenching of cis-DDP-DNA monoadducts by
GSH is an important process, then the intranuclear rather than
the cytoplasmic level of GSH may be of importance for resist
ance to cis-DDP. It has been demonstrated that BSO is rela
tively inefficient in reducing the intranuclear levels of GSH
(56). This could possibly explain the limited effect of BSO on
cis-DDP cytotoxicity and DNA cross-linking that we observed.
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