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Abatraet-A number of trials were conducted to determine the effect of 06-benzylguanine pretreatment 
on the sensitivity of human colon tumor xenografts to the antitumor effects of 1,3-bis(2-chloroethyl)- 
1-nitrosourea (BCNU). 06-Benzylguanine has been shown to inactivate the DNA repair protein, 06- 
~kyl~a~ne-DNA alkyltransferase (AGT), which is primarily responsible for resistance to 
~kyl~trosoure~ including BCNU. Colon tumor xenografts carried in nude mice were analyzed for 
their AGT content, and tumors with low, intermediate and high levels were chosen for further study, 
The AGT activity of HC-1, GC-3, VRCJ and CX-1 human colon tumor xenografts was 16, 113, 180 
and 367 fmo~mg protein, respectively. Treatment of mice consisted of vehicle alone, 6.25 to 50 mg/kg 
BCNU administered alone or BCNU (6.25 to 2.5 m&g) 1 hr after 120 mg&g 06-benzylguanine on days 
7 and 14 post-inoculation. Toxicity studies revealed that pretreatment with 06-benzylguanine increased 
the toxicity of BCNU, requiring administration of about 4-fold less drug. The growth of the VRC-5 
tumor at day 42 it-insulation was inhibjted by 39% followjng treatment with 12.5 mg!‘kg BCNU 
alone and 92% when BCNU was combined with 06-benzylguanine pretreatment. The combination of 
@‘-benzylguanine and BCNU (12.5 mg/kg) at day 42 resulted in an inhibition of HC-1 and CX-1 tumor 
growth by 84 and 72%, whereas BCNU alone inhibited growth by 54 and 14%, respectively. Therefore, 
the degree to which the antitumor effect of BCNU was increased by ~-~n~lguanine pretreatment 
was dependent on the AGT activity, with a greater effect in tumors of intermediate or high activity. 
These data suggest that there is a role for Wbenzylguanine combined with BCNU in the treatment of 
human colon tumors. 

Human colon canoer is resistant to most chemo- 
therapeutic agents, including chloroethylnitroso- 
ureas (BCNU, CCNU and meCCNU) [1,2]. The 
failure of chlo~thylnitr~oureas to destroy tumor 
cells is often the result of cellular drug resistance. 
Although several mechanisms are involved in 
alkylating agent resistance, repair mechanisms that 
recognize and remove alkylation damage to DNA 
are important contributors [3,4]. The mechanism by 
which chloroethyluitrosoureas are thought to exert 
their antitumor effect involves reaction with the 
06position of guanine in DNA to form 06- 
chloroethylguanine. Subsequent rearrangement pro- 
duces an Nl, O%thanoguanine intermediate that 
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ni~~a. 

can react with the opposite strand of DNA to 
produce a cytotoxic cross-link with cytosine [5-S]. 
Adducts formed at the Ob-position of guanine are 
removed by a DNA repair protein, @-alkylguanine- 
DNA ~kyltransferase (AGTTf) 141. Fo~ation of 
cross-links by chloroethylating agents is prevented 
by AGT through transfer of the alkyl group to the 
cysteine residue in the active site of the protein [9] 
or by attack at the carbon adjacent to the oxygen 
position of the Nl, 06-ethanoguanine intermediate 
producing a protein-DNA cross-link [lo]. The repair 
protein is inactivated in either process and new 
synthesis is required for restoration of activity. 
Xenograft tumors and cell lines with low AGT 
activity are sensitive to the killing effects of 
chloroethylnitrosoureas [4,11,12]. There is a high 
degree of correlation between alkyltransferase 
activity in human cancer cell lines and their resistance 
to 1,3-bis(2~hlor~thyl~-l-nitrosourea (BCNW) in 
cell culture [13]. 

There have been several attempts to increase tbe 
chemothera~utic effectiveness of chloroe~ylnit~- 
soureas by depletion of the ACT protein. One 
method of depletion has utilized methylating agents 
such as streptozotocin or dacarbtine (DTIC), which 
results in ina~ivation of the protein by repair of 
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methylated DNA [14-161. A limitation to the use of 
methylating agents is their introduction of toxic, 
mutagenic and/or carcinogenic DNA lesions 1173 in 
addition to those produced by a chloro- 
ethylnitrosourea. A less deleterious method for 
ACT depletion involves the use of low molecular 
weight alternative substrates for the alkyltransferase 
such as 06-benzylguanine [ 18-211. 06-Benzylguanine 
produces a dramatic and rapid depletion of cellular 
AGT activity (IS]. The depletion of AGT in human 
colon and brain tumor cells in culture by 06- 
benzylguanine produces an increase in the sensitivity 
of these cells to the cytotoxic effects of BCNU, 
CCNU and methylnitrosoureas [20]. In addition, we 
recently reported an increase in the therapeutic 
effect of BCNU in animals bearing SF767 brain 
tumor xenografts after treatment with @-benzyl- 
guanine [21]. 

In the present studies, we have compared the 
effects of BCNU alone and BCNU in combination 
with 04-benzylguanine on the growth of human 
colon tumor xenografts carried in nude mice. 
The objective was to determine whether 09 
benzylguanine as an adjuvant inhibited the growth 
of colon tumors to a greater extent than treatment 
with BCNU alone and to determine which types of 
xenografts were most responsive. Human colon 
tumors exhibiting a range of alkyltransferase activity 
were evaluated for this purpose. 

MAmWALS AND METHODS 

Drug ~~eu~~~~. BCNU (NSC 409962) was 
provided by the Drug Synthesis and Chemistry 
Branch, Division of Cancer Treatment, National 
Cancer Institute, Bethesda, MD. 06-Benzylguanine 
was synthesized as described [18]. 13H]Methyl- 
nitrosourea (3 or 16 Ci/mmol) was purchased from 
Moravek (Brea, CA) or Amersham (Arlington 
Heights, IL). All other biochemicals were purchased 
through Sigma (St. Louis, MO). 

Animal treatment. CD-l female nude mice 
obtained from Charles River were housed in an 
isolation facility with water and food provided ad 
fib. Therapy was initiated 1 week (CX-1, GC-3, 
VRCJ) or 2 weeks (He-l) following inoculation 
with human colon tumors and animals were grouped 
accordingly (9-20 animal~group). Tumors at the 
time of treatment were approximately 75 mm3. 
Treatment consisted of an i.p. injection of vehicle 
alone femulphor or phosphate-buffered saline 
(PBS)], ~6-benzylguanine alone (120 mg/kg) , BCNU 
alone (6.25 to 25 mg/kg) or the combination of 06- 
be~ylguanine followed I hr later by BCNU on days 
7 and 14 post-inoculation. 09Benzyiguanine was 
dissolved in emulphor and administered i.p. in a 
total volume of 0.5 mL. Immediately prior to 
injection, BCNU was prepared in PBS and 
administered i.p. Tumors were measured every 7 
days beginning at day 21 post-inoculation. Toxicity 
was determined by animal survival. Mean tumor size 
and standard deviation were determined for each 
group as described previously [22]. 

Alkyltransferase activity. Animals bearing xen- 
ografts were anesthetized and kiiled by cervical 
dislocation. Tumors were excised and frozen _~.__ ----_~__.-.._ _ i _ ___ 

Table 1. AGT activity of colon tumor xenografts and 
toxicity associated with BCNU and/or BG treatment 

Initial 
AGT activity* BGI- BCNUt 

Tumor (fmoi/mg protein) (mglkg) (m~kg) Death@ 

HC-1 16 0 25 
120 6.25 
120 12.5 

GC-3 113 0 12.5 
0 25 

120 6.25 
120 12.5 

VRC-5 180 0 25 
120 12.5 

cx-1 367 0 25 
0 50 

120 6.25 
120 12.5 

o/10 
o/10 
l/10 
l/20 
o/20 
zfzo 

tq20 
o/10 
i/i0 
l/9 
49 
O/9 
;?lr, 

* AGT activity was assayed in duplicate as described in 
Materials and Methods on at least two separate tumors 
with the exception of the HC-1 tumor in which only one 
tumor was assayed in duplicate. 

t Animals were treated on days 7 and 14 ~st-inocuIation 
with BCNU alone or BG 1 hr prior to BCNU at the doses 
indicated. 

$ The ratio of animal deaths at 28 days ~st-inoculation 
to total animals in the group. 

in liquid nitrogen prior to storage at -70”. 
Alkyltransferase activity was measured as removal 
of [3H]methyl groups from the @-position of guanine 
in a methylated DNA substrate. Me~ylated 
DNA was prepared from the reaction of [3H]- 
methylnitrosourea and purified calf thymus DNA 
[23]. Protein was determined by the method of 
Bradford [24]. 

RESULTS 

Alkyltransferase activity. Alkyltransferase activity 
as determined by the loss of 06-methylguanine from 
a methylated DNA substrate varied from 16 to 
367fmoqmg protein for the four colon tumors 
studied (Table 1). 

Animal toxicity. Toxicity studies indicated that 
~-benzylguanine combined with BCNU was more 
toxic to these nude mice than BCNU alone. This 
required lowering the dose of BCNU in the 
combination treatment by 2- to Cfold to administer 
similarly non-toxic dosages (Table 1). Similar 
treatments with 10% toxic deaths were observed 
with animals bearing WC-1 and VRC-5 tumors when 
06-benzylguanine was combined with 12.5 m&g 
BCNU treatment. No obvious toxicity was observed 
at twice this dose of BCNU alone. Animals carrying 
the GC-3 tumor were unusually sensitive to the 
combination of 06benzylguanine and BCNU with 
90% deaths at day 28 when BCNU (12.5 m&g) was 
administered with ~-~n~l~anine. ~though one 
of twenty animals died after treatment with 12.5 mg/ 
kg BCNU alone, there were no deaths at 25 m&g 
BCNU alone. Tumor effects on the host may be a 
factor in this toxicity since the same strains of mice 
were used in all studies. 06-Benzylguanine alone 
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Fig. 1. Tumor growth rate of HC-1 xenografts treated with 
BG and/or BCNU. Nude mice carrying HC-1 xenograft 
tumors were administered i.p. injections of (A) PBS, 
BCNU at 6.25mg/kg, 12.5 mg/kg, or 25mg/kg, or (B) 
emulphor control, 120 mg/kg BG alone, BCNU at 12.5 mg/ 
kg atone or with BG (120 mg/kg) prior to BCNU (12.5 rnd 
kg) on days 7 and 14 post-inoculation. Data points represent 

the mean tumor volume for 10 animals per group. 

was non-toxic at 120 mg/kg administered on days 7 
and 14 post-inoculation; however, 3/10 toxic deaths 
resulted from administration of 200 mg/kg on the 
same schedule (data not shown). 

Antitumor effect. Growth of tumor xenografts was 
determined for animals treated with vehicle (PBS or 
emulphor), BCNU (6.25 to 25 mbg) or 06- 
benzylguanine (120 mg/kg) prior to BCNU (6.25 to 
25 mg/kg). Animals were treated on days 7 and 14 
post-inoculation. Tumor measurements and animal 
survival were assessed weekly. 

Figure 1 illustrates the results of HC-1 tumor 
growth rate in animals treated with increasin 
dosages of BCNU alone or the combination of 2 - 
benzylguanine and 12.5 mg/kg BCNU compared 
with the same dose of BCNU alone. The HC-1 
tumor, which has low levels of alkyltransferase 
activity, responded to BCNU in a dose-dependent 
manner (Fig. 1A). Growth inhibition was greater in 
animals treated with 06-benzylguanine prior to 
BCNU as compared with an equal dose of BCNU 
alone (Fig. 1B); however, a higher, non-toxic dose 
of BCNU alone (25 m&g) gave similar tumor 
growth inhibition (Fig. 1A). 

Human colon tumors with intermediate levels of 
alkyltransferase activity (GC-3 and VRCJ) were 
also evaluated for their response to BCNU following 
06-benzylguanine pretreatment (Figs. 2 and 3). 
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Fig. 2. Tumor growth rate of GC-3 xenografts treated with 
BG and/or BCNU. Mice carrying GC-3 xenograft tumors 
were administered i.p. injections of (A) emulphor control, 
120 mg/lcg BG alone, BCNU at 6.25 mg/kg alone, or with 
BG (12Omg/kg) administered 1 hr prior to BCNU at 
6.25 m&g on days 7 and 14 post-inoculation. (B) Same as 
ahove except that the dose of BCNU was 12.5 mg/kg for 
either treatment. Data points represent the mean tumor 

volume for 10 animals per group. 

Results of GC-3 tumor-beating animals illustrate a 
dramatic inhibition of tumor growth for animals 
treated with 06benzylguanine and BCNU compared 
with BCNU alone at a dose of 6.25 mg/kg BCNU 
(Fig. 2A) and 12.5 mg/kg BCNU (Fig. 2B). Figure 
3 shows a dose-dependent decrease in tumor growth 
with BCNU alone; however, this was not as dramatic 
as that observed with the HC-1 tumor, presumably 
due to the higher AGT activity in these tumors 
(Fig. 3A). When animals were treated with the 
combination of 06-benzylguanine and BCNU, there 
was a much greater inhibition of tumor growth (Fig. 
3B). 

When CX-1 tumor-bearing animals were treated 
with BCNU and/or @-benzylguanine, there was no 
growth delay observed for BCNU treatment alone 
at 6.25 and 12.5 mg/kg (Fig. 4). However, when 
either dose was combined with 06-benzylguanine, 
there was a marked significant inhibition of tumor 
growth (Fig. 4). 

A comparison of the mean tumor size for the four 
types of xenografts at day 42 post-inoculation for 
animals treated with vehicle, BCNU, or 06- 
benzylguanine in combination with BCNU is listed 
in Table 2. The size of HC-1, GC-3, VRCJ and 
CX-1 tumors at 42 days was 54, 6, 39 and 14% that 
of control animals when animals were treated with 
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Fig. 3. Tumor growth rate of VRC-5 xenografts treated 
with BG and/or BCNU. Mice carrying VRC-5 xenograft 
tumors were administered i.p. injections of (A) PBS, 
BCNU at 6.25m.g/kg, 12Smg/kg, or 25 m&g, or (B) 
emulphor control, 120mg/kg BG 1 hr prior to BCNU at 
6.25 mg/kg, 12.5 m&g or 20 mg/kg on days 7 and 14 post- 
inoculation. Data points represent the mean tumor volume 

for 10 animals per group. 

BCNU alone (12.5 mg/kg). With the exception of 
the GC-3 tumor, inhibition of tumor growth was 
inversely related to the AGT activity. However, 
tumor inhibition for all tumors was similar when 06- 
benzylguanine was added to the regimen (84, 89,92 
and 72% for HC-1, GC-3, VRC-5 and CX-1 tumor, 
respectively). 

DISCUSSION 

These results demonstrate that 06-benzylguanine 
pretreatment can be used to enhance the antitumor 
effect of BCNU against human colon tumor 
xenografts in nude mice. The sensitivity of colon 
tumors to BCNU was greatest for the tumor with 
the lowest AGT activity (HC-1) compared with 
colon tumors with intermediate or high AGT activity 
(GC-3, VRC-5, CX-1). In contrast, the sensitivity 
to the combination of 06-benzylguanine and BCNU 
was similar for all four tumors. Thus, the 
enhancement of tumor inhibition was greater for 
tumors with higher levels of AGT activity. These 
results are in agreement with cell culture data which 
indicated that the enhancement of BCNU cytotoxicity 
by 06-benzylguanine was greatest in cell lines with 
high alkyltransferase activity relative to cells with 
low AGT activity [20]. The vast majority of primary 

Fig. 4. Tumor growth rate of CX-I xenografts treated with 
BG and/or BCNU. Mice carrying CX-1 xenograft tumors 
were administered i.p. injections of (A) PBS control, 
120mg/kg BG alone, BCNU at 6.25 m&g alone or BG 
administered 1 hr prior to BCNU on days 7 and 14 post- 
inoculation. (B) Same as above except that the dose of 
BCNU was 12.5 mg/kg for either treatment. Data points 
represent the mean tumor volume for 10 animals per group. 

Table 2. Effect of BG on the mean tumor volume of 
human colon tumor xenografts treated with BCNU 

BG* BCNIJ* Tumor size (mm”) 
Tumor (mg/kg) (m&g) on day 42t (% inhibition) 

HC-1 0 0 1542 + 781 
0 12.5 703 2 430 (54) 

120 12.5 253 2 225 (84) 
GC-3 0 0 2078 * 860 

0 6.25 1768 -c 988 (15) 
0 12.5 1950 * 942 (6) 

120 6.25 846 2 333 (59) 
120 12.5 225 2 63 (89) 

VRC-5 0 0 4964 5 1630 
0 12.5 3017 2 791 (39) 

120 12.5 400 f 215 (92) 
cx-1 0 0 2687 2 926 

0 12.5 2313 * 744 (14) 
120 12.5 747 t 191 (72) 

* Animals were treated on days 7 and 14 post-inoculation 
with BCNU alone or BG (120 ma/kg) 1 hr prior to BCNU 
(12.5 mg/kg). 

__. 

? Data represent the mean tumor size (*SD) for 9-10 
animals/group. Values for control animals represent the 
mean tumor size of two groups of animals treated with 
vehicle alone (PBS or emulphor). 



06-Benzylguanine and BCNU treatment of colon xenografts 289 

tumor samples contain AGT activity [25]. From our 
results and those of others it seems reasonable that 
tumors with low AGT activity might be expected to 
respond to BCNU alone and biochemical modulation 
of AGT would not be necessary. For tumors with 
intermediate or high levels of AGT, however, 
inactivation of the protein by 06-benzylguanine 
pretreatment may be a very effective means for 
enhancing the therapeutic effectiveness of BCNU or 
other chloroethylating antitumor drugs. 

5. 

6. 

7. 

Both BCNU alone and the combination of 06- 
benzylguanine and BCNU were quite toxic to mice 
carrying the GC-3 tumor. Treatment of animals with 
25 mg/kg BCNU alone resulted in no animal death 
at 28 days post-inoculation; however, the LDw of 
BCNU when combined with 06-benzylguanine was 
12.5 mgkg. This phenomenon can only be explained 
by tumor effects on host since the same strains of 
mice were used in all studies. Toxicity studies are 
necessary to fully evaluate this phenomenon. 

The data presented here extend other reports 
demonstrating the usefulness of 06-benzylguanine 
therapy for human tumor xenografts in nude mice 
[21,26,27]. Previously, we found no effect of BCNU 
alone at 20 mgikg for HT29 tumor-bearing mice that 
have AGT activity comparable to the CX-1 tumor; 
however, combining BCNU with 06-benzylguanine 
resulted in inhibition of tumor growth [21]. 
Furthermore, the combination of 06-benzylguanine 
and BCNU inhibited the growth of human brain 
tumor xenografts to a greater extent than the 
maximal tolerated dose of BCNU alone [21]. We 
now illustrate the effect of 06-benzylguanine on the 
antitumor response of a number of human colon 
tumor xenografts containing different levels of AGT 
activity to BCNU. Our data suggest that to overcome 
resistance to the chloroethylnitrosoureas due to 
AGT activity, 06-benzylguanine should be added to 
the chemotherapeutic regimen. Enhanced toxicit 
may be overcome by designing analogs of P 0 - 
benzylguanine that more effectively target tumor 
tissue. We have now designed, synthesized and 
tested a number of agents including water-soluble 
analogs for their ability to deplete AGT activity in 
cells [28]. Further animal testing is required to assess 
their usefulness in uivo. 
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