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Abstract. We investigated the effect of DNA-repair-enzyme 
inhibitors on L-phenylalanine mustard (L-PAM) and cis- 
diamminedichloroplatinum (II) (CDDP) cytotoxicity in rat 
mammary-carcinoma MatB cells sensitive (WT) and re- 
sistant (MLNr) to bifunctional alkylating drugs. Among the 
modulators tested, the combination of arabinofu- 
ranosylcytosine (Ara-C) and hydroxyurea (HU) sig- 
nificantly increased the sensitivity of the cells to CDDP and, 
to a lesser extent, L-PAM as compared with cells treated 
with drug alone. The modulation effect of HU+Ara-C on 
CDDP and L-PAM cytotoxicity was more effective when 
intracellular glutathione (GSH) was depleted by L-buthio- 
nine-(S,R)-sulfoximine (BSO). This was also associated 
with a significant increase in DNA-DNA interstrand cross- 
links. Caffeine also sensitized both WT and MLNr cells to 
the cytotoxic effect of L-PAM and CDDR and this effect 
was potentiated in GSH-depleted cells. No significant effect 
was observed with other repair modulators such as aphidi- 
colin, 3-aminobenzamide, novobiocin, or etoposide. These 
results show (a) that inhibition of DNA repair by HU+Ara-C 
or caffeine could be a target for modulation of bifunctional 
alkylating-drug resistance and (b) that GSH depletion ren- 
ders resistant cells more susceptible to the repair-enzyme 
modulators, suggesting that intracellular GSH may be in- 
volved in the regulation of some of these enzymes. Our 
results also indicate that a combination of a number of 
modulators may offer an advantage over the use of a single 
modulator in rumor resistance that may be associated with 
multifactorial mechanisms. 
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Introduction 

Alkylating agents constitute a major class of anticancer 
drugs with well-established activity against human cancers, 
including carcinoma of the breast [3]. Their effectiveness in 
curing cancer, however, is limited by a number of factors, 
including the development of tumor resistance. The latter is 
a common cause of relapse in cancer patients following an 
initial response to chemotherapy. 

The development of resistance to a single alkylating 
agent is often associated with cross-resistance to other al- 
kylating drugs and, under some conditions, to natural pro- 
ducts as well as radiation [13]. Major mechanisms involved 
in resistance to alkylating drugs include (a) decreased 
cellular drug accumulation through alterations in specific 
transport carriers or overexpression of specific membrane 
glycoprotein(s) [81, (b) altered drug metabolism, (c) en- 
hanced drug detoxification due to the conjugation of glu- 
tathione (GSH) to drug or to drug-DNA adducts through 
glutathione-S-transferase (GST) catalysis [26], and (d) en- 
hanced repair of drug-DNA monoadducts or DNA cross- 
links [21]. Although these mechanisms taken individually 
have proved to be of fundamental interest and have shown 
encouraging results in experimental models, their clinical 
importance remains controversial. Drug resistance is often 
associated with several distinct mechanisms within the 
same tumor. Because of this multifactorial process, it is 
unlikely that a single modulation agent will be clinically 
relevant on its own. Clinical experience with anticancer 
drugs has shown that combination regimens are more 
successful than single agents used alone. Based on this 
concept, incorporation of two or more modulators with 
different targets in the standard regimens may be more 
efficient in overcoming drug resistance. 

We have previously reported that drug-induced DNA- 
DNA cross-links are diminished in rat mammary-carci- 
noma MatB cells originally selected for resistance to 
L-phenylalanine mustard (L-PAM) [1]. Considering that the 
cytotoxic effect of alkylating drugs is in part dependent 
upon the balance between DNA lesions and DNA repair, 
we investigated the effect of some enzyme inhibitors, 
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Table 1. Cross-resistance profile of MLNr ceils 

Drug ICs0, gM 

WT MLNr 

Relative factor 
of resistance a 

L-PAM 0.26 _+ 0.02 27.75 • 2.3 107 
Mechlorethamine 0.04 • 0.01 3.45 • 0.3 96 
Chlorambucil 0.63 _+ 0 .03  38.50 • 2.6 61 
BCNU 2.90 _+ 0.40 t38.00 • 9.3 48 
CDDP 0.22 • 0.02 17.50 • 1.9 80 
Mitomycin C 0.14 • 0.02 1.25 • 0.2 9 
Mitoxantrone 9.10 • 0.60 21.10 • 1.9 2.3 

The ICs0 value was determined graphically from the survival curve as 
the concentration inhibiting 50% of cell growth (average of at least 5 
experiments -4-_ SE). BCNU, Carmustine 
a Ratio of ICs0-MLNr/ICs0-WT 

known to interfere with DNA repair processes, on cell 
survival and DNA-cross-linking in parental cells (MatB- 
WT) and L-PAM-resistant cells (MatB-MLNr). These in- 
hibitors included arabinofuranosylcytosine (Ara-C) and 
caffeine (inhibitors of  replicative and repair synthesis), 
aphid• (APD; polymerase c~ and 7 inhibitor), 3-ami- 
nobenzamide [3-AB; poly(ADP-ribose)polymerase in- 
hibitor], and novobiocin and etoposide (VP16) (topo- 
isomerase II inhibitors). Since MLNr cells exhibit a 2-fold 
increase in GSH content [17] and because of  evidence that 
GSH may interact with some repair processes [9, 15], we 
compared the effect of  repair modulators on GSH-depleted 
cells. 

Materia ls  and methods  

Drugs. L-PAM, APD, Ara-C, caffeine, L-buthionine-(S,R)-sulfoximine 
(BSO), and novobiocin were obtained from Sigma Chemical Com- 
pany. cis-Diamminedichloroplatinum (II) (CDDP) was obtained from 
David Bull Laboratories Pty. Ltd. (Canadian distributor, Homer). 3-AB 
was a gift from Dr. Guy Poirier (Laval University, Quebec). VPl6 was 
obtained from Bristol Laboratories (Syracuse, N.Y.). [14Cl-Thymidine 
(spec. act., 51.7 mCi/mmol) and [~H]-thymidine (spec. act., 20 Ci/ 
retool) were obtained from New England Nuclear. 

Cell culture and cytotoxicity assay. The parental drug-sensitive cell 
line MatB-13162 (WT) was originally obtained from a rat mammary 
adenocarcinoma. An L-PAM-resistant cell line (MLNr) was selected 
by continuous exposure of WT cells to L-PAM as described elsewhere 
[17]. Cells were maintained in culture in alpha-minimal essential 
medium (c~-MEM, Gibco) supplemented with 1.3% sodium pyruvate, 
2.6% glutamine, 1.3% nonessential amino acids, 10% fetal bovine 
serum, and 100 units gentamycin/ml in a humidified atmosphere 
containing 5% CO2. For modulation assays, exponentially growing 
cells were first treated with the modulator for 18 h and were then 
subjected to continuous exposure to alkylating agents. This procedure 
was based on preliminary experiments in which pretreatment with 
modulators was found to be more effective than simultaneous treat- 
ment (data not shown). BSO was used at nontoxic concentrations of 50 
(50% GSH depletion) and 100 [tM (70% GSH depletion) [1]. Drug 
cytotoxicity was determined 72 h later using a 3-(4,5-dimethylthiazo- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described 
previously [1]. 

DNA damage studies. DNA-DNA interstrand cross-links were quan- 
tified by alkaline elntion based on the protocol described by Kohn et 
al. [10]. The alkaline elution conditions have been described else- 
where [1]. 

Statistical analysis. Student's two-tailed t-test was used to compare the 
cytotoxicity of drugs in the absence and presence of each modulator. 

Results  

In addition to drugs described previously [1, 17], MLNr 
cells were found to be cross-resistant to mitomycin C and 
mitoxantrone (Table 1), whereas there was no cross-re- 
sistance to Ara-C, methotrexate, HU, fluorouracil, VPt  6, or 
caffeine (data not shown). The differences in the factors of  
resistance published previously [1, 17] and those reported 
in this study are related to the assay and conditions used to 
assess the cytotoxicity (MLNr cells are 16- and 107-fold 
resistant to L-PAM as determined by clonogenic assay in 
agar and by MTT assay, respectively). We investigated the 
modulation effect on L-PAM and CDDP because these 
agents constitute the prototype of  two major classes of 
ant• drugs and they have different mechanisms of  
cytotoxicity: DNA intrastrand cross-links and, to a lesser 
extent, interstrand cross-links have been correlated with 
CDDP cytotoxicity [6, 29], whereas DNA interstrand cross- 
links have been found to be most relevant to L-PAM cy- 
totoxicity [29]. 

Preliminary experiments were established to determine 
a nontoxic concentration of  each modulator. Using the 
MTT assay, the maximal nontoxic concentrations for both 
WT and MLNr cells were found to be: HU, 0.5 raM; Ara-C, 
5 nM; caffeine, 0.5 raM; 3-AB, 0.5 raM; novobiocin, 
100 gM; and VP16, 0.01 gM. The nontoxic concentration 
of APD was 0.005 and 0.01 gg/ml for WT and MLNr cells, 
respectively. These concentrations were used for modula- 
tion studies. For GSH depletion, we used nontoxic con- 
centrations of  50 and 100 gM BSO [1]. 

As reported in Table 2, the modulators tested had only a 
slight effect on L-PAM cytotoxicity in both WT and MLNr 
cells in the absence of  GSH depletion. The combination of  
Ara-C and HU sensitized WT and MLNr cells to L-PAM by 
23% and 17%, respectively, as compared with cells treated 
with L-PAM alone, whereas Ara-C and HU alone had no 
effect. An approximately 22% increase in L-PAM cyto- 
toxicity was also observed in both cell lines following 
pretreatment with caffeine. For CDDR the most effective 
modulation was obtained with the combination of  Ara-C 
and HU (Table 3). As compared with cells treated with 
CDDP alone, there were increases of  24% and 37% in 
CDDP toxicity in WT and MLNr cells, respectively 
(P <0.05). 

As shown in Tables 2 and 3, depletion of  GSH by 50 BM 
BSO (50% depletion as compared with untreated cells) 
increased L-PAM cytotoxicity by approximately 25% and 
16%, respectively, and CDDP cytotoxicity by 12% and 
17%, respectively, in MLNr and WT cells as compared with 
non-GSH-depleted cells. In GSH-depleted cells, the com- 
bination of HU and Ara-C was more effective in enhancing 
L-PAM and CDDP cytotoxicity. As compared with cells 
treated with drug alone, increases of  40% and 47% in 
CDDP cytotoxicity and of 39% and 46% in L-PAM cyto- 
toxicity were observed in WT and MLNr cells pretreated 
with BSO in the presence of  HU+Ara-C, respectively 
(P <0.05).  Additional GSH depletion (when cells were 
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-BSO DMF +50 gM BSO DMF +100 gM BSO DMF 

WT cells: 
Control 0.31 __ 0.052 1 0.26 _+ 0.028 1 0.25 __ 0.06 1 
HU 0.29 _-L- 0.041 1.1 0.21 ___ 0.015 1,2 0.20 _+ 0.05 1.3 
Ara-C 0.30 • 0.031 1 0.24 • 0.031 1,1 0.22 _ 0.10 1.2 
HU+Ara-C 0,24_+0.051 1.3 0.16_+0,028'* 1,6 0.18_+0.01" 1.4 
Caffeine 0.23 +_ 0.031 1.4 0.18 _ 0.013 1 ~4 0.21 +_ 0,05 1.2 

MLNr cells: 
Control 30.33 _+4.35 1 22.70___2.15 1 12.34_+0.16 1 
HU 26.33 + 3.15 1.2 21.50_+ 1.12 1.1 10.15 • 1.12 1.2 
Ara-C 30.00 • 2.33 1 24.00 • 1.93 l 11.33 q- 0.65 1.1 
HU+Ara-C 25,30 • 2.25 1.2 12.30 • 3.20** 1,9 6.12 + 0.50** 2.0 
Caffeine 23,90 _+ 2.13 1.3 17.70 -+ 2.39* 1.3 8.35 +_ 1.15" 1,5 

DME Dose-modifying factor 
*P <0.05; **P <0,01 

Table 3. Effect of DNA-repair modulators on the cytotoxic effect of CDDP 

-BSO DMF +50 gM BSO DMF +100 [tM BSO DMF 

WT cells: 
Control 0.17 _+ 0.026 1 0.15 _+ 0.05 1 0.16 -+ 0.02 1 
HU 0.13 _+ 0.016 1.3 0.13 _+ 0.037 1.2 0.15 _+ 0.03 1.1 
Ara-C 0.22 __ 0.028 1 0.18 ! 0.049 0.8 0.17 • 0.05 0.9 
HU+Ara-C 0.13 _+ 0.05 1.3 0.09_+ 0.027* 1.7 0.11 _+ 0.01" 1.5 
Caffeine 0.15 • 0.027 1.1 0.09 -+ 0.037* 1.7 0.11 +_ 0.01 * 1.5 

MLNr cells: 
Control 16.17 _+ 1.53 1 13.50_+ 0.45 1 11.34 _ 1.10 1 
HU 12.23 i 1.12 t .3 9.70 ! 1,54* t ,4 7.25 _+ 0.77* 1.6 
Ara-C 16.90 • 1.78 1 14. I 1 _+ 0.65 1 9.66 +_ 0.55 1.2 
HU+Ara-C 10.20 _+ 1.30" 1.6 7,10 _+ 1,51"* 1.9 5.23 _+ 1.35'* 2.2 
Caffeine 13.50 +_ 1.40 1.2 11.30 ! 2.21 1.2 8.93 • 1.12 1.3 

DME Dose-modifying factor 
*P <0.05; **P <0.01 

treated with 100 BM BSO, which gave about 70% GSH 
depletion as compared with untreated cells) further in- 
creased the cytotoxic effect of L-PAM and CDDP in re- 
sistant cells (Tables 2, 3). Caffeine also sensitized both WT 
and MLNr cells to the cytotoxic effect of L-PAM and 
CDDP (approximately 20% increases as compared with 
drug alone; P < 0.05) and this effect was increased in GSH- 
depleted cells (Tables 2, 3). With both HU+Ara-C and 
caffeine, Student's t-test revealed a significant difference in 
the modulation effect between non-GSH-depleted and 
GSH-depleted cells (P <0.05). APD had a slight but 
nonsignificant effect on CDDP sensitization, whereas no- 
vobiocin, VP16, and 3-AB had no effect at all when used at 
the maximal nontoxic concentration (data not shown). 

Figures 1 A and 1 B show that with both L-PAM and 
CDDP, there was a decrease in DNA-DNA cross-link for- 
mation in MLNr cells as comPared with WT cells. The low 
level of cross-linking obtai6ed with L-PAM in MLNr cells 
has previously been reported [1]. As compared with WT 
cells, MLNr cells demonstrated decreases of 43% and 61% 
in CDDP-induced DNA-DNA cross-links in MLNr cells at 
6 and 20 h following incubation in drag-free medium, re- 
spectively (Fig. 1 B). We compared the cross-link-inducing 
ability of L-PAM and CDDP in the presence of HU and 
Ara-C only, because this combination proved to be more 

potent than the other modulators tested (Tables 2, 3). The 
combination of HU+Ara-C had no significant effect on 
L-PAM-induced cross-linking, but 25% and 40% increases 
in DNA-DNA cross-link formation was observed with 
CDDP at 6 and 20 h following incubation in drug-free 
medium, respectively. The effect of GSH depletion on 
DNA cross-links was investigated using 50 gM BSO only. 
A concentration of 100 BM BSO was found to inhibit cell 
growth under the conditions used. The combination of HU 
and Ara-C had a greater effect on DNA cross-linking in 
GSH-depleted ceils than in non-GSH-depleted cells. There 
were increases of 35% and 52% in CDDP-induced cross- 
linking after 6 and 20 h of incubation, respectively. With L- 
PAM (Fig. 1A), increases of 30% and 23% in DNA-DNA 
cross-links was observed at 6 and 20 h, respectively, versus 
only a slight but not significant effect seen in non-GSH- 
depleted cells. With all the combinations, a significant 
difference in the cross-link-inducing ability of L-PAM was 
evident between WT and MLNr cells (P < 0.05). 

Discussion 

This study was designed to elucidate the mechanisms of 
decreased DNA-DNA cross-linking induced by alkylating 



156 

.=. 

g 
Ii 

< 
z 

.< 
z 

0.6"] [ ]  WT: L-PAM 
[ ]  MLNr: L-PAM A 
[ ]  MLNr: AraC+HU~L-PAM 
[ ]  MLNr: BSO+AraC+HUI~L-PAM 

0.4 

0.0 
0 6 20 

Post-Incubation Time (h) 

0 , 8 1  �9 WT: CDDP B 

t 
[ ]  MLNr: CDDP 
[ ]  MLNr: AraC+HUID,-CDDP 

"~ 0.6 [ ]  MLNr: BSO+AraC+HUI~.CDDP 
~ 

0.4 
.< 
Z 

0.2' 4 

Z 0.0 
0 6 20 

Post-Incubation Time (h) 

Fig. 1A, B. DNA-DNA cross-links induced by A L-PAM and B 
CDDR Exponentially growing cells were treated with the combina- 
tion of 5 nM Ara-C and 0.5 mM HU in the presence or absence of 
50 gM BSO. After 18 h incubation, medium was removed and cells 
were treated with 30 bLM L-PAM (A) or 30 btM CDDP (B) in the 
presence or absence of Ara-C+HU. After 1 h treatment, drug was 
removed and cells were incubated in drug-free medium containing 
Ara-C+HU at the same concentrations. At the indicated time, cells 
were prepared for alkaline elution. Data represent mean values _+ SD 
for 2 independent experiments. *P < 0.05 as compared with MLNr 
cells treated with L-PAM or CDDP alone 

drugs in drug-resistant mammary carcinoma cells and to 
establish effective modulation strategies. MLNr cells are a 
typical tumor model in which a multitude of mechanisms 
are associated with resistance, including alterations in drug 
transport, increases in GSH levels and GST activity, and a 
very low level of drug-induced DNA cross-link formation 
[1, 17]. In addition, there is enough evidence to suggest that 
altered drug-DNA interaction or increased DNA repair may 
be involved, at least in part, in the acquisition of drug re- 
sistance in this model: 

1. Depletion by BSO of intracellular GSH to a level 
comparable with that seen in WT cells has only a partial 
effect on the sensitization of MLNr cells. 

2. Ethacrynic acid, an inhibitor of GST, used alone or in 
combination with BSO has only a partial effect, whereas 
in other cell lines in which resistance is specifically 
associated with alterations in GSH and GST, these 

. 

. 

modulators can sensitize resistant cells to drug to the 
same level as the WT cells [28]. 
L-PAM has been found to be distributed in the nuclei of 
resistant cells and its cellular metabolism has been 
found to be identical between WT and MLNr cells [1]. 
CDDP accumulation as determined by atomic spectro- 
photometry was identical between the two cell lines (the 
accumulation level of 30 gM CDDP after 3 h incubation 
was 348.5 -+- 60.8 and 320.5 _+ 85.1 pmol/106 cells in WT 
and MLNr cells, respectively; however, the removal of 
CDDP-induced DNA cross-links was significantly lower 
in MLNr cells). 

By using repair inhibitors it may be possible to localize a 
specific pathway involved in the repair of DNA damage 
induced by alkylating drugs and to establish modulation 
strategies for resistant cells. 

In MLNr cells, none of the modulators tested was found 
to be very effective in modulating L-PAM cytotoxicity 
except for caffeine and, to a smaller extent, HU+Ara-C. No 
significant difference was detected in either case. However, 
the combination of HU-Ara-C was found to be more effi- 
cient in L-PAM modulation in GSH-depleted cells. In 
contrast, HU+Ara-C was more effective in modulating the 
cytotoxicity of CDDP in non-GSH-depleted cells, and this 
effect was further increased in GSH-depleted cells. The 
combination of HU+Ara-C also increased CDDP- and 
L-PAM-induced DNA-DNA cross-link formation, and this 
effect was significantly increased in GSH-depleted cells. 
Considering that (a) HU and Ara-C are inhibitors of both 
replicative and repair synthesis [5, 11, 14, 16, 25] and (b) 
GSH quenches drug-DNA monoadducts, thereby reducing 
DNA cross-link formation [2], and also interferes with re- 
pair enzymes such as DNA ligases [12, 13, 15], our results 
suggest that resistance to alkylating drugs could be ma- 
nipulated by altering DNA repair processes. GSH depletion 
by BSO sensitizes cells to the effect of HU+Ara-C, sug- 
gesting that GSH may interfere with some repair enzymes. 
The potent efficiency of HU+Ara-C in modulating CDDP 
cytotoxicity suggests that the repair mechanism(s) of this 
drug may be distinct from that of L-PAM. Our results 
support previous reports on the effect of HU+Ara-C on the 
cytotoxicity of CDDP analogues [22, 23] and carmustine 
(BCNU) [24]. The sensitization effect obtained with caf- 
feine may be related to an interaction with the repair of 
damage induced by L-PAM and CDDP since it is known 
that this xanthine interferes with excision repair mechan- 
isms. Using Escherichia coli, Selby and Sankar [18] have 
reported that caffeine inhibits DNA repair by at least two 
mechanisms: (1) interference with specific DNA-binding 
proteins and (2) a nonspecific mechanism involving in- 
hibition of the nucleotide excision repair of (A)BC ex- 
cinuclease. However, the importance of these mechanisms 
in mammalian cells remains to be determined. 

The repair mechanisms of alkylating drugs are yet un- 
known. The multifactorial mechanism of resistance and the 
lack of information on the nuclear distribution of enzyme 
inhibitors and their effectiveness against residual repair 
enzymes makes it difficult to explain the partial effect 
obtained with these modulators, since the level of cross- 
linking observed in MLNr cells was significantly different 
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from that seen in WT cells. That the other modulators such 
as VP16 and novobiocin ( topoisomerase II inhibitors [4]), 
3-AB {Poly(ADP-r ibose)polymerase  inhibitors [19] }, and 
APD (polymerase ~z and ~ inhibitor [20]) had no effect 
suggests that the enzymes they affect are not determinant  in 
the repair of L-PAM- or CDDP-induced D N A  damage in 
MatB cells. However,  we cannot complete ly  rule out the 
importance of these enzymes in alkylating drug resistance. 
For  example,  DNA polymerases  ~ and [3 are involved in 
DNA repair and may operate on the same lesions or in- 
dependently on different lesions [27]. It has been reported 
that polymerase  c~ is involved in the repair of  large gaps 
and polymerases  a and ~ are involved in the repair of 
middle-s ized gaps, whereas polymerase  ~ is more im- 
portant in the repair  of small  (i. e., X-ray-induced)  gaps. 
Previous investigations have shown that the repair of  da- 
mage induced by UV irradiation involves only polymerase  
~,  whereas the repair of  damage caused by other chemicals  
such as mi tomycin  C, dimethylsulfate,  neocarzinostatin,  
and benzo(a)pyrene involves polymerases  (x and [~ [7, 27]. 
It is l ikely that various polymerase  enzymes may be in- 
volved, and combinations of  their inhibitors may  be more 
efficient than APD alone. It is also possible that the repair 
of  L-PAM- or C D D P - D N A  adducts requires a small amount 
of  D N A  precursors or repair enzymes such that the residual 
precursor pool (i. e., endogenous levels of  nucleotides or 
enzymes) fol lowing treatment with modulators may be 
sufficient for efficient repair. More  effective modulators of 
DNA-repa i r  enzymes may be more efficient. 

In conclusion, our data show that DNA-repai r -enzyme 
inhibitors are less effective in modulat ing L-PAM cyto- 
toxici ty as compared with CDDP cytotoxici ty in non-GSH- 
depleted cells, which may suggest that different repair 
mechanisms are involved with these two drugs. The com- 
bination of  HU and Ara-C or caffeine is more efficient in 
modulat ing L-PAM and CDDP cytotoxici ty in GSH-de-  
pleted cells. Our data suggest that modulat ion strategies 
based on the use of  mult iple  inhibitors may offer an ad- 
vantage over the applicat ion of  a single agent. 
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