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Abstract. We investigated the ability of 5-(dimethyltri-
azeno)imidazole-4-carboxamide (DTIC, dacarbazine) and
an analogue, temozolomide, to deplete cells or tumors of
Of-alkylguanine-DNA alkyltransferase (AGT) and to en-
hance the antitumor effects of 1,3-bis(2-chloroethyl)-1-ni-
trosourea (BCNU). Human colon cancer (HT29) cell sur-
vival was decreased by almost 1 log when treated with
500 uM temozolomide prior to 150 uM BCNU. Adminis-
tration of the maximal tolerated dose of DTIC (300 mg/kg)
to nude mice carrying HT29 xenografts resulted in
complete depletion of AGT activity in tumors at 4 h and
16 h. Administration of 150 mg/kg DTIC caused a 76%
reduction in AGT activity at 4 h, but only a 28% reduction
at 16 h. The maximally tolerated doses of DTIC and
BCNU, alone and in combination, were used to treat nude
mice bearing HT29 xenografts. No difference in tumor
growth occurred when animals were treated with either
BCNU alone (50 mg/kg), DTIC alone (300 mg/kg), DTIC
(150 mgrkg) followed by BCNU (12.5 mg/kg), or BCNU
(25 mg/kg) followed by DTIC (150 mg/kg). These data
suggest that methylating agents such as DTIC may be too
toxic to be used in combination with BCNU to deplete
tumor alkyltransferase levels effectively and increase the
therapeutic index of BCNU.

Introduction

The chloroethylnitrosoureas, including 1,3-bis(2-chloro-
ethyl)-1-nitrosourea (BCNU), have limited usefulness in
human malignant disorders [26]. Evidence suggests that
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cellular resistance to this class of alkylating agents may be
related to the level of Of-alkylguanine-DNA alkyl-
transferase (AGT) activity. AGT, a DNA repair protein,
selectively removes adducts from the O6 position of
guanine in DNA by a stoichiometric transfer of the alkyl
group to a cysteine moiety within the active site of the
protein [29]. Removal of an alkyl group from DNA inacti-
vates the AGT molecule, and restoration of activity re-
quires new protein synthesis [30]. The sensitivity of cell
lines to the chloroethylnitrosoureas is correlated with low
cellular expression of the AGT protein and to the number
of interstrand cross links formed by these agents. There is
considerable evidence to suggest that the AGT protein
removes or reacts with alkyl groups at the O6 position of
guanine prior to formation of lethal interstrand cross-links
(2,12, 17,20, 32].

Depletion of AGT activity in tumor cells grown in cul-
ture results in an increase in the sensitivity of cells to the
cytotoxic effects of Ob-alkylating agents. Cellular AGT
levels can be lowered indirectly by exposure to methylat-
ing agents [13, 14, 24, 25, 31] or directly by exposure to
Of-methylguanine [7, 15, 19, 34] or OS-benzylguanine
[8—10, 27]. The mechanism for depletion by methylating
agents involves autoinactivation of the AGT protein fol-
lowing rapid repair of methylated DNA. Exposure of HT29
cells to streptozocin resulted in a depletion of AGT activi-
ty, an increase in BCNU-induced interstrand cross-linking,
and a 2-3 log enhancement of BCNU cytotoxicity in vitro
[13, 31]. Streptozocin has been shown to decrease AGT
activity in human lymphocytes [14], indicating the poten-
tial for synergy with BCNU in patients. Clinical trials using
streptozocin as a biochemical modulator of chloroethyl-
nitrosourea resistance have been prompted by these obser-
vations {25, 28].

DTIC has activity in lymphomas and melanoma. Simi-
lar to streptozocin, DTIC methylates DNA at 12 sites,
including the O position of guanine. DTIC has been
shown to deplete human lymphocytes of AGT activity [21]
and in animal studies was considered one of the most
effective depletors of AGT when comparing a series of
alkylating agents [24]. Thus, DTIC may be useful as an
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enhancer of BCNU therapy. DTIC, however, requires met-
abolic activation to a monomethyl metabolite,5-(3-methyl-
1-triazeno)imidazole-4-carboxamide (MTIC) which has
been used in in vitro studies [5]. Both MTIC and temo-
zolomide, a methyltriazene that spontaneously decom-
poses to MTIC, are more cytotoxic towards cells lacking
AGT than to cells that possess AGT activity {3, 16, 22].

Although DTIC and BCNU have been used together
for many years in the treatment of melanoma, the combina-
tion has not been proven superior to therapy with DTIC
alone. BCNU is usually administered before or with the
first of several daily doses of DTIC [23]. Such schedules
are unlikely to take advantage of the potential for a syn-
ergistic effect due to AGT depletion by DTIC, since deple-
tion must occur prior to BCNU exposure. Our recent work
with O6-benzylguanine demonstrates the requirement for
AGT depletion prior to BCNU exposure [27].

If methylating agents deplete AGT levels in normal
tissues to the same degree as in tumor cells, there may be
additive toxicity to the host, limiting the usefulness of
combining a methylating agent with a chloroethylnitro-
sourea. Previous studies by Zeller et al. and Skipper have
demonstrated synergistic toxicity in animals of combina-
tions of 1-methyl-1-nitrosourea plus BCNU [35] and of
DTIC plus 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea
(CCNU) [33], but the therapeutic advantage of such com-
binations has not been fully explored. For this purpose, we
have evaluated the effect of temozolomide, a DTIC analo-
gue that does not require metabolic activation, on AGT
activity and on the sensitivity of cells to the cytotoxic
effects of BCNU. In addition, we have compared the effect
of DTIC or BCNU alone with the combination of DTIC
prior to BCNU or BCNU prior to DTIC on the growth rate
of human colon tumors carried on nude mice.

Materials and methods

Cell lines. The HT29 human colon cancer cell line was a gift from Dr.
L. C. Erickson (Loyola University, Maywood, I11.). Cells were passaged
weekly in Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serom, 100 units/ml penicillin, and 100 pg/ml streptomycin, and
were maintained in 5% C02/95% humidified air. The M14 human mela-
noma cell line was a gift from Dr. Jon Richards (University of Chicago).

Table 1. Toxicity of DTIC and/or BCNU

Cells were passaged weekly in RPMI 1640 containing 10% fetal calf
serum and 100 wnits/ml penicillin and 100 ug/ml streptomycin.

Drugs and reagents. BCNU (NSC 409 962) and temozolomide (NSC
362856) were kindly provided by the Drug Synthesis and Chemistry
Branch, Division of Cancer Treatment, National Cancer Instifute,
Bethesda, Md. DTIC was purchased from Miles, Inc. (West Haven,
Conin.). All other biochemicals were purchased from Sigma Chemical
Ca. (St. Louis, Mo.). For in vitro use, BCNU was dissolved in ethanol,
and then diluted in media, such that the ethanol concentration in cells did
not exceed 0.55%. Temozolomide was dissolved directly in culture
media immediately prior to use. For animal experiments, BCNU was
dissolved in ethanol, then diluted in water immeédiately before injection
to give a final concentration of 3.33 mg/ml in 10% ethanol. DTIC,
containing 100 mg citric acid and 50 mg mannitol per 100 mg DTIC, was
reconstituted with sterile water. Control animals were treated with the
appropriate vehicle.

Cytotoxicity assay. HT29 cells were plated in 80 pl of growth medium in
96-well tissue culture plates (500 cells/well) and allowed to adhere for
24 h. The cells were exposed (in triplicate) to temozolomide for 2 h; then
BCNU was added for an additional 2 h, after which the medium was
replaced with fresh medium. After 6 days, growth inhibition was mea-
sured using the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetra-
zolium) assay, as previously described [10, 18]. All results were con-
firmed by a second, independent experiment.

AGT depletion in cell culture. HT29 cells in log-phase growth (5x 106
cells per 25 cm? flask, in triplicate) were treated with fresh medium
containing 200 or 500 uM temozolomide for 4 h. Cell monolayers were
then treated with trypsin, washed with PBS, and cell pellets were stored
at—80° C until AGT analysis. Average results of two independent experi-
ments are reported.

Alkyltransferase assay. HT29 cells or xenografts were homogenized and
sonicated at 4° C. Alkyltransferase activity was measured as removal of
3H-methyl groups from a DNA substrate, which was prepared by allow-
ing 3H-methylnitrosourea to react with calf thymus DNA [8, 11]. Protein
was determined by the method of Bradford [1].

Animal treatment. NIH Swiss female nude mice were obtained from
Frederick Cancer Research and Development Center (Frederick, Md.)
and housed in an isolation facility with water and food provided ad
libitum. Animals were injected subcutaneously in each flank with
510 106 HT29 cells in 0.1-0.2 ml of Hank’s balanced salt solution,
and tumors appeared within 2 weeks.

For assay of AGT depletion by DTIC, animals were treated when the
tumors reached a size of 400600 mm3. After 4 or 16 h, animals were
anesthetized with methoxyflurane and sacrificed by cervical dislocation.
Immediately after excision, the tumors were frozen in liquid nitrogen and
stored at —80° C unti! AGT analysis, For tumor growth inhibition smdies,
animals were treated when tumors reached a size of 100-200 mm3.

1stinjection 2nd injection Day of maximal weight loss Mean (= SD) Surviving fraction?
(mg/kg) (mg/kg) or death maximum weight loss (%)

BCNU 25 DTIC 150 4 7+ 5 4/4b

BCNU 30 DTIC 150 6- 9 17+11 . 1/4

DTIC 150 BCNU 12.5 3-7 9+ 4 4/4

DTIC 150 BCNU 15 3-10 2015 3/4

BCNU 50 - 6-11 11+ 4 5/5

BCNU 62.5 - 11 30+ 6 3/4

DTIC 300 - 4 4+ 5 5/5

DTIC 450 - 15-19 21+ 8§ 0/5

2 Number of surviving animals/number of treated animals
b NIH-3 nuce mice
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Fig. 1 A—C. HT29 cells (500 per well) were allowed to adhere to 96-well
plates for 24 h. After cells were treated with temozolomide for 2 h,
BCNU was added at the indicated concentrations for an additional 2 h.
Fresh medium was added and cells were incubated for 5 days at 37°C.
Growth inhibition was measured by the tetrazolium salt (MTT) assay.
A Cells were treated without (O) or with (@) 500 uM temozolomide
prior to BCNU exposure. B Cells were treated without (O) or with (@)
200 pM temozolomide prior to BCNU exposure. C Cells were treated
without (O) or with (@) 500 pM temozolomide for 4 h after BCNU
exposure. Each point represents the mean of three determinations
{*SD). Each experiment was repeated with similar results

Animals were weighed and tumors were measured with calipers twice
weekly. Tumor volume was calculated using the formula:
length x width? x 0.53. Statistical analysis was performed using the
Kruskal-Wallis analysis of variance method [4].

Toxicity was assessed by survival and maximal weight loss of non-
tumor-bearing nude mice. Some toxicity studies as indicated were per-
formed in NIH-3 female nude mice.
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Fig. 2. Nude mice bearing HT29 colon cancer xenografts were treated
with the maximally tolerated doses of DTIC, BCNU, or DTIC and
BCNU. After tumors reached an average size of 100-200 mm3, animals
were treated with or without 50 mg/kg BCNU (), 300 mg/kg DTIC
(A), 25 mg/kg BCNU followed 1 h later by 150 mg/kg DTIC (),
150 mg/kg DTIC followed 1 h later by 12.5 mg/kg BCNU (W), or
vehicle alone (O). Tumor size was measured weekly for 4 weeks. Error
bars, which are not included, overlap for all groups on each day tumors
were measured

Results

Exposure of HT29 cells to 500 uM temozolomide for 4 h,
prior to and during exposure to 150 uM BCNU, enhanced
the cytotoxicity of BCNU by almost 1 log (Fig. 1A). No
enhancement was seen with 200 UM temozolomide
(Fig. 1B), nor when cells were exposed to 500 uM temo-
zolomide after exposure to BCNU (Fig. 1C). Exposure of
HT29 cells to 200 or 500 UM temozolomide for 4 h re-
sulted in a 31% and 74% reduction in AGT activity, re-
spectively (data not shown). The dose of temozolomide
required to achieve a 74% reduction in AGT activity re-
sulted in a 45% inhibition of cell growth (data not shown).

A single i.p. dose of DTIC (300 mg/kg) resulted in
nearly complete depletion of AGT activity in HT29 xeno-
grafts grown in nude mice at 4 and 16 h. A single dose of
150 mg/kg DTIC depleted AGT levels to 24% of control
levels at 4 h after injection, but AGT activity returned to
72% of control levels by 16 h. A single i.p. dose of DTIC
(125 mg/kg) depleted AGT levels in M14 tumors to 16%
of control levels at 4 and 14 h after treatment.

The toxicity of DTIC, BCNU, or the combinations of
DTIC and BCNU in mice is shown in Table 1. Nude mice
tolerated a twofold higher dose of BCNU when adminis-
tered before 150 mg/kg DTIC, compared to administration
of BCNU after the same dose of DTIC. Animals were
treated with the maximally tolerated doses of either BCNU
alone (50 mg/kg), DTIC alone (300 mg/kg), DTIC
(150 mg/kg) followed 1 h later by BCNU (12.5 mg/kg),
or BCNU (25 mg/kg) followed 1 h later by DTIC
(150 mg/kg). As shown in Fig. 2, tumors of animals treated
with DTIC prior to BCNU appear to grow at a slower rate
than all other groups, but there is no significant difference
in tumor size among all groups 28 days after treatment
(P=0.1).
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Discussion

The current investigation is based on preclinical studies
indicating a role for administration of a methylating agent
prior to BCNU. We elected to study DTIC because of its
activity against lymphoma and melanoma and its demon-
strated ability to deplete tissue AGT levels [21, 24]. There
is clearly a synergistic effect when cells in culture are
exposed to temozolomide prior to BCNU, but the data
presented demonstrate that toxic doses of methylating
agents (temozolomide or DTIC) are required to achieve
significant AGT depletion.

Exposure to 500 uM temozolomide was required to
achieve a 74% depletion of AGT activity in HT29 colon
tumor cells. D’Incalci et al. {6] found a slight increase in
BCNU cytotoxicity when BCNU-resistant L1210 mouse
leukemia cells were pretreated in vitro for 1 h with 100 pM
temozolomide. In contrast, we found no enhancement of
BCNU cytotoxicity when HT29 cells were pretreated for
4 h with 200 pM temozolomide. The requirement for a
greater concentration of temozolomide (500 uM) to en-
hance the cytotoxicity of BCNU in our experiments may be
due to the high AGT content of HT29 cells (381 fmol/mg
protein). In vivo the maximally tolerated dose of DTIC was
required for complete AGT depletion of HT29 xenografts.
In order to administer BCNU in combination with DTIC,
the dose of DTIC must be decreased, which results in less
AGT depletion. However, at tolerable doses, DTIC did not
fully deplete AGT in M14 melanoma xenografts either,
despite lower AGT levels in M14 tumors.

An alternative to the use of methylating agents to modu-
late the chemotherapeutic effects of BCNU and other
chloroethylnitrosoureas is the use of Of-alkylguanines. A
recently developed analogue, O6-benzylguanine, has been
used to enhance the sensitivity of human tumor cells to the
cytotoxic effects of alkylnitrosoureas {8, 10]. We have
shown that OS-benzylguanine effectively depletes AGT
levels in human brain tumor xenografts at nontoxic doses
and consequently increases the therapeutic index of BCNU
[27]. Once comprehensive toxicological evaluation of this
agent is completed, clinical trials may be initiated.

AGT activity of host tissues and of the tumor are likely
to determine the success or failure of this strategy in any
given setting. It is possible that the combination of DTIC
followed by BCNU did not inhibit tumor growth more than
the maximally tolerated dose of either drug alone because
of the high AGT activity of HT29 human tumor cells and
the relatively low AGT activity of mouse tissues (e.g.,
mouse liver: 30 fmol/mg protein) [9]. Rodent tissues are
known to have approximately tenfold lower AGT activity
than the corresponding human tissue. Thus, the athymic
mouse carrying human xenograft tumor may be an un-
favorable model to test the ability of AGT modulation to
increase the therapeutic index of BCNU. Therapeutic index
was not evaluated in M14 tumors because of a low tumor
take rate.

In conclusion, the combined administration of the
methylating agent DTIC plus BCNU does not increase the
therapeutic index of BCNU in nude mice bearing HT29
xenografts. Although the in vitro data suggest synergistic
tumor cell kill with these agents, the toxicity to normal

tissues is synergistic as well. Respective precautions
should be taken when designing clinical trials combining
methylating agents with chloroethylnitrosoureas. Further-
more, efforts to utilize non-toxic modulators, such as O6-
benzylguanine, should be encouraged.
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