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Abstract. O6-AlkyIguanine-DNA alkyltransferase (AT) is 
a cellular protein that protects cells from the cytotoxic 
effects of nitrosoureas by repairing alkyl lesions at the 06 
position of guanine. We have studied the ability of 06- 
benzylguanine to deplete AT activity in brain tumor xeno- 
grafts and thereby increase the sensitivity of these tumors 
to 1,3-bis(2-chloroethyl)- 1-nitrosourea (BCNU). In toxici- 
ty studies, pretreatment of athymic mice with O6-benzyl- 
guanine increased the toxicity of BCNU significantly. 
After i. p. injection of O6-benzylguanine into athymic mice 
carrying subcutaneous (s. c.) D341MED, a human medul- 
loblastoma xenograft with a high AT activity, the AT activ- 
ity of the tumors became undetectable within 1 h and re- 
mained depleted until 36 h. In s.c. xenografts to 
D341MED, treatment with O6-benzylguanine followed 1 h 
later by BCNU produced a significantly greater growth 
delay (14.8 days) than was seen with BCNU alone 
(2.3 days). A lower pretreatment dose of O6-benzyl- 
guanine produced a significantly smaller therapeutic effect. 
Delaying the administration of BCNU until 36 h after 06- 
benzylguanine resulted in a growth delay (1.2 days) that 
was not significantly different from that produced by the 
control or BCNU alone. In athymic mice with intracranial 
(i.c.) xenografts of D341MED, pretreatment with 06- 
benzylguanine followed 1 h later by BCNU produced a 
significantly increased survival as compared with that of 
the control, BCNU alone, O6-benzylguanine alone, and 
O6-benzylguanine followed 36 h later by BCNU. In ex- 
periments with s.c. xenografts of D245MG, a human 
glioma xenograft with undetectable AT activity, pretreat- 
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ment with O6-benzylguanine 1 h prior to BCNU produced 
a significantly greater effect than was seen with BCNU 
treatment alone. The combination regimen, however, was 
not as effective as an equitoxic dose of BCNU alone. These 
studies suggest that O6-benzylguanine may be a useful 
adjuvant to nitrosourea therapy in human malignancies that 
exhibit a range of AT activities and that dose and timing 
are important variables in achieving therapeutic success. 
These data also indicate that therapeutic potentiation of 
BCNU by O6-benzylguanine can be achieved in i.c. 
tumors. As a result, this approach may be useful in the 
treatment of neoplasms of the central nervous system. 

Introduction 

Alkylating agents are one of the few classes of drugs that 
have shown efficacy against neoplasms of the central ner- 
vous system [18]. Among the most commonly used are the 
chloroethylnitrosoureas, such as BCNU, which produce 
their tumoricidal effects through chloroethylation at the 06 
position of guanine in DNA. This is followed by in- 
tramolecular rearrangement to a cyclized intermediate, 
N1,O6-ethanoguanine, which cross-links with the com- 
plementary cytosine of the opposite strand to form the 
cytotoxic lesion [10, 11, 21, 26]. A cellular repair protein, 
AT, protects cells against such alkylation damage by re- 
moving these chloroethyl adducts before cross-linking can 
occur [22, 28]. This occurs through a stoichiometric trans- 
fer of the chloroethyl group to the cysteine moiety within 
the active site of the alkyltransferase protein [28]. This 
reaction permanently inactivates the AT such that sub- 
sequent repair of further alkylation damage depends on 
new protein synthesis [22]. AT has been found in almost all 
human tissues, with liver being among the highest and 
brain among the lowest [17]. Generally, central nervous 
system neoplasms have higher AT activity than normal 
brain, although there is significant variability among 
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d i f fe rent  t u m o r  types  [12, 27]. T u m o r s  wi th  h igh  levels  o f  
A T  ( te rmed  mer+)  have  b e e n  s h o w n  to be  res i s tan t  to the 
effects o f  a lky la t ing  agents ,  whi le  those  l ack ing  A T  act ivi-  
ty (me1 ; )  are sens i t ive  to these  drugs  [1, 6, 25]. 

A t t emp t s  have  been  m a d e  to inh ib i t  the A T  repai r  sys- 
t em  by  p re t r ea tmen t  wi th  m e t h y l a t i n g  agents  such  as strep- 
tozotocin ,  bu t  the inc reased  toxic i ty  and  the po ten t ia l  for 
s econda ry  m u t a g e n e s i s  have  m a d e  this approach  p r o b l e m -  
atic [13, 14]. O 6 - M e t h y l g u a n i n e  has b e e n  s h o w n  to 
decrease  A T  act iv i ty  s ign i f i can t ly  in  vitro,  bu t  the h igh  
doses  of  O 6 - m e t h y l g u a n i n e  requ i red  and  its l imi ted  solu-  
b i l i ty  p resen t  s ign i f i can t  prac t ica l  d i f f icul t ies  in in  v ivo  
studies  [4, 5, 16, 30]. O 6 - b e n z y l g u a n i n e  an d  its ana logues ,  
however ,  have  b e e n  s h o w n  to deple te  A T  act iv i ty  effec-  
t ive ly  and  to inc rease  the cy to tox ic  effect  o f  n i t rosoureas  in  
bo th  cu l tu red  cel ls  and  xenograf t s  [7 - 9 ,  19]. In  the p resen t  
s tudies,  we  eva lua ted  the ab i l i ty  of  O 6 - b e n z y l g u a n i n e  to 
deple te  A T  act iv i ty  in  h u m a n  b r a i n  tumors  g r o w i n g  as s. c. 
xenograf t s  in  a thymic  mice .  W e  e x a m i n e d  the effect  o f  
O 6 - b e n z y l g u a n i n e  p re t r ea tmen t  on  the sens i t iv i ty  o f  s .c .  
b ra in  t umor  xenograf t s  to B C N U  and  eva lua ted  the effect  
o f  var ia t ion  in  the dos ing  and  t i m i n g  of  t rea tment .  W e  also 
e x a m i n e d  the effect  o f  this c o m b i n a t i o n  t r ea tment  on  sur- 
v iva l  in  a thymic  mice  wi th  i. c. xenograf ts .  

Materials and methods 

Animals. Homozygous adult nu/nu BALB/c athymic mice derived from 
an independent breeding colony at Duke University were used in these 
experiments. 

Drugs. BCNU (carmustine, Bristol Laboratories, Evansville, Ind.) was 
purchased commercially. O6-Benzylguanine was synthesized by one of 
the authors (R. C. M.) as previously described [22]. BCNU was dissolved 
in ethanol (100 rag/3 ml) and diluted in normal saline. It was given by 
intraperitoneal (i. p.) injection in a volume of 30 ml/m 2. O6-Benzyl - 
guanine was dissolved in 10% cremaphor EL (Sigma) and normal saline 
and given by i. p. injection in a volume of 90 ml/m 2. BCNU was given as 
a single dose (38 mg/m 2) that represented 38% of its LDt0 as determined 
in animals derived from our colony. O6-Benzylguanine was given at 
doses of 300, 225, or 150 mg/m 2. 

Tumor lines. D341MED is a human brain tumor xenograft derived from 
a human medulloblastoma. It has a high level of AT activity 
(1,134 fmol/mg protein). The treatment experiments described herein 
were done between the 35th and 40th animal passage levels. D245MG is 
a human brain tumor xenograft that was established in athymic mice at 
Duke University after direct transplantation from a resected cerebral 
glioblastoma. It is highly sensitive to nitrosoureas and procarbazine and 
has an undetectable level of AT activity using our technique. The treat- 
ment experiments reported herein were done between the 20th and 30th 
animal passage levels. 

was estimated by the formula: volume = (length x width2)/2. When the 
median tumor volume of all animals had exceeded 200 mm 3, animals 
were randomized into treatment groups such that there were 8 -  12 ani- 
mals/group, with the average tumor size alnong the groups being approx- 
imately equal. Tumor volumes were measured three times per week until 
each tumor's volume exceeded 5 times its volume on the day of treat- 
ment. The treatment of i.c. xenografts has been described previously 
[23]. Briefly, animals were anesthetized i. p. with sodium pentobarbital; 
5 p,1 of tumor suspension that contained 50% methylcellulose was in- 
jected through a 25-gauge needle into the right cerebral hemisphere to a 
depth of 4 mm. Animals were treated on the 15th day after tumor implan- 
tation, with the day of implantation being taken as day 1. 

Evaluation of response. For s.c. treatment experiments, the therapeutic 
response was measured in two ways. First, the number of days required 
for each tumor to reach 5 times its treatment volume was determined. 
These values were compared among groups by Wilcoxon rank-sum 
analysis, Growth delay was calculated as the difference in days between 
the median of treated tumors and the median of control tumors. Second, 
the number of tumor regressions in each group was determined. A tumor 
regression was defined as any posttreatment volume less than the volume 
recorded on the day of treatment. These values were compared among 
groups using the Fisher exact test. For i. c. treatment experiments, the day 
of death of each animal was recorded and these values were compared 
among groups by the Wilcoxon rank-sum test. 

AT assay. Subcutaneous xenografts (500-10001TIITI 3) w e r e  excised and 
rapidly frozen in liquid nitrogen. For analysis, the frozen tumor was 
weighed and suspended in 4 vol. of buffer that contained 0.05 M TRIS- 
HC1 (pH 7.5), 0.002 M ethylenediaminetetraacetic acid (EDTA), 0.1 M 
NaC1, 0.001 M dithiothreitol (DTT), 0.02% sodium azide, 0.2 rnM 
phewlmethylsulfonyl fluoride, and 20 trypsin-inhibition units of apo- 
protinin/1. The tumor was homogenized and sonicated for 30 s. The 
extract was centrifuged for 60 min at 35,000 rpm. The supernatant was 
removed and frozen at -70 ~ C. Protein was quantified using a Bio-Rad 
assay kit (Bio-Rad Laboratories, Richmond, Calif.). 

AT activity was determined by quantifying the ability of the protein 
extract to remove tritiated methyl groups from the O6-methylguanine in 
an oligonucleotide substrate [20]. Aliquots of 10-100 gl of tumor ex- 
tract were added to the assay buffer, which contained 0.01 M TRIS-HC1 
(pH 7.5), 0.002 M EDTA, 0.001 M DTT, 10% glycerol, and 0.02% 
sodium azide, such that the total volume was 190 gl. The addition of 
10 gl DNA substrate that contained 1.1 pmol O6-[3H]-methylguanine 
(specific activity, 1.75 Ci/mmol; prepared by reacting calf thymus with 
[3H]-methylnitrosourea) initiated the reaction. After the reaction mixture 
had been incubated at 37~ for 30 min, the addition of 500 gl of 5% 
(w/v) trichloroacetic acid (TCA) stopped the reaction. The reaction mix- 
ture was hydrolyzed for 30 rain at 80~ and cooled for 10 min at 4 ~ C. 
Then, 100 ~tg of bovine serum albumin was added as a carrier protein. 
Precipitated protein was collected on 4.25-cm GF/F Whatman filters and 
washed with 30 ml of 5% TCA and 15 ml of 95% ethanol using a 
Millipore vacuum filtration apparatus. After the filters had been allowed 
to dry overnight, 200 gl of Amersham NCS tissue solubilizer was added 
to each filter, followed by 10 ml of scintillation liquid. Radioactivity was 
determined by scintillation counting. The AT activity was expressed as in 
femtomoles of [3H]-methyl transferred per milligram of protein as deter- 
mined by regression analysis. 

ATdepletion experiments. Mice with s. c. D341MED xenografts measur- 
ing between 500 and 1000 mm 3 were treated i. p. with O6-benzylguanine 
at doses of 300 or 225 mg/m 2, and tumors were removed at various times 
up to 48 h. Tumors were excised and quick-frozen in liquid nitrogen, and 
the AT activity of the tumors was determined. Each time point represents 
the mean of the AT level from three animals. 

Treatment experiments. The treatment of s.c. tumor xenografts in 
athymic mice has been described previously [2, 24]. Briefly, 50 gl of 
tumor suspension was injected into the right flank of 50-60 animals. 
Tumors were measured twice weekly with calipers, and tumor volume 

Results 

Toxic i ty  s tudies  were  pe r fo rm ed  to de t e rmine  the toxic i ty  
of  the c o m b i n a t i o n  o f  O 6 - b e n z y l g u a n i n e  and  B C N U  in  our  
an ima l  popu la t i on  (Table  1). P re t r ea tmen t  wi th  300 mg/m2 
of  O 6 - b e n z y l g u a n i n e  inc reased  the toxic i ty  of  B C N U  sig- 
n i f ican t ly ,  such  that  the dose  of  B C N U  that  p roduced  no  
mor ta l i ty  wi th  c o m b i n a t i o n  therapy  was  50% of  the max i -  
m a l l y  to lera ted dose  o f  B C N U  alone.  Notab ly ,  the combi- 
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Fig. 1. AT in_hibition in s. c. D341MED xenografts by O6-benzylguanine. 
Athymic mice carrying D341MED xenografts received i. p. injections of 
300 mg/m 2 (A)  or 225 mg/m 2 (@) O6-benzylguanine. Tumors were 
excised at the indicated times following injection. Data points represent 
the mean of 3 samples 
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Fig. 2. Tumor growth inhibition in s.c. D341MED xenografts by 06- 
benzylguanine (BG) and BCNU. Animals were treated with vehicle (X), 
BCNU (O), 300 mg/m 2 BG followed in 36 h by BCNU (@), 225 mg/m 2 
BG followed in 1 h by BCNU ([3), or 300 mg/m 2 BG followed in 1 h by 
B CNU (/x). All B CNU doses were 38 mg/m a. Each data point represents 
the mean of 10 animals. The difference in growth delay between pretreat- 
ment with 225 mg/m 2 BG and 300 mg/m 2 BG was statistically signifi- 
cant (P <0.01) 

nation dose used in these treatment experiments, 
300 mg/m2 of O6-benzylguanine followed 1 h later by a 
single treatment with 38 mg/m 2 of BCNU, produced no 
death in 44 animals. The LD10 of BCNXJ in our animals 
had previously been determined to be approximately 
100 mg/m2. 

In s. c. D341MED xenografts from animals treated with 
300 mg/m 2 of O6-benzylguanine, AT activity was unde- 
tectable after 1 h and remained undetectable until 36 h after 

injection, reaching approximately 50% of the value in con- 
trols by 48 h. Similar inhibition was seen in animals treated 
with 225 mg/m2 of O6-benzylguanine (Fig. 1). We did not 
detect any significant difference in AT inhibition between 
the two different O6-benzylguanine doses. 

In treatment experiments using s.c. D341MED xeno- 
grafts (Table 2, Fig. 2), there was little variability in tumor 
size within treatment groups, allowing the use of mean 
tumor volumes for data analysis. Pretreatment with 
300 mg/m 2 of O6-benzylguanine 1 h prior to 38 mg/m 2 of 
BCNU resulted in a growth delay (GD) of 14.8 days and in 
6 of 10 regressions; these values were significantly greater 
(P <0.01) than the effect of treatment with 38 mg/m2 of 
BCNU alone (GD, 2.3 days; 0 of 10 regressions). This 
response was also significantly greater (P <0.01) than that 
observed following pretreatment with the same dose of 
O6-benzylguanine 36 h prior to BCNU (GD, 1.2 days; 0 of 
10 regressions), which was not significantly different from 
the response to either the same dose of BCNU alone or the 
control. Pretreatment with 225 mg/m2 of O6-benzyl- 

Table 1. Toxicity of BCNU and O6-benzylguanine in atbymic mice 

O6-Benzylguanine BCNU Mortality 
(mg/m 2) (mg/m 2) 

0 100 1/10 
0 75 0/10 

300 100 18/18 
300 75 21/28 
300 50 4/14 
300 38 0/44 

Athymic mice were given i.p. injections of O6-benzylguanine followed 
1 h later by BCNU as indicated. Mortality: number of animal deaths 
15 days after injection/number of treated animals 

Table 2. Effect of O6-benzylguanine and BCNU on brain tumor xeno- 
grafts growing s.c. in athymic mice 

Xenograft BG BCNU Days GD Re- 
dose dose (5X) (days) gression 
(mg/m 2) (mg/m 2) 

D341MED 

D245MG 

0 0 5.5_+2.1 - 0/10 
0 38 7.8 +_ 1.7 2.3 0/10 

300 38 (1 h) 20.3_+3.0 14.8" 6/10'* 
225 38 (1 h) 15.3_+2.5 9.8* 4/10"** 
300 38 (36h) 6.7_+1.1 1.2 0/10 

0 0 8.2_+3.7 - 0/20 
0 38 22.2_+2.6 14.0" 9/24** 
0 75 45.1 _+3.3 35.9* 8/8** 

300 0 7.5 _+2.1 -0.7 0/14 
300 38 (1 h) 30.4+6.6 22.2* 18/24"* 
150 38 (1 h) 24.3-+2.3 17.3" 7/14"* 

Results of treatment experiments in athymic mice with s.c. D341MED 
and D245MG xenografts. Drugs were given i.p. as indicated. 
Parentheses after BCNU indicate the time lapse between injections. 
D245MG data represent the combination of 2 separate experiments. 
Results were determined as indicated in materials and methods. Days 
(5X), number of days required to reach 5 times the original tumor volume 
(range given indicates SD); GD, growth delay 
* P <0.01 vs control by Wilcoxon rank-sum analysis 
** P <0.01 vs control by Fisher exact test 
*** P <0.05 vs control by Fisher exact test 
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Fig. 3. Survival of  athymic mice bearing i. c. D341MED xenografts after 
treatment with O6-benzylguanine (BG) and BCNU. All BG doses were 
300 mg /m 2. All BCNU doses were 38 m g / m  2. Animals  received either 
drug vehicle, BCNU alone, or BG followed in 1 h by BCNU 
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Fig. 4. Tumor  growth inhibition in s.c. D245MG xenografts by 06- 
benzylguanine (BG) and BCNU. Animals were treated with vehicle (X), 
300 mg/m 2 BG (n), BCNU (0), 150 mg/m 2 BG followed in 1 h by 
BCNU (A), or 300 mg/m 2 BG followed in 1 h by BCNU (O). All 
BCNU doses were 38 mg/m 2. Each data point represents the mean of 
10-14 animals 

guanine 1 h prior to 38 rag/m2 of BCNU gave an interme- 
diate response (GD, 9.8 days; 4 of 10 regressions), which 
was significantly more effective than the coantrol of BCNU 
alone and was less effective than pretreatment with 
300 mg/m 2 of O6-benzylguanine (P <0.01 in all cases, ex- 
cept that P <0.05 when tumor regressions were compared 
for 225 mg/m 2 of O6-benzylguanine + BCNU vs BCNU 
alone). Notably, both of the combination regimens with a 
1-h delay between drug administrations were much more 
effective in these tumors than in a separate experiment 
performed with 100 mg/m 2 of BCNU alone, which pro- 
duced a growth delay of only 0.5 days and no regressions 

Table 3. Effect of  O6-benzylguanine and B C N U  on brain tumor  xeno- 
grafts growing i. c. in athymic mice 

Treatment n Median survival (days) 

Control 10 37.5 -+ 11.9 
BCNU 10 40.5+ 14.8 
BG 6 42.5 + 15.9 
BG + BCNU (36 h) 6 42.5 + 11.6* 
BG + BCNU (1 h) 10 59.0_+ 8,2** 

Results of  treatment experiment  in athymic mice with intracranial 
D341MED xenografts.  Drugs were given i.p. as indicated. All O 6- 
benzytguanine (BG) doses were 300 m g / m  2. All B C N U  doses were 
38 m g / m  2. Parentheses after BCNU indicate the time lapse between 
injections. Results were determined as indicated in Materials and 
methods. The range given for survival indicates SD 
* P <0.05 vs control by Wilcoxon rank-sum analysis 
** P <0.0t  vs control by Wilcoxon rank-sum analysis 

while resulting in 1 death in the 10 animals treated (data 
not shown). 

In experiments with animals bearing i.c, D341MED 
xenografts (Table 3, Fig. 3), animals receiving pretreat- 
ment with 300 mg/m2 of O6-benzylguanine 1 h prior to 
38 mg/m 2 of BCNU had a median survival of 59.0 days, 
which was significantly greater (P <0.01) than that of ani- 
mals receiving the control (37.5 days), BCNU alone 
(40.5 days), O6-benzylguanine alone (42.5 days), or 06- 
benzylguanine followed after 36 h by BCNU (42.5 days). 
Among these latter groups, only O6-benzylguanine fol- 
lowed after 36 h by BCNU was statistically better than the 
control (P <0.05). 

Animals bearing s.c. D245MG xenografts and receiv- 
ing pretreatment with O6-benzylguanine 1 h prior to treat- 
ment with BCNU showed a significantly greater growth 
delay than those treated with the same dose of BCNU alone 
(Table 2, Fig. 4). Treatment with 300 mg/m2 of O6-benzyl- 
guanine prior to 38 mg/m 2 of BCNU resulted in a growth 
delay of 22.2 days and in 18 of 24 regressions as compared 
with 17.3 days and 7 of 14 regressions for pretreatment 
with 150 mg/m 2 of O6-benzylguanine and 14.0 days and 9 
of 24 regressions for 38 mg/m 2 of BCNU alone. The 
differences in growth delay noted among all of these 
groups were statistically significant (P <0.01). The differ- 
ences in tumor regression were statistically significant only 
for 300 mg/m2 of O6-benzylguanine + BCNU vs BCNU 
alone (P <0.01). However, none of the combination regi- 
mens was as effective as an equitoxic dose (75 mJm2) of 
BCNU alone, which produced 8 of 8 regressions and a 
growth delay of 35.9 days. No significant difference in 
growth delay was observed between animals receiving 06- 
benzylguanine alone and those given the control (P >0.05), 
and no regression was seen in either group. 

D i s c u s s i o n  

These results demonstrate that O6-benzylguanine adminis- 
tration depletes AT activity in brain tumor xenografts. Pre- 
treatment with O6-benzylguanine also significantly in- 
creased the sensitivity of these human brain tumor lines to 
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BCNU. We observed significantly increased growth delays 
and tumor regressions in tumor lines with both high 
(D341MED) and low (D245MG) AT activity at drug doses 
that produced no mortality in our animal population. This 
suggests that significant efficacy is possible with 06- 
benzylguanine/BCNU regimens that exhibit very low tox- 
icity. The mechanism of the therapeutic effect seen in 
D245MG with combination treatment is unclear, given that 
D245MG has no measurable AT activity as determined by 
our assay. This effect may be due to very low levels of AT 
activity that are undetectable by our techniques or could 
represent an additional unknown mechanism of BCNU 
resistance that is overcome by O6-benzylguanine pretreat- 
ment. In tumor lines such as D245MG with extremely low 
levels of AT, combination therapy offers no advantage 
over equitoxic doses of BCNU alone. However, in tumor 
lines with high AT activity such as D341MED, O6-benzyl - 
guanine treatment dramatically increases the therapeutic 
effect of BCNU in both s. c. and i. c. tumors. Notably, these 
results were obtained with only a single course of therapy. 
Multiple cycles of treatment could provide even more sub- 
stantial results, although prolonged inhibition of AT activ- 
ity could introduce additional toxicity as well. 

In experiments in which the pretreatment dose of 06- 
benzylguanine was varied, greater tumor inhibition was 
seen with 300 mg/m 2 than with 225 or 150 mg/m2, despite 
the observation that a single injection of either 300 or 
225 mg/m 2 of O6-benzylguanine completely depleted the 
AT activity of D341MED xenografts for up to 36 h as 
determined by our AT assay. These findings suggest that 
differences between the AT inhibition produced by the two 
doses of O6-benzytguanine may be more subtle than our 
assay could detect. Indeed, these data suggest that treat- 
ment experiments in athymic mice may be more sensitive 
to these subtle differences in residual AT activity than the 
AT assay itself. 

The timing of O6-benzylguanine pretreatment is in- 
fluenced by three factors: the rate of chloroethylation of 
guanine by BCNU, the rate of subsequent cross-linking 
with the complementary strand, and the rate of repair of 
these chloroethyl adducts by the AT. Although the chloro- 
ethylation at the 06 position of guanine occurs rapidly, the 
subsequent cross-link that is the cytotoxic lesion may take 
from 6 to 12 h to form [3, 10]. Recem studies suggest that 
AT removes cross-link precursors very rapidly [19]. Any 
attempt at useful AT inhibition must therefore effectively 
deplete AT levels prior to BCNU administration and keep 
the AT level depleted for several hours until a sufficient 
number of cross-links have formed to result in cell death. 

When the timing of O6-benzylguanine pretreatment in 
our studies was altered from 1 to 36 h prior to treatment 
with BCNU, a significant decrease in therapeutic efficacy 
was seen in both s.c. and i. c. experiments. In s.c. studies, 
the results of treatment with BCNU 3,6 h after O6-benzyl- 
guanine were not statistically different from those ob- 
served for the control or BCNU alone. This suggests that 
by 36 h, sufficient de novo synthesis of AT had occurred to 
protect cells from the cytotoxic effects of BCNU. Studies 
by Yarosh and colleagues [29] with cell line HT29 showed 
that after AT depletion by N-methyl-N'-nitrosoguanidine, 
de novo protein synthesis restored AT to pretreatment 

levels within 24 h [29]. In our studies, AT activity was 
slowly regained after the administration of 300 mg/m2 of 
O6-benzylguanine, reaching only 50% of pretreatment 
levels by 48 h, which is in agreement with the previous 
findings of Dolan et al. [8] in SF767 xenografts. The great- 
er delay in the synthesis of new protein observed in our 
studies may be due to the greater ability of O6-benzyl - 
guanine to deplete AT or could be due to differences in the 
rate of AT resynthesis among different tumor lines. AT 
levels of 50% of baseline appear to be adequate to protect 
cells from the cytotoxic effects of BCNU, perhaps because 
AT has greater affinity for chloroethyl adducts on DNA 
than for free O6-benzylguanine. Although there is currently 
no direct experimental evidence to this effect, the available 
AT could therefore preferentially repair chloroethyl ad- 
ducts, preventing cytotoxic cross-linking. Since AT deple- 
tion by O6-benzylguanine is rapid (within 1 h in our stud- 
ies), it would appear that the administration of BCNU 
within a few hours of O6-benzylguanine treatment would 
be the optimal timing for maximal therapeutic effect. 
BCNU treatment must occur in the window between full 
AT inhibition and the resynthesis of a cytoprotective level 
of AT. It is not known whether additional treatment with 
O6-benzylguanine after BCNU administration will en- 
hance the effect. It is also not known whether O6-benzyl, 
guanine administration has any effect on the pharma- 
cokinetics of BCNU. 

The data presented herein demonstrate that O6-benzyl - 
guanine inhibits AT activity in vivo and thereby increases 
the efficacy of chloroethylnitrosoureas. O6-Benzylguanine 
is more efficacious in this regard than either methylating 
agents or other alkylguanines [4, 5, 14, 16]. The close 
correlation between the results of our s.c. and i.c. studies 
suggests that O6-benzylguanine crosses the blood-brain 
barrier in sufficient concentrations to be therapeutically 
effective against i.c. tumors. Indeed, this is the first de- 
monstration of the potentiation of a therapeutic effect 
against an i. c. tumor by systemic administration of a non- 
cytotoxic AT substrate. 

Some limitations to this form of therapy exist. 06- 
Benzylguanine administration increases the acute toxicity 
of the nitrosoureas in animals. In humans, the dose-limiting 
side effect of nitrosourea therapy is bone marrow suppres- 
sion. Since normal human myeloid cells have very low 
levels of AT activity, it is possible that the addition of 
O6-benzylguanine would introduce little additional hema- 
tologic toxicity, but this hypothesis would need to be tested 
[15]. Nitrosoureas, in addition to being cytotoxic, are also 
promutagenic. The inhibition of the AT repair system may 
increase the risk of secondary malignancy in other organs. 
These limitations emphasize the need for selectivity in the 
use of these combination treatments. Tumors with high 
levels of AT activity that are resistant to nitrosourea ther- 
apy alone could potentially be very susceptible to combina- 
tion regimens. Differences in the timing of AT inhibition in 
tumors and other organs should be explored since these 
differences could potentially be used to direct the cytotoxic 
effects of therapy specifically at the tumors themselves. 
Despite its limitations, the potential of this approach as an 
adjuvant to nitrosourea therapy in human chemotherapy is 
significant and should be aggressively investigated. 



476 

References 

1. Brent TP, Houghton PJ, Houghton JA (1985) O6-Alkylguanine - 
DNA alkyltransferase activity correlates with the therapeutic re- 
sponse of human rhabdomyosarcoma xenografts to nitrosoureas. 
Proc Natl Acad Sci USA 82:2985 

2. Bullard DE, Schold SC, Bigner SH, Bigner DD (1981) Growth and 
chemotherapeutic response in athymic mice of tumors arising from 
human glioma-derived cell lines. J Neuropathol Exp Neuro140:410 

3. D'Incalci M, Citti L, Taverna P, Catapano CV (1988) Importance of 
the DNA repair enzyme O6-alkylguanine-DNA alkyltransferase in 
cancer chemotherapy. Cancer Treat Rev 15:279 

4. Dolan ME, Pegg AE, Hora NK, Erickson LC (1988) Effect of 06- 
methylguanine on DNA interstrand cross-link formation by chloro- 
ethylnitrosoureas and 2-chloroethyl (methylsulfonyl) methansul- 
fonate. Cancer Res 48:3603 

5. Dolan ME, Larkin GL, English HF, Pegg AE (1989) Depletion of 
O6-alkylguanine-DNA alkyltransferase activity in mammalian tis- 
sues and human rumor xenografts in nude mice by treatment with 
O6-methylguanine. Cancer Chemother Phannaco125:103 

6. Dolan ME, Norbeck L, Clyde C, Hora NK, Erickson LE, Pegg AE 
(1989) Expression of mammalian O6-alkylguanine-DNA alkyI- 
transferase in a cell line sensitive to alkylating agents. Carcinogene- 
sis 10:1613 

7. Dolan ME, Moschel RC, Pegg AE (1990) Depletion of mammalian 
O6-alkylguanine-DNA alkyltransferase activity by O6-benzyl - 
guanine provides a means to evaluate the role of this protein in 
protection against carcinogenic and therapeutic alkylating agents. 
Proc Natl Acad Sci USA 87:5368 

8. Dolan ME, Stine L, Mitchell RB, Moschel RC, Pegg AE (1990) 
Modulation of mammalian O6-alkylguanine-DNA alkyltransferase 
in vivo by O6-benzylguanine and its effect on the sensitivity of a 
human glioma tumor to 1-(2-chloroethyl)-3-(4-methylcyclohexl)-l- 
nitrosourea. Cancer Commun 2:371 

9. Dolan ME, Mitchell RB, Mummert C, Moschel RC, Pegg AE (1991) 
Effect of O6-benzylguanine analogues on sensitivity of human tumor 
cells to the cytotoxic effects of alkylating agents. Cancer Res 
51:3367 

10. Erickson LC, Bradley MO, Ducore JM, Ewig RA, Kohn KW (1980) 
DNA crosslinking and cytotoxicity in normal and transformed 
human cells treated with antitumor nitrosoureas. Proc Natl Acad Sci 
USA 77:467 

11. Erickson LC, Laurent G, Sharkey NA, Kohn KW (1980) DNA 
cross-linking and monoadduct repair in nitrosourea-treated human 
tumor cells. Nature 288:727 

12. Frosnia G, Rossi O, Arena G, Gentile SL, Bruzzone E, Abbonandolo 
A (1990) O6-Alkylguanine-DNA alkyltransferase activity in human 
brain tumors. Cancer Lett 55:153 

13. Futscher BW, Michtich KC, Barnes DB, Fischer RI, Erickson LC 
(1989) Inhibition of a specific DNA repair system and nitrosourea 
cytotoxicity in resistant human cancer cells. Cancer Commun 1: 65 

14. Gerson SL (1989) Modulation of human lymphocyte O6-alkyl - 
guanine-DNA alkyltransferase by streptozotocin in vivo. Cancer Res 
49:3134 

15. Gerson SL, Miller K, Berger NA (1985) O6-Alkylguanine-DNA 
alkyltransferase activity in myeIoid ceils. J Clin Invest 76:2106 

16. Gerson SL, Trey JE, Miller K (1988) Potentiation of nitrosourea 
cytotoxicity in human leukemic cells by inactivation of O6-alkyl - 
guanine-DNA alkyltransferase. Cancer Res 48:1521 

17. Grafstrom RC, Pegg AE, Trump BF, Harris CC (1984) O6-Alkyl - 
guanine-DNA akyltransferase activity in normal human tissues and 
cells. Cancer Res 44:2855 

18. Levin VA (1985) Chemotherapy of primary brain tumors. Neurol 
Clin 3:855 

19. Mitchell RB, Moschel RC, Dolan ME (1992) Effect of O6-benzyl - 
guanine on the sensitivity of human tumor xenografts to 1,3-bis(2- 
chloroethyl)- 1-nitrosourea and on DNA interstrand cross-link forma- 
tion. Cancer Res 52:1171 

20. Mymes B, Norstrand K, Gierchsky KE, Sjunneskog C, Krokan H 
(1984) A simplified assay for O6alkylguanine-DNA alkyltransferase 
activity and its application to human neoplastic and non-neoplastic 
tissues. Carcinogenesis 5:1061 

21. Pegg AE (1990) Mammalian O6-alkylguanine-DNA alkyl- 
transferase: regulation and importance in response to alkylating car- 
cinogenic and therapeutic agents. Cancer Res 50:6119 

22. Pegg AE, Wiest L, Foote RS, Mitra S, Perry W (1983) Purification 
and properties of O6-methylguanine-DNA transmethylase from rat 
liver. J Biol Chem 258:2327 

23. Schold SC, Rawlings CE, Bigner SH, Bigner DD (1983) Intracere- 
braI growth of human glioma tumor line in athymic mice and treat- 
ment with procarbazine, 1,3-bis(2-chloroethyl)-l-nitrosourea, azirid- 
inylbenzoquinone, and cis-platinum. Neurosurgery 12:673 

24. Schold SC, Friedman HS, Bjornsson TD, Bigner DD (t984) Treat- 
ment of human glioma and medulloblastoma tumor lines in athymic 
mice with diaziquone and diaziquone based drug combinations. 
Cancer Res 44:2352 

25. Schold SC, Brent TP, HoffE von, Friedman HS, Mitra S, Bigner DD, 
Swenberg JA, Kleihues P (1989) O6-Alkylguanine-DNA alkyl- 
transferase and sensitivity to procarbazine in human brain tumor 
xenografts. J Neurosurg 70:573 

26. Tong WP, Kirk MC, Ludlum DB (1982) Formation of the cross-link 
1-[N3-deoxycyfidyl],2-[Nl-deoxyguanosinyl]-ethane in DNA treated 
with N,N'-bis(2-chlorethyl)-N-nitrosourea. Cancer Res 42:3102 

27. Wiestler OE, Kleuhues P, Pegg AE (1984) O6-Alkylguanine-DNA 
alkyltransferase activity in human brain and brain tumors. Carcino- 
genesis 5:121 

28. Yarosh DB (1985) The role of O6-methylguanine-DNA methyl- 
transferase in celi survival, mutagenesis, and carcinogenesis. Mutat 
Res 145:1 

29. Yarosh DB, Rice M, Day RS, Foote RS, Mitra S (1984) O6-Methyl - 
guanine-DNA methyltransferase in human cells. Mutat Res 131:27 

30. Yarosh DB, Hurst-Calderone S, Babich MA, Day RS (1986) Inacti- 
vation of O6-methylguanine-DNA methyltransferase and sensitiza- 
tion of human tumor cells to killing to chloroethyl-nitrosourea by 
O6-methylguanine as a free base. Cancer Res 46:1663 


